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ABSTRACT 
 

     

    The conversion of a memory from an initially fragile state to an enduring 

representation requires cellular, molecular, and systems-level brain network changes. 

This reorganization is hypothesized to involve time-dependent neuroanatomical changes 

that may differentially support some types of remote versus recent memory, and may also 

influence the latency to decide and complete responses during retrieval. To quantify the 

timecourse of learning and retrieval after different retention durations, a paradigm is 

developed to measure in humans and monkeys the retrieval speed of visuomotor 

associations, which require an intact hippocampus for initial acquisition but not for 

retrieval after days or weeks. Two components of retrieval speed, a decision time to 

initiate movement and a velocity-dependent movement completion time to complete a 

motor response, are shown to change differently relative to a pre-retention baseline. 

Movement completion times decrease across repetitions within single learning session, 

and continue to decrease from the level reached at the end of learning following 

retention. Decision times also decrease within the learning session, but increase on the 

first post-retention retrieval attempt as a function of retention interval duration. Extensive 

practice is required for decision times to reach a level below that obtained at the end of 

learning, and the transition from a long- to short-latency decision depends on the number 

and spacing of practice trials. The findings are discussed in a framework in which post-

retention processing time is influenced by the speed of visual identification, the time to 
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retrieve the associative relationship from long-term memory, and the time to plan and 

execute a motor response. The creation of sparser, long-lasting visual form 

representations and strengthened cortico-striatal connections predict behavioral efficiency 

gains in visual identification and motor responses after learning. Decision times could be 

fast and automatic following extensive practice when the neural representation may 

become stored permanently in cortico-cortical and cortico-striatal linkages, or could 

increase after retention because of several cognitive and neural factors, including 

interference and frontal inhibition of the hippocampal system to prevent new learning 

before choice feedback. The experimental results are discussed in the context of the 

existing literature on memory consolidation. 
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CHAPTER ONE 

INTRODUCTION 



 17

How are memories made permanent? 

     How does the brain form permanent memories? Is a single exposure to an associative 

relationship enough for a memory of that association to reach a state that is long-lasting 

and not susceptible to forgetting? Even if the association is remembered after a period of 

time has elapsed, do changes in the speed of remembering reveal anything about the state 

of the memory? Previous studies have not quantified the timecourse or optimal conditions 

during initial exposure and subsequent reminders of an experience that are necessary for 

a memory of that experience to reach a state that is long-lasting and not susceptible to 

forgetting. Nor have previous studies quantified changes in the relationship between the 

time taken to retrieve an associative memory and the additional time taken to execute a 

motor plan to act on the retrieved information. The main thesis of this dissertation is that 

the speed of remembering may be used to infer properties about the behavioral history 

and persistence of a memory. A behavioral paradigm for timing separable decision and 

motor components of retrieval is developed, and experimental results from humans and 

non-human primates are reported and compared to predicted neural processing times. The 

findings are discussed in a framework that hypothesizes different functional roles for 

frontal cortical areas in the effortful retrieval of remote memories and automatic retrieval 

of repeatedly experienced memories.   
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Towards a behavioral definition of a consolidated memory 

     An enduring memory is exceptional since we tend to forget far more than we 

remember. And what we remember is only a partial representation of all the rich sensory 

information that makes up the original experience. The ability to remember an experience 

after a long time has passed is remarkable. It is not surprising that a key question in 

neuroscience is how our brains form lasting memories of everyday experiences. The 

desire to understand how remembering happens, how long remembering takes, and the 

critical variables that need to exist before and after the experience for it to be 

remembered is the motivation for this dissertation.  

 
     What determines whether the memory trace of an experience will weaken and be 

forgotten, or strengthen and be remembered? The dictionary definition of ‘consolidate’ is 

“to make strong or secure; to strengthen” and the term ‘consolidation’ is often used by 

neuroscientists to describe the physical process of the conversion of a memory from an 

initially labile state to an enduring, long-lasting representing. While neuroscientists have 

made progress in the past few decades discovering the molecular and cellular machinery 

and signals that exist to support the formation of long-term memories, far less is known 

about the underlying changes that occur at the neuronal systems level in the intact 

mammalian brain when memories are made to last. And while cognitive neuroscientists 

and psychologists tend to use the word ‘consolidated’ to describe memories that are 

remembered after a long time, and the word ‘unconsolidated’ to describe memories that 
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exist only for a short time, a strict operational definition of what sets a consolidated 

memory apart from an unconsolidated one does not exist at the level of behavior. For 

example, if memories of two separate episodes are successfully remembered after a week, 

but one is recalled quickly and the other takes longer to remember, are both memories to 

be considered consolidated? What will happen to each of these recalled memories after 

another week has passed? Could we make predictions about the chances each will be 

remembered based on the amount of time it took to recall them after the first week has 

passed? An additional motivation for the present dissertation was to outline a behavioral 

definition of memory consolidation in humans and monkeys based on a combination of 

memory retrieval accuracy and speed, and make predictions about the changes in neural 

systems underlying memory retrieval within this behavioral framework.  

 
Initial hypothesis and predictions 

     Mental chronometry studies typically compare the time taken to complete two tasks 

that differ in one respect in order to make inferences about differences in the cognitive 

demands and underlying neural processing related to the variable of interest. The original 

idea for the first set of experiments reported in the present dissertation was to learn about 

the time-varying contribution of the hippocampus to acquisition and subsequent retrieval 

of simple associative memories that share characteristics with real-life episodic or event 

memories. The original prediction was that after an association between a picture and a 

place was learned, the time taken to retrieve it would decrease after a period of time had 
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elapsed. The prediction was based on the assumption that during the time between 

learning and subsequent retrieval, a biological process of consolidation would occur 

during which the hippocampus would orchestrate a reorganization of the memory trace 

such that it would be stored in neocortical areas. Retrieval of the memory after 

consolidation would be faster because the hippocampus would not be part of the neural 

processing required to recall the trace. Connections among only the widespread 

neocortical areas encoding sensory attributes of the association, presumably strengthened 

during consolidation, would support faster retrieval of the memory trace. The first 

experiments therefore involved a chronometric comparison of the same task separated by 

time, which was experimentally varied, to measure changes in behavioral recall time that 

could be attributed to a change in the number of synaptic links required during the neural 

recall of the memory trace.  

    The idea that reaction times may decrease as a consequence of a neural consolidation 

process is not new. A similar hypothesis was tested in a human behavioral study that 

employed a visual yes-no picture  recognition task, but did not find predicted decreases in 

reaction times after short- or long-term retention intervals (Reber et al., 1997). Failure to 

find the predicted decrease in this case could be attributed to the fact that a yes-no 

recognition task may not require a hippocampal formation, and that the same neural 

systems that are required for acquisition may also be required for subsequent retrieval 

after a retention.   
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The standard model of memory consolidation and neuroanatomy 

     The original idea for the present dissertation experiments came in part from a 

functional neuroanatomical implication of the so-called standard model of memory 

consolidation (McNaughton, personal communication). The standard model assumes that 

for some types of memory, initial encoding requires the hippocampus, but because of 

limited hippocampal long-term storage capabilities, the memory trace is stored 

throughout the brain’s neocortex as strengthened connections among the sensory areas 

that originally encode the experience. The main evidence presented in support of the 

time-limited role of the hippocampus is that hippocampal lesions in experimental animals 

and brain damaged humans sometimes show that retrieval of recently acquired memories 

is impaired, while retrieval of remote memories tends to be unimpaired. The theory 

assumes that connections among the neocortical areas are too weak after the initial 

experience to support later retrieval. One idea is that during ‘offline’ periods of rest and 

sleep, while the brain is not processing new information, the hippocampus causes 

retrieval or ‘replay’ of the neocortical traces. Through repeated ‘offline’ trace retrieval, 

connections among the neocortical areas become strong enough so that when a fragment 

of the sensory information from the original experience reaches the brain, retrieval of the 

trace occurs by way of the cortico-cortical linkages without recruitment of the cortico-

hippocampal links (McNaughton et al., 2003).   
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Methodological and theoretical questions 

     The assumptions underlying the initial prediction raised several methodological and 

theoretical questions. The first question was how long would the hippocampus would be 

required after learning before retrieval could be accomplished through just the neocortical 

linkages? Was one 24-hour period after initial learning long enough? Few published 

results for time-limited hippocampal-dependent tasks existed to guide the choice of the 

time interval during the design of the initial experiments. Would the time interval length 

differ depending on the amount of associative learning or the nature of the stimuli used? 

Assuming that retrieval times decreased in a design where time intervals were 

parametrically varied, and that the decrease could be attributed to a lack of cortico-

hippocampal involvement in the retrieval process, then why would neocortical retrieval 

be faster? Perhaps some anatomical characteristic of cortico-cortical connectivity (e.g., 

total number of horizontal synaptic connections) would instead make retrieval longer 

than retrieval dependent on a potentially faster cortico-hippocampal linkage (e.g., with 

fewer total synaptic connections)? And finally, if the predicted decrease were found, 

could it not be attributed to reorganization in a different neural system upstream from the 

hippocampus? May the neural consolidation process affect only the visual recognition 

and motor planning and response areas resulting in faster visual recognition and faster 

response execution independently of the associative retrieval process ? 
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Motor consolidation vs. memory retrieval 

     Behavioral studies of procedural tasks like motor sequence and visual discrimination 

learning show reaction time decreases and performance gains after a single night of sleep, 

and in some cases, after just six hours of awake rest. Speed improvements found for these 

simple sensory and motor tasks, which do not require the hippocampus, raised questions 

of interpretability for the original prediction of faster post-retention retrieval. If a 

decrease in retrieval time were found, could it not be attributed to the process causing the 

speed improvements found in the non-hippocampal procedural tasks? In that case, how 

could hippocampal processing time be measured independently of a process expected to 

show speed decreases related to motor learning? Should tasks that are initially 

hippocampal-dependent show bigger decreases in latency than non-hippocampal 

procedural tasks, after the hippocampus is no longer needed for retrieval? Any task that 

employs visual identification followed by movement to signal a retrieval-related choice 

may contain components sensitive both to visual identification and motor consolidation 

changes independent from the retrieval process. These considerations required choice of a 

task that is initially-hippocampal dependent, and an experimental design and analysis 

technique to allow measurement of the retrieval component separately from the visual 

identification and motor response components. 
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Conditional visuomotor associations 

     The task used for the present experiments was chosen after a literature review of 

monkey behavioral and lesion studies. These studies suggested that as a monkey learns 

by trial and error an arbitrary association between a visual stimulus and a choice, usually 

by making a movement, the hippocampus is required for the initial acquisition of the 

relationship, but then is not required once this relationship has been practiced. These 

studies usually involved extensive training of a monkey on a set of associations. Once a 

set of associations is learned and highly practiced, training stops and a surgical operation 

is performed either to disrupt bilateral hippocampal output via the fornix or remove the 

hippocampi altogether by aspiration or neurotoxic lesions. After recovery, the monkey is 

tested on the old relationships, which are usually recalled accurately, and is given a new 

set of relationships on which learning is usually impaired. The time-limited hippocampal 

dependence for these so-called conditional associations exists when the choice related to 

the arbitrary stimulus is either spatial or non-spatial (Brasted et al., 2003). A subtle but 

important finding from these lesion studies is that the impairment measured after the 

hippocampal lesions is one in which the lesioned monkeys are still able to learn new 

associations, but they require far more trials for learning to reach criteria than the un-

operated controls. Another set of lesion studies suggests that, after learning, recall of 

familiar associations is impaired by lesions to the dorsal premotor area of frontal cortex, a 

motor planning area, and to posterior parietal cortex, but not to the supplementary eye 
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field of frontal cortex. Therefore, it appears that the hippocampal system is required only 

during associative learning, not for retrieval after long-term retention intervals, and that 

frontal and parietal neocortical areas are required both for associative learning and 

retrieval. 

 
Separable decision & response components, and multiple retrieval states 

     For the present experiments, a task paradigm was developed for humans and monkeys 

so that the retrieval process could be timed separately from the motor execution process. 

Humans and monkeys used a joystick to update a cursor on a computer screen. Subjects 

learned by trial and error arbitrary associations between color scene and/or face stimuli 

and an arbitrarily determined spatial location. Choice accuracy and the timing of hand 

and eye movements were recorded during periods of learning, recall and re-learning and 

continued practice trials. Randomized trials of several arbitrary stimulus-associations 

were given over one or more days, followed by experimentally varied retention intervals 

during which the stimuli were not seen and the associations were not practiced. Recall 

accuracy and retrieval and motor execution speed were measured after the retention 

interval for multiple retrieval attempts. For some experiments, spaced rehearsals of each 

association were presented to track continued changes in retrieval speed. A decision time, 

the time taken from stimulus onset to the first movement of the joystick or the first 

saccade in the direction of eventual choice location, was used to measure the speed of 

associative retrieval. A velocity-dependent response completion time, the time after the 



 26

decision time to the moment the target location was chosen, was used to measure the 

speed of motor execution. Decision times and motor execution times changed differently, 

reached different levels at the ceiling of learning, and changed as a function of the 

retention interval. Several variables determined the direction and rates of change 

including, most importantly, the amount and spacing of learning and the spatial-

frequency content of the visual stimulus used in the association. 

 
     In the first experiments, two main questions addressed 1) what variables at learning 

lead to optimal memory for an association after a delay on the order of days and weeks, 

not hours or minutes, and 2) after these long delays, do changes in the speed of retrieval 

predict when in the past the association was learned? Results from the first set of 

experiments suggested that, by measuring separate decision and motor execution 

components of retrieval speed, memories that are successfully remembered after retention 

can exist in at least two states: a state that is successful yet effortful, and another state that 

is also successful but is faster and automatic. Additional experiments addressed the 

questions of 1) what determines the transition between successful effortful retrieval and 

successful automatic retrieval, and 2) how does the speed of retrieval distinguish between 

these two states. 

 
Unique contributions of the present study 

     The unique contribution of this dissertation is that it shows how measurements of 

memory retrieval speed in humans and monkeys contain information about 1) attributes 
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of the stimulus comprising the memory, 2) the elapsed time since the memory was first 

formed, and 3) the dynamics of the transition of the memory from a state susceptible to 

forgetting to a state that is durable and permanent. Both humans and monkeys are able to 

learn conditional associations between color scenes and locations on a computer monitor, 

but learning occurs at different rates and the fastest retrieval of well-learned associations 

that is obtained differs. Finally, unlike previous consolidation studies of motor and visual 

procedural learning, the experiments reported in this dissertation show how the 

timecourse of motor consolidation differs from changes in an initially-hippocampal 

dependent decision process which may be more sensitive to the process of retrieving, 

rather than acting upon, information relating to a visuomotor stimulus association.  

 
A framework for investigating the transition from effortful to automatic associative 

retrieval 

     Several questions are addressed in the present dissertation after the experimental 

methods and results are presented. How can behavioral retrieval speed be related to 

neural processing time? What are the candidate neural systems and functional 

interactions that underlie the decision and motor execution components of retrieval, and 

how do these systems change during different experimentally identified retrieval states? 

The results are discussed in a theoretical framework in which it is hypothesized that 

frontal cortical areas differentially engage hippocampal and cortico-cortical and cortico-

striatal circuitry depending on the state of memory retrieval. When a memory exists in a 

short latency state where retrieval is automatic, recall may be dependent on cortico-
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striatal interactions. When the memory exists in a longer-latency state and retrieval is 

effortful, frontal areas may inhibit the hippocampal system to prevent new learning 

during the time between associative stimulus presentation and the time feedback about 

the choice is obtained. During effortful retrieval, frontal inhibition of the hippocampus 

may increase retrieval time as a neural search process that seeks to match the stimulus 

input to a stored, and likely degraded, neural representation is carried out to retrieve the 

associative mapping. Experimental evidence from animal and human neural recording 

and functional imaging studies is presented in support of this idea, other neural and 

cognitive factors that may influence decision times are considered, and the implications 

for future work are discussed.        
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CHAPTER TWO 

LITERATURE REVIEW 
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    The main objective of this literature review is to summarize the evidence that an intact, 

functioning hippocampus is required for visuomotor conditional associative learning, and 

to describe how hippocampal connectivity with other brain areas could influence the 

speed of associative learning and retrieval. First, the main findings from monkey 

behavioral and lesion studies are summarized to identify multiple cortical and subcortical 

brain areas required for associative learning. These brain areas are then compared to the 

network of areas identified in functional neuroimaging studies of humans performing of 

associative tasks. Then, data from monkey neural recording studies are reviewed with an 

emphasis on characterizing the onset and duration of visuomotor associative task-related 

neural firing changes. The lesion, behavioral, neuroimaging and electrophysiological data 

are then used to construct a simplified wiring diagram of conditional associative learning. 

Connectivity of the wiring diagram is discussed with respect to the perceptual 

identification, decision, and motor action components of the conditional association task 

used for the present dissertation experiments. Understanding the timecourse of behavioral 

changes during learning and following retention for tasks that do not require the 

hippocampus may be important to understanding changes accompanying hippocampal-

dependent tasks. Therefore, human studies reporting accuracy and speed increases during 

learning and after retention or sleep on perceptual and procedural tasks are also reviewed 

with the goal of identifying neural systems and processing time changes associated with 

non-hippocampal tasks.  
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Non-human primate behavioral and lesion studies  
 
    Disruption of hippocampal function in rhesus monkeys by either tissue ablation or 

transection of the main hippocampal output pathway through the fornix has been reported 

to severely disrupt conditional associative learning (Brasted et al., 2002, 2003; Murray & 

Wise, 1996; Rupniak & Gaffan, 1987). The main deficit in learning appears as a failure to 

rapidly learn associations. Whereas non-operated or sham-lesioned control monkeys learn 

associations in as few as ten trials, lesioned monkeys are able to learn associations but 

take several dozens of trials to reach criterion (Brasted et al., 2003). Deficits in rapid 

associative learning after hippocampal disruption exist for tasks in which the relationship 

between stimulus and choice is spatial (Murray & Wise, 1996; Rupniak & Gaffan, 1987) 

and also for tasks in which the relationship is non-spatial (Brasted et al., 2002).  For 

example, in a spatial conditional associative task the stimulus could instruct a movement 

of a joystick to locations on the screen to the left, right, or below the stimulus, but in a 

non-spatial task a stimulus could instruct a quick tap of the computer monitor, a contact 

with the monitor’s screen for a brief period, or a steady contact with the screen for a 

longer period. It is worth noting, however, that before the most recent monkey work 

showing impairments in tasks requiring spatially and non-spatially differentiated 

responses, an earlier lesion study found that fornix transection did not impair learning 

rates for a non-spatial two-choice conditional association task that required either a tap or 

hold depending on an the visual instruction stimulus (Gaffan & Harrison, 1988). 
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    Disruption of basal ganglia output by way of the thalamus impairs performance on a 

previously learned conditional association task involving a turn or the pull of a handle 

depending on the color of an instruction stimulus (Canavan et al., 1989). Monkeys with 

lesions to the anterior thalamus including the ventral anterior (VA) nucleus and the 

anterior part of ventral lateral orbital (VLo) were severely impaired at relearning the task, 

while lesions to other thalamic areas like VAmc did not disrupt relearning. The 

impairment reported was not a problem of movement execution (e.g., impaired speed or 

amplitude of movement), but was a deficit in selecting which movement to make for a 

given instruction stimulus.  

 
    Lesions of frontal and parietal cortical areas in the monkey have the combined effect of 

disrupting new learning of associations and impairing performance for familiar, pre-

operatively learned associations. Lesions of premotor cortex (PM, area 6) or superior 

parietal lobule (SPL, area 5), but not the frontal eyefield areas (FEF, area 8) near the 

sulus principalis, impair learning and re-learning of simple visuomotor associations that 

consist of either pulling a handle after seeing a blue stimulus or rotating a handle after 

seeing a yellow stimulus (Halsband & Passingham, 1982). The same monkeys with area 

5 or 6 lesions are not impaired on a sequence task that involves making three different 

movements to obtain a food reward, suggesting that the deficit does not involve 

discriminating between visual cues or making individual movements. Another 

investigator using a similar task in rhesus monkeys also reported that monkeys with 
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lesions to the periarcuate region were severely impaired in acquiring the task, while 

monkeys with lesions near the sulcus principalis showed only mild learning impairments 

(Petrides, 1982).  

 
    There is some evidence that disruption of orbital and ventral prefrontal cortex (PFv+o) 

and areas in inferior temporal lobe (IT) that project to PFo+v impairs both learning and 

retention of conditional visuomotor associations. In one study, five rhesus monkeys were 

trained to learn visuomotor associations with novel stimuli, perform the same task with 

familiar stimuli, and perform a match-to-sample task with the familiar associative stimuli 

(Bussey et al., 2002). After removal of PFv+o in one hemisphere and IT cortex in the 

other hemisphere that projects to PFv+o, monkeys were impaired on all three tasks 

suggesting functionally important frontotemporal interactions during both the learning 

and retention of conditional associations and during the visual matching task. An earlier 

monkey lesion study, in which the inferotemporal projection to frontal areas was 

disrupted by severing the anterior corpus callosum, showed that the rate of visuomotor 

conditional associative learning was impaired (Gaffan & Harrison, 1988). 

    To summarize the monkey lesion studies, the hippocampal system appears to be 

important for acquiring rapidly spatial and non-spatial conditional visuomotor 

associations, while widespread frontal and parietal cortical areas are important for both 

acquisition and retrieval. It is not clear how the hippocampus participates in the fast 

learning of conditional associations. It could participate in linking together activity from 
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multiple cortical sites, but there is a lack of data on the timecourse over which the 

hippocampal system may exert a role in such a process.  

      
Human behavioral and neuroimaging studies  
 
    One behavioral investigation of recognition memory tested the specific prediction that 

changes in reaction time distributions after a retention interval would reflect systems 

level brain reorganization due to memory consolidation (Reber et al., 1997). Humans 

studied pictures of objects, and, in the first experiment, were given a recognition test at 

10 minutes and 1 week after learning, and, in the second experiment, at 10 minutes and 4 

months after learning. The authors predicted that reaction time distributions before 

retention would be unimodal; after retention, reaction time distributions were predicted to 

be bimodal, as some object representations would have been consolidated and therefore 

accessed faster. No evidence of bimodality was found after any of the retention intervals, 

and post-retention reaction time distributions were fit well by a model that assumed a 

single underlying distribution. Additional analyses failed to find even a small subset of 

items that were recognized faster after any of the retention intervals. The authors 

concluded that consolidation works not to increase memory strength, but to change the 

way memory traces are stored. It was unclear from their conclusion what type of storage 

change reorganization due to consolidation would cause, or how it could affect the time 

taken to recognize familiar objects. Recognition memory is, however, different from 
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associative memory in that an intact hippocampus is not thought to be required for the 

initial learning and later recognition. 

 
    An early PET imaging study examined regional cerebral blood flow changes as 

humans performed a conditional motor task with a joystick that involved three different 

response rules (Deiber et al., 1997). The main finding was decreased synaptic activity as 

measured by lower cerebral blow flow in a broad frontoparietal network as subjects 

learned associations. Humans were required to use a non-spatial rule by examining the 

pattern within each instruction stimulus to determine the correct choice direction, a 

spatial rule by using the location of the instruction stimulus to determine the correct 

choice direction, or a fixed response rule in which the movement direction was constant 

regardless of the pattern or its location. For the non-spatial rule, rCBF decreases were 

found only in parietal areas (areas 39/40). For the spatial-rule, rCBF decreases were 

found in a ventral and rostral premotor region (PMvr, area 6), the dorsolateral prefrontal 

cortex (PFdl, area 46), and posterior parietal cortex (area 39/40). The rCBF decreases 

were accompanied by faster behavioral responses during learning for both spatial and 

non-spatial rules. Other areas that were activated during the task, but did not show 

learning-related rCBF decreases, included bilateral precuneus, left thalamus, left 

cingulate, and left premotor areas. The left putamen area of the basal ganglia and a 

ventral caudal area of premotor area (PMvc, area 6) showed learning related increases for 

all three rule components of the conditional motor task. 
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    A functional magnetic resonance imaging (fMRI) study of humans also provided 

evidence for dynamic changes in a frontoparietal network during associative learning 

(Eliassen et al., 2003). The task involved viewing a center stimulus location and six 

locations arranged hexagonally around the center. During each trial, the center location 

along with one of the six surround locations was highlighted at the same time, and the 

subject was required to press one of two buttons to signal whether the association was 

correct or incorrect. The right medial superior frontal gyrus (SFG) and right and left 

inferior frontal gyrus (IFG) showed activity decreases as learning progressed from the 

first correct trial through successful rehearsal on subsequent trials. An opposite pattern, in 

which activity was greater during rehearsal trials than during learning trials, occurred in 

the left cingulate gyrus and left inferior parietal lobule (IPL). The left thalamus and left 

precuneus showed activity decreases after learning from the early to later stages of 

rehearsal. 

 
    Takeshima and colleagues (Takashima et al., 2006) recently reported data from an 

fMRI study of face-location associative retrieval. Human subjects were taught arbitrary 

relationships between 40 black and white color faces presented in the center of a monitor 

and one of eight surrounding circular choice locations. Training took place over 3 days 

spread out within one week and involved learning of the 40 ‘remote’ associations by 

visually cueing the subject with the correct answer. On the test day, subjects learned 40 

‘recent’ face-location associations, and then were scanned while performing the task with 
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both the remote and recent conditions. On each trial, each subject was presented first with 

a gray box containing a fixation cross, followed by a face cue for 1000 ms, then by a 

recall period of between 2000 to 4000 ms (during which time only the gray box with 

fixation cross was visible), followed finally by a choice period during which the subject 

could make a response with a joystick to one of the eight locations. A behavioral analysis 

of reaction times showed decreased latencies on the remote associations relative to the 

recent associations. The imaging results revealed greater activations for the remote 

condition compared to the recent condition in bilateral precuneus, ventro-medial 

prefrontal cortex, bilateral anterior temporal pole, and left inferior parietal lobe. When 

both recent and remote conditions were compared to trials in which the correct choice 

locations were explicitly cued with a scrambled stimulus, activations were seen in the 

right fusiform face area (FFA), the contralateral posterior parietal cortex (PPC), left 

motor planning areas, and bilateral basal ganglia.  

 
    The most startling finding from all three of the recently reviewed human neuroimaging 

studies of conditional visuomotor associative learning is that no systematic changes in 

hippocampal activity were found. For a task that has been shown to depend on an intact 

hippocampus for learning, it would have been expected that hippocampal activity should 

be correlated with some stage of the learning during segments of the tasks that compared 

associative retrieval to explicitly cued movements. The first study of Deiber et al may not 

have found systematic changes because the temporal resolution of PET is not optimal, 
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and the Eliassen et al study could have failed to find such changes because they only 

scanned the most superior half of the subjects’ brains, superior to the hippocampal 

formation. Takashima and colleagues may not have found hippocampal changes because 

they allowed a 2000 to 4000 ms recall period to elapse before the subjects made their 

choice. The long recall period may have been incorporated into the design to prevent 

movement artifact during scanning, but the hippocampal activity related to retrieval could 

take as few as 200 ms (based on neural recordings studies reviewed in the next section), 

and averaging activity within a 4000 ms window of time could blur any retrieval-related 

signal changes.  

 
    One recent human fMRI study was designed to build on the findings of a monkey 

hippocampal neural recording study of associative learning (see description of the Wirth 

et al study later in this section). Human subjects were imaged while performing a paired-

associate task (Law et al., 2005). Bilateral, monotonic increases in the fMRI blood-

oxygenation level dependent (BOLD) signal were found during learning in the 

hippocampus, parahippocampal and right perirhinal cortices and represented what the 

authors described as a memory strength signal. Activity related to the novelty of the 

associative stimulus was found throughout the medial temporal lobes and in several 

frontal cortical areas including the cingulate cortex. Activity patterns differed in a fronto-

parietal network of other regions (MFG including BA 6, 9, 10, IFG including BA 8, 
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Precuneus, SPL including BA 7), where a high level of BOLD signal was sustained and 

remained constant during learning, after which activity decreased to baseline.  

 
    Results from a functional metabolic imaging study of mice show a systematic change 

in hippocampal activity after spatial discrimination learning and retention testing on an 8-

arm radial maze (Bontempi et al., 1999). Mice were trained over nine days to learn which 

3 of 8 arms were consistently baited with food reward. After either 5 or 25 days, a 

retention test was administered under the same conditions as initial acquisition. Animals 

were sacrificed and metabolic activity was imaged with (14C)2-deoxyglucose 

autoradiography. Two control groups were used, one in which mice were placed in the 

same maze as initial acquisition but with a different location of food (same 

context/different arms), and another group was placed in a different maze, with different 

baited arms in another room (different context/different arms). Hippocampal activity 

decreased as the length of the retention interval increased from 5 to 25 days, and the level 

of metabolic activity in the hippocampus after 25 days was significantly less than the 

level of hippocampal activity for animals in a 25-day control condition. There is no 

reason to expect that the ‘memory’ in these two groups was the same, since performance 

in the 25-day retention group was significantly poorer than in the 5-day retention group. 

The performance difference between 5 and 25 days is likely a result of greater forgetting 

over the longer retention interval. The authors attributed the decreased activity not to a 

reduction in the size of the neural population representing the environment, but to an 
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inhibitory influence on the hippocampus from brain regions that may be important for 

memory retrieval. This hippocampal metabolic decrease is consistent with at least one 

PET imaging study that found an inhibitory interaction between frontal and temporal 

areas with structural equation modeling (Nyberg et al., 1996). 

 
      
Neural recording studies of associative learning and the timing of task-related changes  
 
    Results from two early monkey hippocampal neural recording studies suggested that 

hippocampal neurons respond selectively to combinations of the visual stimuli and spatial 

responses during the learning of a conditional spatial associative task. In one study, 

monkeys learned different spatial responses for each of two instruction stimuli. During 

learning, 14% of 905 hippocampal neurons fired differentially to one or the other of the 

stimulus- response associations with a mean latency for the differential responses of 154 

ms +/- 44 s.d. (Miyashita et al., 1989). In another study using a similar conditional 

response paradigm, two subsets of functionally distinct hippocampal and 

parahippocampal neurons were found (Cahusac et al., 1993). The behavior of 22% of 

neurons with task-specific activity was altered such that their activity, which was initially 

equal to the two different instruction stimuli, became progressively more differentiated 

when the monkey learned to make different responses to the two stimuli, and continued 

to show sustained differential responses after learning throughout the recording session. 

Another set of neurons, 45% of those with task-specific activity, developed differential 
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activity to the new stimuli, but exhibited the differential responses only transiently for a 

few times when the monkey learned the associative response.  

 
    Results from a more recent monkey neural recording study also show hippocampal 

neurons with two types of firing patterns during the learning of a conditional association 

task (Wirth et al., 2003). One set of neurons, termed sustained, signaled learning with 

either increases or decreases in neural activity for the whole recording session. Once 

these neurons became selective for the associative stimulus-response, they exhibited 

increased firing approximately 400 ms after the onset of the instruction stimulus, 

continued firing at an elevated rate during a delay period, and gradually decreased firing 

near the onset of a response. A different subset, termed baseline-sustained, responded to 

novel scenes with either increased or decreased activity relative to baseline, but signaled 

learning by returning to baseline firing rates. Another set of experiments by the same 

group investigated changes in hippocampal neural firing in response to well-learned and 

novel stimuli during the same conditional associative task (Yanike et al., 2004). While 

monkeys’ behavioral response latencies were significantly shorter to the well-learned 

scene stimuli compared to the novel scene stimuli, the mean visual neural response 

latency (ranging from 50 to 240 ms) and magnitude of neural response to the reference 

and new scenes did not differ. 

 
   Prefrontal cortex has been implicated in conditional associative learning, and is thought 

to play a role in the ability to form and then to rearrange arbitrary associations rapidly. In 
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a recent study, a conditional associative task was used in which monkeys learned to make 

direction-specific saccades in response to instruction stimuli, and then, after reaching a 

criterion, learned to reverse the direction of the saccades for the same instruction stimuli 

(Asaad et al., 1998). Neural activity in the periarcuate region of prefrontal cortex fired in 

relation to both the cues and associated responses. Neurons fired at a faster rate to novel 

objects that required learning than to familiar objects with learned saccade associations. 

During learning, neurons coded for the upcoming direction of saccadic response 

progressively earlier within each successive trial. The latency to half-max selectivity of 

these neurons started at around 700 ms post-stimulus onset for the first trial, and 

decreased by trial 10 to approximately 450 ms. The same group of investigators later 

trained monkeys on three tasks, a spatial task (spatial delayed response), an object task 

(match to sample), and an associative task (conditional association task), and recorded 

from the periarcuate region (Asaad et al., 2000). The activity of the prefrontal neurons 

was task-dependent as measured by overall firing rate, changes in firing rate over time, 

and stimulus response selectivity. The appearance of direction selectivity occurring later 

for the associative task (~400 ms) than for the spatial task (~300 ms). 

 
    Prefrontal cortex and the basal ganglia are anatomically interconnected in cortico-basal 

ganglionic loops. One hypothesized role for the basal ganglia is that it quickly guides 

new learning by identifying rewarded associations, and then trains connected areas of 

cortex to selectively respond to these associations. If the basal ganglia participate in rapid 
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supervised learning, then one prediction that could be made is that task-selective firing of 

its neurons should start sooner than firing in connected cortical areas. One investigation 

of conditional associative learning in monkeys used simultaneous recording from 

prefrontal cortex and the striatum, an input structure to the basal ganglia, and showed that 

neural activity in these two areas changed at different rates during learning (Pasupathy & 

Miller, 2005). Striatal firing showed rapid, almost bistable changes with selective neural 

firing starting at 750 ms on the first three few trials, and then quickening to 300 ms by 

trial number five. A slower pattern of firing was seen in prefrontal cortex, with rise times 

starting closer to 1000 ms after stimulus onset for the first few trials, and gradually 

quickening to about 500 ms as learning progressed.   

 
    Another group conducted experiments to compare neural firing changes in the dorsal 

premotor area (PMd), an area important for motor planning, to a part of the basal ganglia 

called the putamen (Brasted & Wise, 2004). As monkeys learned conditional visuomotor 

associations, regions in premotor cortex and parts of the putamen changed their firing 

rates at approximately the same time. Changes in neural activity occurred in close 

correspondence to the monkeys’ learning curves, but as a population, learning-related 

changes in activity continued after the monkeys’ reached an asymptote in performance. A 

follow-up study showed that in both PMd and putamen, as learning progressed, 

population activity for novel associations came to resemble the population activity of 

familiar associations. PMd and putamen activity distinguished between trials with correct 
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and incorrect responses. One difference between PMd and putamen activity was that after 

a response choice had been made but before reward feedback was given about the 

correctness of the choice, the putamen showed a sustained increase in activity, whereas 

PMd did not. The pre-reward putamen activity was highly selective for the specific 

visuomotor mapping that had just been executed, the selectivity continued until the time 

of the reward, and the selectivity decreased as performance reached asymptote. The 

pattern of pre-reward activity in putamen could be taken as further evidence that basal 

ganglia structures play a role in rapid supervised learning as the activity pattern sets up 

conditions for coding the relationship between stimulus, associative response, and the 

corresponding reward value of the monkey’s choice.   

 
    One of the many hypotheses for the role of premotor cortex is that it plays a role in the 

selection of motor programs based on environmental context, which in the context of 

associative learning, could mean choosing a motor plan on the basis of a visual 

instruction cue. One of the first studies in which premotor neural activity was examined 

showed that, as monkeys learned visuomotor associations, a large population of recorded 

single units showed learning dependent changes in activity (Mitz et al., 1991). As 

learning progressed, neural firing activity increased as did the probability of a correct 

response, but the rise appeared to lag performance by an average of 3 trials. While it is 

unclear how to interpret the negative lag of premotor activity with performance, it is 

possible that if the basal ganglia are training cortical areas during early stages of learning, 
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then areas such as the putamen and striatum should show positive lags and the premotor 

should exhibit negative lags until learning reaches asymptote.  

 
    Other areas of premotor cortex that have been studied during trial-and-error associative 

learning include the supplementary (SEF) and frontal (FEF) eye fields, which are 

important for the selection and control of saccadic eye movements. In one study monkeys 

were operantly conditioned to make eye movements to one of four targets and 186 

neurons were recorded in SEF (Chen & Wise, 1995a). Two main categories of activity 

changes were observed. Learning selective changes were found in which activity was 

modulated when a novel instruction stimulus was used, but was modulated much less 

when familiar stimuli were presented. Learning dependent changes were seen in which 

neural discharge rates increase even for associative mappings that use a familiar 

instruction stimulus. In a companion study, recordings were made from SEF and FEF and 

showed that a much smaller proportion of FEF cells showed learning selective or learning 

dependent changes. The authors concluded that the FEF has neurons with characteristics 

resembling primary motor cortex, while SEF has more neurons with learning related 

properties resembling premotor cortex (Chen & Wise, 1995b). Computation of the 

population vector of neuronal activity from multiple cells in SEF before and after 

saccades predicts movement direction poorly in the earliest stage of learning, but 

population vectors increase in accuracy and magnitude as stimulus-response mappings 

become well-learned (Chen & Wise, 1997).  
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A wiring diagram for visuomotor conditional associative learning  
 
    The brain areas implicated in conditional associative learning are depicted on 

renderings of monkey 99M3’s brain in Figure 2.1, and a simplified outline of the 

connectivity of these areas is shown in Figure 2.2a. The purpose of summarizing the 

connectivity of these areas is to understand how information about the identity of a visual 

stimulus may be used to retrieve an associated motor plan to move to a location in space. 

The hippocampal system is reciprocally connected to several of the cortical association 

areas reviewed in the conditional association literature. The anatomical pathway by 

which the hippocampus can influence and facilitate the strengthening of cortical 

connections during conditional associative learning and retrieval likely involves 

reciprocal connections with the ventral visual stream ‘what’ pathway (for identifying the 

visual stimulus), the dorsal visual stream ‘where’ pathway (for representing the place or 

the destination of correct movement), and the premotor cortex (for mapping the stimulus 

to action and forming the appropriate motor plan) by way of the basal ganglia. A detailed 

literature review follows of how the hippocampus is connected to the cortical and 

subcortical nodes of these pathways.  
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Figure 2.1: Brain areas implicated in visuomotor associative tasks The major cortical 
and subcortical areas implicated in conditional visuomotor associative learning and 
retrieval are labeled on  rendered brain image volumes (panels a through f) of subject 
99M3, one of the animals used in the monkey experiments. Brodmann areas (BA) are 
numbered, and dotted lines highlight sulcal boundaries. SEF is supplementary eye field, 
FEF is frontal eye field, PFd is dorsal prefrontal, PFdl is dorsolateral prefrontal,  PFv is 
ventral prefrontal, PFo is orbital prefrontal, PMd is dorsal premotor, PMv is ventral 
premotor, PR is perirhinal, EC is entorhinal, BG is basal ganglia, PO is parietal-occipito, 
TE and TEO are temporal lobe areas TE and TEO, and MIP, LIP and VIP refer to medial, 
lateral, and ventral  intraparietal areas respectively.  
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Figure 2.2: Connectivity of relevant neuroanatomy & relationship to timing of task 
components The conditional association task used in the present dissertation experiments 
requires neural operations for visual stimulus identification, learning about the correct 
arbitrarily-determined choice based on feedback, and formulating motor action plans 
after recalling the correct choice after long retention intervals. A simplified outline of the 
connectivity of the major anatomical areas important for conditional associative learning 
and retrieval is shown (panel a), followed by a breakdown of the timed behavioral task 
components (panel b). BG is basal ganglia, HS is hippocampal system, IT is 
inferotemporal cortex, PMd is dorsal premotor cortex, PFv+o is ventral and orbital 
prefrontal cortex. The behavioral and neural processing time of each of these behavioral 
components is affected by different processes, like priming, motor skill learning, and 
rapid supervised learning, which have been reviewed in the existing cognitive 
neuroscience literature. The main focus of the present dissertation is to quantify the 
behavioral time taken to make successful associative retrieval decisions after long 
retention intervals (days to weeks), when biological consolidation processes are thought 
to occur to make memories permanent. Based on what is known in the existing literature, 
predictions can be made (panel c) about changes in behavioral and neural processing time 
for visual identification, action, and reward-based learning. Far less is known about how 
behavioral and neural processing time changes when memories are retrieved successfully 
from long term memory. During the first trial after a retention interval, does behavioral 
and neural processing time take less time (as is the case for priming and motor skill 
learning), the same amount of time, or more time?  
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Hippocampal Connectivity to the Dorsal Stream ‘Where’ Pathway 
 
    A cortico-hippocampal pathway for representing visual spatial information has been 

proposed (Pandya & Yeterian, 1984), and could be the route by which the hippocampus 

participates in encoding and then consolidating the spatial mapping component of the 

tasks. This pathway involves connections between the hippocampus and dorsal visual 

stream. At the very beginning of the cortico-hippocampal spatial pathway, primary visual 

areas (e.g., V1) project to visual association areas 18 and 19, which then project to 

inferotemporal areas 20 and 21 and also to caudal area 7 and the intraparietal sulcus, area 

POa (Seltzer & Pandya, 1980). Primary visual areas also project to area OAa in the 

superior temporal sulcus (STS). Projections from inferotemporal areas 20 and 21 also go 

to two distinct areas in STS, areas PGa and TPO (Jones & Powell, 1970; Kuypers et al., 

1965; Seltzer & Pandya, 1978; Ungerleider & Mishkin, 1979). After caudal inferior 

parietal lobule (area 7) receives converging visual (and somatosensory) input, it sends 

projections to widespread cortical regions including STS (Pandya & Seltzer, 1982), 

frontal lobe (Chavis & Pandya, 1976), cingulate gyrus (Chavis & Pandya, 1976), 

presubiculum (Ding et al., 2000; Seltzer & Van Hoesen, 1979), and parahippocampal 

gyrus (Blatt et al., 2003). The anatomical relationship between caudal area 7 and 

cingulate gyrus is well documented (Divac et al., 1977; Jones & Powell, 1970; Mesulam 

et al., 1977; Pandya & Kuypers, 1969; Pandya et al., 1981), and lesions to either parietal 

area 7 or cingulate gyrus lead to clinical observations of spatial hemi-neglect (inattention 

to the contralateral half of space and denial of the contralateral half of the body). The 
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cingulate gyrus projects to both the parahippocampal gyrus and the presubiculum 

(Baleydier & Mauguiere, 1980; Pandya et al., 1981). The output of area 7 and the 

cingulate gyrus could reach the hippocampus by way of a fast-acting pathway via the 

presubiculum and also by way of a slower acting pathway via the parahippocampal gyrus 

(Pandya & Yeterian, 1984). The area 7/cingulate parahippocampal pathway to the 

hippocampus is likely to be functionally complex (Pandya & Yeterian, 1984), as the 

parahippocampal gyrus also receives multimodal input from sensory association areas 

(Seltzer & Pandya, 1976).  

 
    Reciprocal connections between parietal cortex and hippocampus have been reported 

(Ding et al., 2000; Rockland & Van Hoesen, 1999; Seltzer & Van Hoesen, 1979). 

Afferent connections to hippocampus include those from parietal areas 7a and 7b to CA1 

(Rockland & Van Hoesen, 1999). There is a connection from inferior parietal lobule to 

presubiculum (Ding et al., 2000; Seltzer & Van Hoesen, 1979), and the presubiculum 

projections directly to the hippocampus. The caudal part of the inferior parietal lobule 

(area PG) is connected to caudal portions of the parahippocampal region, and, in addition, 

to prefrontal cortex (areas 8, 45, 46), the banks of the intraparietal and superior temporal 

sulci, medial parietal cortex, cingulate cortex, the retrosplenial area, and area TF 

(Mesulam et al., 1977). In turn, parahippocampal gyrus projects via the entorhinal cortex 

to the hippocampus (G. W. Van Hoesen & Pandya, 1975). Efferent projections from 

hippocampus to parietal cortex include a small non-entorhinal hippocampal projection to 
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area 7 of parietal cortex (Insausti & Munoz, 2001). This projection arises in the deep 

layers of the caudalmost portion of the subiculum. Recently a projection from CA1 to 7a 

(Clower et al., 2001) has been documented. While not a direct projection to the 

hippocampal formation, there is a projection from inferior parietal lobule to TE in the 

monkey (Zhong & Rockland, 2003), a possible link between the cortical ‘where’ and 

‘what’ streams.  

 
Hippocampal Connectivity to the Ventral Stream ‘What’ Pathway 
 
    During the identification and decision components of a conditional association task, a 

subject is required to identify the visual stimulus in order to retrieve from memory the 

correct movement direction or the correct place to move to. The identification process is 

likely encoded by a pathway involving the hippocampus and the ventral stream ‘what’ 

pathway. There are several routes by which visual object identity information represented 

in the ventral stream ‘what’ pathway could reach the hippocampus for processing. 

Afferent projections to the hippocampus from temporal areas include projections from 

areas TE, TF, TG, TH to subicular regions (G. W. Van Hoesen et al., 1979). Area TF 

medial to the occipitotemporal sulcus (OTS), and a restricted area in the lateral bank of 

the OTS that may be part of ventromedial area TE both project to CA1 (Rockland & Van 

Hoesen, 1999). Part of the dorsal subdivision of TE sends projections to CA1, but does 

not receive returning reciprocating projections (Zhong & Rockland, 2004). The ventral 

TE area of the inferotemporal cortex projects to CA1 of hippocampus (Iwai & Yukie, 
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1988; Yukie & Iwai, 1988). The posterior parahippocampal (areas TF1, TF2, and TH), 

perirhinal (areas 35 and 36), and ventral inferotemporal areas (areas TEav and TEpv) are 

reciprocally connected with CA1. Each of these cortical areas is reciprocally connected 

with the entire rostrocaudal extent of CA1 (Yukie, 2000) The strength of the connections 

varies along the rostrocaudal axis of CA1: areas TH and TF2 are connected most 

markedly with the anterior and middle parts of CA1, respectively. Areas TF, 35, 36, 

TEav, and TEpv are connected predominantly with the posterior part of CA1. Efferent 

projections from hippocampus to temporal lobe include a pathway from CA1 to area TE 

(Iwai & Yukie, 1988) and a projection from CA1 to superior temporal sulcus (Zhong et 

al., 2005). Additional projections from CA1, prosubiculum, and subiculum to the 

temporal lobe (Blatt & Rosene, 1998) include: 1) proximal CA1 and subiculum to TH of 

posterior parahippocampal gyrus; 2) distal CA1 and prosubiculum to areas TF, TL, 35 

(perirhinal cortex) and Pro (proisocortical area of temporal pole); and 3) middle of CA1 

to area TFO (caudalmost part of posterior parahippocampal gyrus). There are also 

projections from CA1 to areas 20,2 (Schwerdtfeger, 1979).  

 
Hippocampal Connectivity to Frontal Cortex 
 
    Hippocampal efferents originate from CA1 and rostral CA1 fields, caudal subiculum 

and parasubiculum and go to medial prefrontal cortex (mPFC) (Barbas & Blatt, 1995). 

An additional projection runs from CA1 to areas 9 and 10 of frontal cortex 

(Schwerdtfeger, 1979). Additional subicular projections to mPFC (Rosene & Van 
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Hoesen, 1977) , and to the convexity of PFC (Goldman-Rakic et al., 1984) have been 

documented. There are projections from throughout the rostrocaudal extent of the 

hippocampal formation plus presubiculum and areas 29a-c to orbitofrontal cortices 

(Barbas & Blatt, 1995).  

 
    Hippocampal afferents include mPFC and lateral prefrontal cortex (lPFC) to subicular 

regions (Goldman-Rakic et al., 1984; Nauta, 1964). Frontal cortex also projects to the 

hippocampal system by way of the cingulum bundle (Morris et al., 1999). The mid 

dorsolateral frontal cortex (areas 46, 9/46, and 9) and its medial extension (medial areas 9 

and 9/32) is the origin of a fiber pathway that runs posteriorly as part of the cingulum 

bundle and terminates mainly in retrosplenial area 30 and the posterior presubiculum. 

Orbito-frontal cortex projects to entorhinal cortex (Insausti et al., 1987; G. Van Hoesen et 

al., 1975; G. W. Van Hoesen et al., 1972). Dorsolateral prefrontal cortex (dlPFC) projects 

to entorhinal cortex (Goldman-Rakic et al., 1984). Ventral insular cortex projects to the 

lateral division of the entorhinal cortex (Amaral et al., 1983).  

 
Hippocampal Connectivity to Basal Ganglia and Thalamus 
 
    The subiculum is the major source of hippocampal projections to the nucleus 

accumbens (Friedman et al., 2002). Projections pass through the fornix and exhibit a 

rostrocaudal gradient with more projections arising from the rostral hippocampus. The 

hippocampal efferents terminate most densely in the medial and ventral portions of 

nucleus accumbens. The parasubiculum, the prosubiculum, the adjacent portion of CA1, 
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and the uncal portion of CA3 also project to nucleus accumbens (Friedman et al., 2002). 

Projections from entorhinal cortex also go to the medial nucleus accumbens and the 

olfactory tubercle (Friedman et al., 2002).  

    The thalamus is often referred to as the brain’s relay center. The thalamus is critical for 

motor learning as fast learning-related adaptation appears to be related to changes in a 

cortico-cerebellar-thalamo-cortical loop, while slower skill retention appears to be related 

to changes in a cortico-striato-thalamo-cortical loop (Ungerleider et al., 2002). If the 

hippocampus participates in the rapid acquisition of visuomotor associations, one way it 

could do this is through modulation of activity in projections from the fornix to the motor 

thalamus.   

    There are projections from the subiculum and entorhinal cortex to the thalamus 

(Aggleton et al., 1986). From the subicular cortex, there are dense bilateral projections 

through the fornix to the anterior nuclei, and less dense projections to rostral midline 

sites, including the nuclei reuniens, centralis latocellularis, and paraventricularis. 

Subicular cortex also projects to the nucleus lateralis dorsalis. This projection runs either 

through the fornix or, unlike the other subicular efferents, through the sublenticular limb 

of the internal capsule to form part of the temporopulvinar bundle of Arnold. The 

nonfornical projection to the nucleus lateralis dorsalis passes through the medial pulvinar. 

Most entorhinal efferents are carried not through the fornix, but through the inferior 

thalamic peduncle to the magnocellular portion of the nucleus medialis dorsalis, and in 



 57

the internal capsule and bundle of Arnold to the medial pulvinar and the nucleus lateralis 

dorsalis.  

 
Frontotemporal Connectivity 
 
    Areas of temporal cortex important for processing visual information about the identity 

of objects (the ‘what’ pathway) also send information to frontal cortex. Area TE on the 

middle temporal gyrus and the perirhinal cortex on the inferior temporal gyrus both 

project to frontal cortex with axons that terminate in PFv+o (Carmichael & Price, 1996; 

Pandya & Kuypers, 1969; Webster et al., 1994). As highlighted in a recent review 

(Murray et al., 2000) a lesion of PFv+o could disrupt the transmission of nonspatial 

visual object identity information between inferotemporal cortex (like perirhinal cortex) 

and PMd. PFv+o receives most the frontal lobe’s input from IT. While PM does not 

receive any direct projections from IT, a lesion of PFv+o could prevent visual object 

information from reaching PMd thereby causing a deficit in the learning of new arbitrary 

associations. 

 
Parietofrontal Connectivity 
 
    The flow of information from parietal to frontal cortical areas is likely important for 

the execution of spatially directed actions such as reaching and looking. Parietal to frontal 

connectivity is also likely critical for mapping the location of the correct rewarded target 

to the appropriate motor command during the conditional association task used in the 

present dissertation. Several neuroanatomical studies have delineated the pathways 
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linking inferior parietal lobule and cingulate gyrus to the frontal cortex (Barbas & 

Mesulam, 1981; Chavis & Pandya, 1976; Jones & Powell, 1970; Pandya & Kuypers, 

1969; Pandya & Seltzer, 1982; Pandya et al., 1981). Area 7 of parietal cortex projects to 

dorsal area 8 and area 46 of frontal cortex (Chavis & Pandya, 1976; Jones & Powell, 

1970; Pandya & Kuypers, 1969), and also receives projections from these areas (Divac et 

al., 1977; Mesulam et al., 1977; Pandya et al., 1971). The cingulate gyrus also has 

connections with the premotor, prefrontal and orbitofrontal cortices (Baleydier & 

Mauguiere, 1980; Pandya et al., 1981). Area 23 of posterior cingulate gyrus projects to 

prefrontal area 46 and also to orbitofrontal area 11. Area 24 of anterior cingulate gyrus 

projects to premotor area 8 and to orbital areas 12 and 13. The frontal lobe has reciprocal 

connections with area 7 and cingulate gyrus, and is also connected with temporal lobe 

areas. The lateral prefrontal cortex receives both area 7 and cingulate projections, but 

greater input from area 7, while the orbitofrontal cortex receives predominant input from 

the cingulate gyrus and temporal lobe (Pandya & Yeterian, 1984).  

 
Dorsal Premotor Connectivity 
 
    Lesions of the periarcuate region centering on dorsal premotor cortex render monkeys 

unable to retrieve familiar arbitrary associative mappings as well as learn new 

associations. The efferent and afferent connections of PMd (the dorsal part of superior 

area 6) have been studied with anterograde and retrograde tracers (Barbas & Pandya, 

1987). Superior area 6 of the macaque monkey frontal cortex is formed by two 
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cytoarchitectonic areas: F2 and F7. The frontal connections of dorsal area 6 are restricted 

to neighboring dorsal frontal regions. Only the caudal sector of dorsal area 6 is connected 

with the motor cortex. Ventral area 6 (PMv) is not only connected with the prefrontal 

cortex, but also directly with the motor cortex, the parainsular gustatory area, and with 

somatosensory areas in the frontal operculum. 

 
    The dorsal premotor cortex receives direct visual from parietal cortex. Most parietal 

input to the dorsal premotor cortex comes from the superior parietal lobule. These 

projections arise not only from the dorsal aspect of area 5 but also from other areas of 

posterior parietal cortex that are directly connected with the extrastriate visual cortex 

(Wise et al., 1997). At least three separate parietofrontal circuits link the superior parietal 

lobule with the superior area 6 (Matelli et al., 1998). The part of F2 located around the 

superior precentral dimple (F2 dimple region) receives its main input from areas PEc and 

PEip (PE intraparietal, the rostral part of area PEa delineated in (Pandya & Seltzer, 

1982)). Area PEip was defined as that part of area PEa that is the source of corticospinal 

projections. The ventrorostral part of F2 is the target of strong projections from the 

medial intraparietal area (area MIP) and from the dorsal part of the anterior wall of the 

parietooccipital sulcus (area V6A). The ventral and caudal parts of F7 receive their main 

parietal input from the cytoarchitectonic area PGm of the SPL and from the posterior 

cingulate cortex. The dorsorostral part of F7, which is also known as the supplementary 

eye field, is not a target of the SPL, but it receives mostly afferents from the inferior 
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parietal lobule and from the temporal cortex. Matelli et al, 1998 propose that the 

PEc/PEip-F2 dimple region circuit is involved in controlling movements on the basis of 

somatosensory information. 

 
    Several cortical and subcortical signals reach PMd (Wise et al., 1996) , including 

nonspatial visual information about object identity from PFv, gaze-related signals 

(Boussaoud, 1995) from the supplemental eye field (SEF), spatial-attentional and 

visuospatial signals from parietal areas 7a and LIP (Boussaoud & Wise, 1993a, 1993b), 

motor command signals from M1 and dorsal thalamus, proprioceptive and limb position 

signals from parietal area 5 (Bauswein & Fromm, 1992; Caminiti, Johnson, Burnod et al., 

1990; Caminiti, Johnson, & Urbano, 1990), reward related signals from the amygdala 

(Avendano et al., 1983), preparatory set information about internal context (such as 

planning and timing a sequence of movements) from the supplementary motor area 

(SMA) (Tanji & Shima, 1994, 1996; Tanji et al., 1996) , and preparatory set information 

about external context from the basal ganglia by way of the dorsal thalamus (Canavan et 

al., 1989). The basal ganglia, specifically the globus pallidus, projects via the thalamus to 

PMd (Inase & Tanji, 1994; Kurata, 1994). While the major inputs to PMd come from 

globus pallidus, the major source of inputs to the adjacent area PMv is from the 

cerebellum. The basal ganglia have neurons that have been reported active during the 

delay period of instructed motor tasks (Alexander, 1987; Jaeger et al., 1993) , reflecting 

the preparation to move based on information about the nature of an upcoming trial. 
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Human behavioral changes after learning and retention for perceptual and procedural 
tasks  
 
    Motor skill learning is a type of procedural memory that has been shown to undergo 

continued accuracy and speed changes after an initial session of training. Humans show 

behavioral accuracy and speed gains on at least two types of skill learning tasks: motor 

sequence (i.e., finger-thumb opposition) learning (Korman et al., 2003) and mirror tracing 

(Plihal & Born, 1997). The post-training gains in efficiency for these motor tasks most 

likely involve  a systems-level biological process of memory consolidation taking place 

rapidly within the first session of learning within a cortico-cerebello-thalamo-cortical 

loop, and more slowly with continued practice in a cortico-striatal-thalamo-cortical loop 

(Ungerleider et al., 2002). The post-learning changes can be enhanced or blocked with 

experimental manipulations immediately following learning, such as drug treatments or 

sleep deprivation. One effect reported in the literature is faster performance on tasks 

involving motor learning and visual discrimination after a night’s sleep relative to the 

speed obtained at the end of the first session of learning. In one study, humans were 

trained on a sequential finger tapping task that required them to use their non-dominant 

hand to tap a five element sequence on a four buttons of a standard computer keyboard, 

and after a night’s sleep, were found to be on average 20% faster than at the end of the 

first day’s session without any loss of accuracy (Walker et al., 2002). The neural changes 

accompanying motor sequence learning include decreased neural activity (i.e., 
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habituation) in both magnitude and extent of activation during the fast speed increases in 

the initial learning session, followed by an expansion of activated neural tissue (i.e., 

enhancement) during days to weeks of continued practice as performance of the sequence 

gets incrementally faster (Karni et al., 1995). 

    Performance of a visual discrimination task has also been found to not only improve 

after a night’s sleep, but to some extent depend on sleep (Stickgold, James et al., 2000). 

Almost 80% of the intersubject variance in improvement can be explained by two 

parameters: 1) the proportion of slow-wave sleep (SWS) in the first quarter of the night, 

and 2) the amount of rapid eye movement (REM) sleep in the last part of the night 

(Stickgold, Whidbee et al., 2000). Sleep stage-dependent changes in semantic priming 

(hot-cold, thief-wrong), a type of associative memory, have also been reported (Stickgold 

et al., 1999). 

 
    Even before learning ends and a period of sleep or some other retention interval 

begins, robust behavioral and neural changes occur in tasks that involve visual 

identification. An early behavioral study showed that when humans are presented with 

pictures of objects and asked to name them, two important changes in naming latency 

may be measured (Oldfield & Wingfield, 1964). First, the latency to name the object after 

presentation varies as a function of the frequency with which the object name occurs in 

the English language. Rarer objects take longer to name than more common objects, so a 

picture of a cat may be named faster than a picture of a sewing machine. Second, naming 
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of each object during subsequent test sessions results in speeded naming, or a decrease in 

the naming latency. The decrease on subsequent naming trials is greater in magnitude for 

the rarer than for the common objects. A more recent fMRI study built on this finding of 

decreased naming latency, and showed that immediate (30-seconds) and long-lasting (3-

days) decreases in cortical activity are associated with repeated naming of objects. These 

neural deceases are found in posterior occipito-temporal regions of the ventral visual 

stream known to be involved in object identification (van Turennout et al., 2000). The 

neural activity decreases accompanied decreases in behavioral naming latencies for 

objects of 137 ms after 30 seconds and 54 ms after 3 days from a baseline of 789 ms. The 

authors interpreted these activity decreases as possibly reflecting the long-lasting creation 

of sparser object-form representations. The interpretation is consistent with the view that 

repetition-related decreases, known in the monkey neurophysiology literature as 

repetition suppression, reflect not just a decrease in the firing rate of the neurons that 

responded on the initial presentation of the object, but represent decreased firing of only a 

subset of those neurons coupled with maintained responses of a smaller population of 

neurons (Desimone, 1996). 

    Other associative memory paradigms in which changes after initial training have been 

documented involve paired-associate tasks with words or pictures. In one study, 24 word 

pairs were presented on a computer monitor, tested immediately after learning, and tested 

again after a retention interval by presenting in succession one word from each pair in a 

different order from initial presentation. During the cued recall tests, the subject was 



 64

required to recall the appropriate word to form the previously presented pair by typing the 

word on a keyboard. Recall accuracy of the paired-associate lists was better after sleep 

compared to accuracy on the recall test just after learning, and the improvement was most 

dramatic following early sleep as opposed to late sleep. During early sleep, humans tend 

to spend more time in slow wave sleep (SWS) than in rapid eye movement sleep (REM) 

(Plihal & Born, 1997). A later study built on this finding by using a similar hippocampal-

dependent associative word pair paradigm with transcranial electrical stimulation to 

induce slow oscillating potentials in the frontal cortex of medical student subjects during 

SWS after the learning of 46 word pairs. Compared to subjects who received sham 

electrical stimulation, subjects who received the 0.75 Hz oscillating potentials in early 

nocturnal non-REM sleep recalled more word pairs in a recall test immediately after 

waking (Marshall et al., 2006). Another study of word-pairs, in which subjects were 

required to choose whether two words ‘fit together’ in meaning, showed that this process 

of semantically associating the word pairs activated the hippocampus (Henke et al., 

1999), consistent with a previous finding from the same authors showing hippocampal 

involvement for picture-pair associative learning (Henke et al., 1997). None of these 

studies of paired-associate learning and retrieval report significant differences in reaction 

times as a function of retention interval for the behavioral choices related to word or 

picture pair recall. Only changes in the number of pairs recalled after retention are 

reported as evidence that retention intervals, usually involving sleep, have beneficial 

effects on memory performance.  
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    While some of the aforementioned human and animal imaging studies of associative 

retrieval show decreases in hippocampal areas after retention intervals, at least two 

studies report increased hippocampal activity when memory retrieval involves recalling a 

relationship between word-pairs. During word-pair retrieval, human hippocampal and 

cortical fMRI activity increases when the retention interval is lengthened from 10 

minutes to 24 hours (Bosshardt, Schmidt et al., 2005), and, separately in another study, 

from 1 day to 1 month (Bosshardt, Degonda et al., 2005),  Other interesting findings from 

this study were that poor learners showed increased neural activity in the hippocampus 

and neocortex to reach a level of retrieval performance comparable to the good learners, 

and that there was a positive correlation between the amount hippocampal activation after 

1 day and the amount of forgetting over the month retention interval. The increase in 

retrieval-related hippocampal and neocortical activity after a month compared to a day of 

retention held when retrieval performance was matched between time lags, when learning 

was matched between time lags, and when learning was matched between time lags and 

the performance difference as a function of the time lags was included as a covariate.   

 
To summarize, the main findings of this literature review are: 

 

• no decrease in reaction times has been found after long-term retention (i.e., weeks 

to months) for visual item recognition memory 
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• motor skill learning and visual object naming studies show faster action and 

identification (i.e., priming) over hours to days 

 

• monkey lesions implicate hippocampus in rapid, not slow, associative learning 

 

• monkey neural recording during conditional association tasks show learning 

related changes in neocortical areas and hippocampus, but no evidence for 

retention-related differences in hippocampal neural firing 

 

• hippocampus is reciprocally connected to several cortical and subcortical areas 

implicated in conditional associative tasks;  this makes the hippocampus ideal for 

linking patterns of neural activity across brain areas 

 

• the few animal and human functional imaging studies that report hippocampal 

activity show mostly decreases during the retrieval of remote compared to recent 

memories, although at least one human fMRI study of word-pair learning shows 

the opposite result of increased hippocampal activation from 1 day to 1 month of 

retention 

 

• human word-pair association learning is followed by accuracy increases (# word 

pairs recalled) that appear to result primarily from beneficial effects of early 
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nocturnal non-REM sleep, and there is functional imaging evidence that paired-

associate learning involves activity increases in hippocampal and 

parahippocampal areas 
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CHAPTER THREE 

METHODS 
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Subjects 
 
Non-human primates 
 
    Two male rhesus monkeys (macaca mulatta), 99M2 (10 years old, 10.2 kg) and 99M3 

(10 years old, 11.1 kg) were used in the four experiments reported in chapter four. During 

behavioral training and testing, both monkeys were motivated to work for a mixture of 

juice and water reward. Monkeys were restricted to a minimum fluid intake of 30 ml/kg 

per day, and were given a moist treat consisting of a fruit or vegetable after each day’s 

training session. The experiments were conducted according to a protocol approved by 

the University of Arizona Institutional Animal Care and Use Committee (IACUC).  

 
Humans 
 
    Data from a total of 88 human participants (mean age 20.4,  s.d. 4.6, 30 males, 58 

females, 11 left handed, 77 right handed) were collected for the 4 human experiments 

reported in chapter five. For the first three experiments, participants were recruited from 

the University of Arizona Department of Psychology undergraduate research pool and 

were compensated with extra credit points at a rate of 2 credits per hour. For the fourth 

experiment, human subjects were recruited by advertisements posted on campus and by 

departmental email listserv announcements. Experiment 4 participants were compensated 

at a rate of $20 per hour. Written consent was obtained from each participant in 
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accordance with a protocol approved by the University of Arizona Human Subjects 

Protection Program.   

 
Experiment 1 Group 
 
    Data for human experiment 1 was collected from 30 human subjects (mean age 18.6, 

s.d. 1.1, 9 males, 21 females, 6 left handed, 24 right handed). Of these 30 participants, 15 

subjects returned for recall testing 1 day after the learning session, and 15 returned for 

recall testing 7 days after learning. 

 
Experiment 2 Group 
 
    Data for human experiment 2 was collected from 28 human subjects (mean age 19.5, 

s.d. 3.8, 9 males, 19 females, 2 left handed, 26 right handed). Of these 28 participants, 16 

subjects returned for recall testing 1 day after the learning session, and 12 returned for 

recall testing 7 days after learning.  

 
Experiment 3 Group 
 
    Data for human experiment 3 was collected from 13 human subjects (mean age 18.7, 

s.d. 0.5, 6 males, 7 females, 2 left handed, 11 right handed). All 13 participants returned 

for recall testing 7 days after learning. 

 
Experiment 4 Group 
 
    Data for human experiment 4 was collected from 17 human subjects (mean age 26.4, 

s.d. 6.2, 6 males, 11 females, 1 left handed, 16 right handed). Of these 17 participants, 12 
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attended four sessions (learning day, recall 1 day later, recall 1 week later, and recall 2 

weeks later), and 5 attended three sessions (learning day, recall 1 day later, and recall 1 

week later).  
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Apparatus 
 
Non-human primates 
 
    Each monkey was trained to leave his cage and sit in a custom-made restraint chair 

(SDIA Products, Inc) which was transported by the experimenter to a separate 

experimental testing room. The chair was positioned in front of a LCD monitor (Figure 

3.1a) that measured 40.6 cm wide by 20.3 cm high. During task performance, the 

monkey’s eyes were 33 cm from the plane of the monitor such that its screen occupied 51 

horizontal by 44 vertical degrees visual angle (16 horizontal by 13 vertical pixels per 1 

degree visual angle on the 800-by-600 pixel screen display). A juice sipper consisting of 

two copper tubes inserted into a mouthpiece made from dental acrylic was fixed to the 

chair and positioned close to the monkey’s mouth (Figure 3.1c). Plastic tubing was mated 

to the copper tubing and connected to a peristaltic pump (Manostat Corp.), which in turn 

was connected to a pair of graduated cylinders that were filled with juice or water. Fluid 

reward was delivered to the sipper tube by turning the peristaltic pump on or off for short 

time intervals with a 5V TTL pulse sent from a PCI DAS 1200 (Measurement 

Computing, Inc) A/D board installed in the same experimental control computer that 

coordinated task presentation. A removable door in the front of the restraint chair allowed 

the monkey to use his right hand to interact with a custom-made USB joystick (Figure 

3.1b) connected to the experimental control computer. Monkey eye tracking was 

accomplished by capturing video from a high-resolution camera mounted above the LCD 

monitor. An infrared light source was positioned to illuminate the monkey’s eyes so that 
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each pupil could be distinguished clearly in either complete darkness or in the low-level 

light conditions provided from the LCD monitors when the room lights were 

extinguished. Video frames from the eye-tracking camera were timestamped using an 

Horita SCT-50 Serial Control Titler (Horita, Inc.). This allowed each frame to be stamped 

at 60 Hz with information about the position of the joystick, the clock time of the 

experimental control computer and the position of the cursor in screen coordinates. The 

timestamped video signal was input to an All-In-Wonder Radeon 8500V video card (ATI 

Technologies, Inc) for capture to disk as an MPEG file. The deviation of each pupil could 

then be timed relative to each task component by analyzing each frame of the MPEG 

stream.   

 
Humans 
 
    Participants interacted with a joystick, which they were allowed to place comfortably 

in front of them on a table. A CRT monitor (40cm wide by 30 cm high screen) was 

placed at the end of the table so that during task performance the participant’s eyes were 

71 cm from the plane of the monitor and its screen occupied 29 horizontal by 23 vertical 

degrees visual angle (27 horizontal by 26 vertical pixels per 1 degree visual angle on the 

800-by-600 pixel screen display). Head movements were minimized by use of a 

combination forehead/chinrest, and the movement of each participant’s right pupil was 

tracked with an ETL-200 infrared eye tracking system (Figure 3.1d). Horizontal and 

vertical pupil deviations were sampled as +/- 5V analogue signals and sent to a PCI DAS 
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1200 A/D converter (Measurement Computing, Inc) installed on the computer that 

presented the task. The pupil deviations were digitized and sampled at 60 Hz during each 

refresh of the CRT monitor.  
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Figure 3.1: Apparatus used in non-human primate and human experiments The 
monkey task was displayed on center LCD display (panel a) and cursor movement was 
controlled via a custom-made joystick (panel b). The monkey was seated in front of the 
joystick in a restraint chair to which a juice reward sipper was mounted (panel c). 
Humans viewed the task by using a chin/forehead to minimize head movements so that 
eye movements could be monitored by an infrared eye-tracking device placed in front of 
the CRT monitor (panel d).  
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Conditional Association Task 
 
    The task presentation software was written in C++ using Microsoft Visual Studio 

.NET, the Microsoft Win32 API, a hardware accelerated graphics language (OpenGL 

1.2), and the Microsoft DirectX development toolkit for presenting audio and obtaining 

joystick input with real-time precision. The task was displayed using an NVIDIA 

GeForce2 MX/MX400 graphics card for the human experiments, and a Matrox Parhelia 

3-head graphics card for the monkey experiments. The graphics engine for the visual 

stimulus presentation was programmed with a double-buffering technique in which each 

frame was drawn in a back buffer as fast as possible and then swapped to the front buffer 

at the monitor refresh rate of 60 Hz, which was the same for both human and monkey 

experiments.   

 
Timeline and components of a single trial 
 
    A single conditional association task trial consisted of five components: 1) pre-

fixation, 2) fixation, 3) stimulus-on, 4) stimulus-off, and 5) choice-feedback (Figure 

3.2a). The pre-fixation component started with a triangular cursor appearing on the screen 

in one of eight locations around the center of the screen (Figure 3.2b). These eight 

locations were determined randomly for each trial. During pre-fixation, the humans and 

monkeys were given 4500 ms to move the cursor into a fixation box appearing in the 

center of the screen. If 4500 ms elapsed and the cursor had not been placed within the 

box, the pre-fixation period started again. Once the cursor was moved within the center 
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box and cursor movement was stopped completely, a fixation period began (Figure 3.2c). 

The fixation period lasted 1000 ms if the cursor was held still, but if the cursor was 

moved before 1000 ms elapsed, the start time of the fixation period was re-set. If 1000 ms 

elapsed without cursor movement, the stimulus-on period began and the first frame of the 

stimulus was presented along with the four choice box locations (Figure 3.2d). Each 

stimulus-on period lasted for 500 ms during which the stimulus picture was presented in 

the center of the screen and the choice locations were presented in the periphery (up, 

down, left, and right relative to the center box). After the 500 ms stimulus-on period 

ended, a 4500 ms stimulus-off period began during which the stimulus picture 

disappeared but choice box locations remained on the screen (Figure 3.2e). The monkeys 

and humans had to move the cursor into one of the choice boxes before the 4500 ms 

stimulus-off period ended, or the trial would start over with the pre-fixation period. If the 

subjects made a choice within the 5000 ms stimulus-on and stimulus-off time window, a 

1000 ms choice-feedback period began (Figure 3.2f,g). Because the humans and monkeys 

were motivated to do the task for different reasons (credit or monetary compensation vs. 

juice reward), the experimenter’s verbal instructions and the type of feedback following a 

choice were aspects of the task that inevitably differed between the monkey and the 

human experiments.  
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Non-human primate version 
 
    If a monkey chose the one correct location within the 5000 ms stimulus-on and 

stimulus-off time window, the peristaltic pump power source was pulsed for 120 ms and 

a 0.35 ml aliquot of juice reward was dispensed through the sipper tube. Delivery of the 

juice reward was paired with the sound of the peristaltic pump motor being turned on. 

Once the cursor was moved into the correct box and the pump power had been turned on, 

the four target boxes disappeared and the task advanced to the pre-fixation period of the 

next trial. If a monkey chose any one of the three incorrect box locations, the four target 

boxes disappeared and an aversive tone was sounded. Following an incorrect choice, the 

monkey was required to repeat the same trial from the beginning of the pre-fixation 

period.  

 
Human version 
 
    On the first day’s learning session, each human participant provided written consent, 

and was given time to adjust their chair, chin/forehead rest, and joystick position for 

maximum comfort. The experimenter demonstrated the task with a practice trial, and 

allowed the participant to complete several choices to experience the visual and audio 

feedback associated with correct choice and incorrect choices. Each participant was 

explicitly told that his or her job was to figure out on each trial which choice of the four 

choice boxes was correct for a given picture. Each participant was also told to remain as 

still as possible during a trial, but that movement was allowed, if necessary, between 
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trials. At the beginning of subsequent sessions on days following the retention interval, 

each participant was told that he/she would be performing the same type of task as on the 

first day, but that some pictures would be the same and some would be different. At the 

completion of the last testing session, each participant was given a verbal debriefing 

about the hypothesis, preliminary group results, and significance of the research study. 

Finally, the experimenter answered any of the participant’s questions about the 

experiment. 

 
    During the human experiments, when a participant chose the correct location within 

the 5000 ms stimulus-on and stimulus-off time window, a green box with the word 

“correct” was displayed in the center fixation box and an audio file with the sound of a 

cash register ringing was played (Figure 3.4g). All four choice boxes disappeared and the 

task advanced to the pre-fixation period of the next trial. When a human chose any one of 

the three incorrect box locations, a red box with the words “Wrong, Try Again” was 

displayed in the center fixation box and an audio file with the sound of glass shattering 

was played (Figure 3.4g). Following an incorrect choice, the participant was required to 

repeat the same trial from the beginning of the pre-fixation period. 
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Figure 3.2: Timeline & components of a single conditional association trial The 
timeline (panel a) for a single trial included up to 5000 ms for a participant to place the 
cursor in the box (panel b), a minimum of 1000 ms with cursor movement stopped within 
the center fixation box (panel c) followed by a choice period beginning with 500 ms of 
stimulus presentation and choice box presentation (panel d) and up to 4500 ms of just the 
choice box presentation. When the correct choice box was chosen by placing a cursor 
within its boundaries (panel e), feedback consisted of a sound and a green “correct” 
stimulus (panel f). When an incorrect choice was made to any of the other three boxes, 
feedback consisted of a different sound and a red “wrong” stimulus (panel g).      
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Randomization techniques for experimental designs 
 
    In all experiments, each stimulus from a set of stimuli was arbitrarily mapped to one of 

the four choice boxes, which was designated as the correct target choice. The arbitrary 

mapping between the stimulus and its correct choice location remained the same 

throughout learning and subsequent post-retention testing sessions, and the mappings 

were determined so that within an experimental session the number of stimuli mapped to 

the up, down, left, and right choice locations was equal.  

    The monkey experiments were begun over a year before the human studies started, and 

at that time an outstanding question was how best to randomize the stimulus-location 

mappings across trials within a session. The first monkey experiment involved the 

learning of four stimulus-location associations within single training sessions. Each of 

these four stimuli was mapped to one of the four choice boxes, and these mappings were 

stored in a 4-by-2 matrix: (stimulus1, location1; stimulus2, location2; stimulus3, location3; 

stimulus4, location4). The stimulus-location mapping matrix was randomized by 

permuting an array of integers from one to four, and then using the permuted integer 

array to shuffle the order of the mapping matrix. The shuffled mappings were then stored 

as the first four trials of a session. The array of integers from one to four was randomly 

permuted again, used to re-shuffle the mapping matrix, and the re-shuffled mappings 

were stored as the next four trials (Figure 3.3a). The process of shuffling and storing the 

four mappings in blocks of four continued until several hundred trials of stimulus-

location mappings had been generated for presentation. But the four mappings could also 
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be stored twice in a block of length eight, and then shuffled by permuting a set of integers 

from one to eight. When the block size is increased, to say sixteen, and the four stimulus-

location mappings are placed within it four times and then shuffled, learning could be 

affected dramatically. The chances of predicting the next stimulus in a set of trials in 

which permutation was carried out with four mappings and a block size of four is greater 

than the probability of predicting the next stimulus in a set of trials in which permutation 

was carried out with four mappings and a greater block size (e.g., 8, 12, 16, etc). This 

subtle change in trial randomization had a large effect on the rate of learning in the 

monkey experiments described in chapter four, and affected greatly the design of the 

interleaved learning schedules (Figure 3.3b) used for the human experiments in chapter 5. 

Figure 3.3 presents graphically the types of randomization designs used in the different 

monkey experiments. Throughout the results sections of the present dissertation, details 

will be presented and data analyzed with respect to the number of stimulus-location 

mappings, the block length for determining the permutation and storage of the mappings, 

the total number of trials over which learning was allowed to take place and the rate of 

learning over a given set of trials.  
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Figure 3.3: Examples of trial randomization techniques Learning and retrieval trials 
during the first monkey experiment were presented in an experimental design in which 
the number of trials, number of stimuli, and number of arbitrary unique mappings with a 
single block (1 block = 1 separation of light gray lines) was equal to four (panel a). Later 
monkey and human experiments used more sophisticated interleaved randomization 
designs (panel b) where, for example, four stimulus-location associations were presented 
in two blocks of four, then another new set of four stimulus-locations associations were 
presented in two more blocks of four, and then all eight stimulus-location associations 
were interleaved and presented randomly in a single block of length sixteen. The 
presentation of probe trials in monkey experiment 3 used a design in which 12 
associations, overlearned (stimulus numbers 1-4), one-day old (stimulus numbers 5-8), 
and 7-day old (stimulus-numbers 9-12), were presented three times in randomized blocks 
of length twelve. Learning is fastest for the monkeys when the ratio of stimulus-mappings 
to block length is equal to 1 (as in monkey experiment 1), but task performance is 
susceptible to process of elimination. When the ratio is increased above 1, as in monkey 
experiments 2, 3 and 4, learning, defined as the number of trials to reach criteria, takes 
longer. Humans can learn when the ratio is far beyond 1, up to 6. One reason for the 
difference in learning rates could be that humans have explicit knowledge about the rule 
for correct task performance from the very beginning of the experiment.    
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Stimuli 
 
    The stimuli for all monkey experiments and human experiments 1, 2, and 4 were 300-

by-200 (horizontal-by-vertical) pixel image bitmaps. In human experiment 3, all stimuli 

were 200-by-300 (horizontal-by-vertical), as a portrait orientation was required to 

accommodate face stimuli. The stimuli for the first monkey experiment were color scenes 

with one of four animals (birds, cats, dogs, horses) somewhere within the scene (Figure 

3.4a). For the other monkey experiments, color scenes without animals were used (Figure 

3.4b). In the monkey experiments, stimuli appeared in the center of the display and 

subtended a visual angle of 18.8 horizontal by 15.4 vertical degrees. For human 

experiments one, two, and four, color scenes were used (Figure 3.4c). For human 

experiment three, grayscale scenes (Figure 3.4f) and grayscale faces (Figure 3.4e) from 

the Ekman battery (Ekman & Friesen, 1975) were used. For human experiment 4, stimuli 

consisting of white arrows on a black background were used to instruct subjects to make 

explicit movements in some trials (Figure 3.4d). In the human experiments, stimuli 

appeared in the center of the display and subtended a visual angle of 11.1 horizontal by 

7.7 vertical degrees. The sets of scene images were acquired from publicly available 

stock photography libraries and internet searches (Google Image Search). All image 

cropping, editing and color conversion was done with IrfanView 3.98 

(www.irfanview.com).  
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Figure 3.4: Visual stimuli used in primate and human experiments The pictures in 
row a are example color scenes with animals used in the first monkey experiment. 
Monkey experiments two through four and human experiments one, two, and four used 
images like those shown in rows b and c. The explicit cue stimuli used in human 
experiment four are shown in row d. The monochrome face and scene stimuli used in 
human experiment 3 are shown in rows e and f respectively. The correct and incorrect 
visual feedback cues used in all of the human experiments are shown in row g.  
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Analysis Techniques 
 
Summary of independent and dependent variables 
 
    The main independent variable that was experimentally varied was the time duration of 

retention after associative learning. The hypothesis that behavioral reaction time changes 

would reflect neural processing time changes caused by a systems-level reorganization 

occurring within the retention interval was evaluated by comparing decision and motor 

completion times at the end of the learning session to times for the same associations on 

the first trial after the retention interval. The rationale for this type of comparison was 

that reaction time differences would most accurately reflect changes for each stimulus 

association that had occurred only during the retention interval. By comparing retrieval 

times of first attempts on the post-retention day to retrieval times for trials occurring 

before the end of the learning day, a reaction time change could be attributed to learning-

related changes or to retention interval changes, or to a combination of both. By 

comparing retrieval times for trials after the first post-retention interval trial to retrieval 

times at the end of the learning day, it would be difficult to separate changes due to re-

learning or continued learning from changes resulting only from effects occurring within 

the retention interval.  

 
    In addition to the retention interval duration, several other independent variables were 

experimentally varied to measure their effects on decision and motor completion times: 

1) the associative stimulus content (faces vs. scenes), 2) the number of trials of each 
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stimulus-association during learning, 3) the number of post-retention recall trials, 4) the 

randomization block length and number of repetitions per block, and 5) the spacing of 

learning across days or within a single day.  

 
     Four main dependent variables were measured to quantify the retrieval process: 1) 

accuracy, a discrete binary variable defined as whether or not the cursor was placed 

within the correct choice box to complete a trial, 2) the decision time, defined as the time 

from stimulus onset until the first movement of the joystick, 3) the velocity-dependent 

motor completion time, defined as the time from the decision time until a the cursor was 

placed within a choice box, and 4) a saccade initiation time, defined as the time from 

stimulus onset until the first horizontal or vertical deviation of the pupil in the direction 

of the target location choice. A single dependent variable was measured to reflect the 

motor learning component of manipulating the joystick: the cursor fixation time, defined 

as the time taken to move the cursor from a randomly-determined screen position into the 

fixation box and completely stop cursor movement.  

  
Measures of central tendency and variance for reaction times 
 
    The most important caveat when analyzing any behavioral reaction time data is that the 

set of measurements is not normally distributed and the assumptions of traditional 

parametric statistics are therefore violated. Investigators deal with this problem in 

different ways. Some remove the outliers from their data, and resume analysis with a 

subset of data using traditional statistics like ANOVA. One problem with this approach is 
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that one investigator’s outlier can be another investigator’s highly interesting 

measurement, and it is difficult to establish a strict cutoff point between what should be 

considered an outlier and what is a valid measurement. Analyses for the present 

dissertation include all the data, and quantify the changing distributional properties of the 

entire dataset as a function of the independent variables. The main reason for considering 

all of the data is that results will be presented which clearly show systematic shifts, 

including increased kurtosis and skewness, in post-retention decision time distributions 

that vary with the retention interval duration. These shifts, which are quantifiable 

separately from shifts in the location of the distributions’ peak amplitudes, may represent 

important changes in the neural time taken to retrieve associative relationships from long-

term memory. 

 
    Kurtosis is a measure of how outlier-prone a distribution is. A distribution of reaction 

times could have a large number of outliers on either end of the distribution. Subjects 

could make extremely short latency judgments that may or may not turn out to be 

accurate, or they could be distracted and take an unusually long time to react to make a 

choice. The kurtosis of a normal distribution is 3 (Figure 3.5b). Skewness, on the other 

hand, is a measure of the asymmetry of the data around the sample mean. If skewness is 

negative, the data are spread out more to the left of the mean than to the right. If 

skewness is positive, the data are spread out more to the right. The skewness of the 

normal distribution, or any perfectly symmetric distribution, is zero (Figure 3.5b). 
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Reaction time distributions tend to be skewed to the right and have greater kurtosis than 

normal distributions (Figure 3.5a). For retrieval times, skewness and kurtosis vary 

significantly with the duration of retention interval. Because of the greater kurtosis and 

non-normal skewness of reaction times, the median tends to be a better measure of 

central tendency than the mean. In the present dissertation, when traditional bar plots are 

shown and ANOVA is used to make population inferences, the median of subjects’ 

retrieval times will be used instead of the mean. The location of the peak amplitude of the 

estimated distribution will also be included in results tables, since it is the best measure of 

central tendency for the post-retention decision time distributions.  
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Figure 3.5: Typical decision time distribution and normal distribution When a 
typical decision time distribution, (panel a, taken from correct first post-retention trials of 
human experiment 4), is compared to a normal distribution (panel b, generated from 
10000 random numbers with mean=0 and s.d.=1) three differences are apparent: 1) the 
median (line with large dashes) is a better estimator of central tendency than the mean 
(line with small dashes), 2) the peak amplitude is offset from both the median and mean 
for the decision time distribution, but not for the normal distribution, and 3) the decision 
time distribution exhibits greater kurtosis and more skewness to the right than the normal 
distribution. All three differences should be considered during statistical analysis as they 
may not be artifacts, but instead be related to important behavioral and neural changes. In 
both panels the actual data are shown with histogram bars, and estimated probability 
distributions are indicated with the solid red or blue lines (area under curve for both 
distributions is equal to 1).  
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Non-parametric estimation and comparison of reaction time distributions 
 
    An important point of this dissertation is that changes in reaction time distributions 

could reflect changes in either the timecourse of the forgetting or consolidation process, 

or the effortfulness in the process of retrieval from long-term memory. For this reason, 

analyses of reaction times employ non-parametric methods to visualize, quantify, and 

compare distributional changes as a function of retention interval duration.  

 
    For non-parametric analysis, a decision and motor completion time was stored for each 

association on the last trial of the learning day, if the choice was correct. For each of the 

associations that was correct at the end of the learning day, a decision and motor 

completion time was stored on the post-retention first trial, if that first trial was also 

correct. The pre-retention and post-retention stores consisted of successful decision and 

motor completion times measured at separate points in time. A probability density 

estimate can be computed from as few as 100 sample points of each set of measurements 

using a kernel smoothing method (Bowman & Azzalini, 1997). This method allows 

estimation of the underlying probability distribution of a set of measurements by 

considering where each reaction time measurement occurs on the time axis (Figure 3.6a), 

windowing Gaussian kernels modeled as unit normal distributions around each 

measurement’s abscissa (Figure 3.6b), and summing the kernels to get a smooth estimate 

of the underlying distribution’s probability density function (Figure 3.6c). Differences 
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between the pre- and post-retention retrieval time distributions were visualized by 

superimposing the estimated probability densities on the same set of axes. Statistical 

comparison of the distributions using the Kolmogorov-Smirnov test was used to reject the 

null hypothesis that the sampled decision or motor completion times were drawn from the 

same underlying distribution.  
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Figure 3.6: Example of distribution estimation using kernel density smoothing 
Estimates of probability density were constructed by modeling each reaction time as a 
unit delta function (panel a), convolving it with a Gaussian kernel centered on the 
occurrence of each data point (panel b), and summing the kernel windows to obtain the 
density (panel c), which is an accurate estimate of the underlying distribution and may be 
normalized for comparison with other distributions by making the area under the curve 
equal to 1.  
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Regression analysis of effects of retention interval duration 
 
    Scatter plots and regression analysis were used to estimate changes in decision and 

motor completion times as a function of retention interval. For example, the decision time 

for the last trial of the learning day was plotted on the x-axis, if that trial was answered 

correctly. If first post-retention trial for the same association was answered correctly, then 

its decision time was plotted on the y-axis. If decision time remained unchanged after the 

retention interval, all points would fall on the diagonal and regression would produce a 

slope of 1 and a y-offset of 0. If post-retention decision times were slower, more points 

would fall above the diagonal and the slope and offset would be positive. But if post-

retention decision times were faster, more points would fall below the diagonal and the 

slope and offset would be negative. The relationship between pre-retention (x) and post-

retention (y) changes in decision time and motor execution time for sets of associations 

were also visualized by scatter plot and quantified by the linear regression equation 

y=mx+b, where m is the slope and b is the offset.  

    For population inference, subject median decision and motor completion times from 

the human experiments were analyzed with one- and two-way ANOVA in SPSS 13.0 

(SPSS, Inc). Since the analysis of variance assumes that variances are equal across 

groups or samples, Levene’s test was used to test if pre- and post-retention subject 

medians had equal variances. In many cases the assumption of equal variances, or 

homogeneity, were violated, so Tamhane’s T2 test was used for computing post-hoc 

multiple comparisons. 
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CHAPTER FOUR 

NON-HUMAN PRIMATE EXPERIMENTS 
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Summary of Previous Behavioral Training 
 
    No two monkeys are the same, and rarely do two monkeys share the same behavioral 

training history. The two monkeys tested in the four experiments reported in this chapter 

were trained on different tasks for different amounts of time before the dissertation 

experiments were started. While both monkeys had experience performing several tasks 

in the same apparatus using the same manipulandum, each had different amounts of 

practice and different amounts of exposure to color picture stimuli. Their behavioral 

histories are summarized briefly before the results of each experiment are presented.   

 
Monkey 99M2 
 
    In the summer of 2004, monkey 99M2 began training on a virtual reality navigation 

task. Initially, he was trained to move the joystick up, to the left and to the right to move 

forward and steer around a virtual world that was presented in front of him on a three 

monitor surround display. During the first training sessions, 99M2 received juice reward 

for moving to and colliding with a red box placed randomly within the virtual space. In 

the later training sessions, 99M2 was trained to complete navigation sequences which 

consisted of visits to fixed positions within the arena. As predicted, 99M2 became faster 

at completing sequences over the course of several days. Toward the end of the summer 

of 2004 virtual reality navigation training ended and 99M2 began training on a 6-choice 

match to sample task. This task required the monkey to move the joystick to place a 

cursor in a central fixation box, stopping cursor movement, view a color picture, and then 
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after a variable delay of up to 1000 ms, choose the same picture from an array of six 

pictures arranged in a circular ring around the center fixation box. Training on this task 

took most of the fall of 2004, and ended with 99M2 being fairly proficient at joystick 

movement, cursor fixation, and viewing a few dozen color pictures containing animals.  

 
Monkey 99M3 
 
    Monkey 99M3 had a much more extensive training history than 99M2 before the 

dissertation experiments started. Training by another graduate student began in 2001 on a 

simple reaching task that was rewarded by small amounts of food. I took over training in 

2003 and taught 99M3 to navigate a virtual reality world for juice reward by moving a 

joystick up, left and to the right in order to collide with a red cue box placed randomly 

within the virtual space. Extensive training in the virtual world continued and 99M3 was 

eventually taught a homing task that involved navigation from a fixed position in the 

virtual world to a randomly-positioned cued location, followed by navigation back to the 

unmarked starting location to receive juice reward.  

     Navigation training ended in the beginning of 2004, and 99M3 was trained on a two-

choice task that involved moving the joystick left or right to choose one of two pictures. 

The left or right location of each picture was randomized on each trial, and the monkey 

had to learn by trial and error which picture was paired with juice reward. The goal of 

this training was to see if the monkey could learn which pictures were rewarded 

regardless of their spatial position on the computer monitor. Training was successful and 
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further pilot studies using this paradigm continued into the summer of 2004. Tests were 

given after 30 day periods without training to assess recall accuracy, and some 

experiments involved presentation on a subset of trials of degraded versions of the 

learned pictures. The result of these experiments suggested that the monkey could 

recognize the intact pictures after a month, but could not recognize the degraded versions 

as performance on first presentation was at chance.  

     Training on the two-choice task ended in June 2004, and training began on a 6-choice 

match to sample task. A 600 picture library consisting of color pictures of scenes with 

animals (birds, cats, dogs, horses, monkeys and humans) was created. These pictures 

were presented in a match-to-sample task in which the monkey was trained to place a 

cursor into a center fixation box and stop movement. The monkey then saw a sample 

picture from one of the six animal categories. After a delay during which the screen went 

blank, the monkey saw the previously presented sample image with other images 

randomly chosen from each of the other 5 categories presented in a circular array around 

the center fixation box. The monkey had to choose the picture that matched the 

previously presented sample in order to obtain juice reward. In September of 2004, the 

match-to-sample task was changed so that over the course of several weeks, an increasing 

percentage of choice trials contained not the sample image previously presented, but a 

different image from the sample’s category. On these match-to-category trials, if the 

monkey was presented with a sample of a bird, after the delay, the monkey was rewarded 

if he chose the picture that was a member of the same category, an image that contained a 
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bird but was different from the sample bird image. He was not rewarded if he chose any 

of the five pictures from the other categories. The main finding on the match-to-category 

trials was that the monkey would tend to choose the correct category corresponding to the 

previously presented sample image, but only if that category consisted of a bird, cat, dog 

or horse. The monkey appeared to develop an aversion or anti-preference to any choice 

involving the human or monkey categories. After presentation of a monkey or human 

sample image, he tended to choose a picture from one of the other four categories, and 

not get rewarded, rather than choose the correct matching category of either human or 

monkey. From this point on, pictures containing monkeys or humans were not used in 

further training sessions. The training on the match to sample and match to category tasks 

involved extensive visual experience with the library of 600 color animal images, and 

further experience with 400 of those images containing just the categories birds, cats, 

dogs and horses. By the end of this training in mid-December 2004, monkey 99M3 was 

extremely proficient at joystick movement and familiar with participating in one- to two-

hour daily training sessions.  
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Experiment 1 
 
Background and motivation 
 
    The first monkey experiment addressed two questions. First, could a monkey learn an 

arbitrary association between a color picture and one of four spatial locations? Second, 

how would the time taken to retrieve each stimulus association change as a function of an 

interval of time after learning during which the stimulus was not seen and the association 

was not practiced? The first prediction was that learning such a task would be possible 

for a monkey, as several published studies had demonstrated spatial and non-spatial 

associative learning with up to 3 arbitrary cue-response mappings. However, it was 

unclear from the literature how many trials per association would be required to declare 

that the monkey’s choices were significantly above chance using a 4 cue-response 

configuration, and it was also not known how many associations a monkey could learn 

over several sessions and retain in memory for days or weeks. The second prediction was 

that the time taken to react initially to an associative stimulus, by way of the first 

movement of the joystick, could be used as a measure of retrieval time, and that after a 

period of time had elapsed since learning, this retrieval, or decision, time would decrease 

significantly from the level obtained at the end of learning. This decision time measure of 

retrieval speed was initially theorized to be absolute and stimulus-specific, meaning that 

the decision time would reflect all of the neural processing steps specific to the picture 

involved in forming the arbitrary association. If it takes a longer time to process a picture 

of a complex high-frequency scene than a less complex object picture, then the decision 
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times for the two pictures could not be directly compared either before or after 

consolidation because each picture would require a unique content-specific processing 

time. Each picture’s decision time was thought to reach a unique absolute level at the end 

of learning. After rest, during the first presentation of the picture, a decision time could 

be measured and compared to the level reached at the end of learning. The difference 

would be informative about any neural changes during the consolidation process. 

Therefore, during this first experiment, no attempt was made to compare retrieval times 

for one set of stimulus associations to the times for other sets of stimulus associations. 

Instead, a baseline average would be computed for a given set of associations at the end 

of learning, and changes would be expressed relative to the baseline after retention 

intervals and further practice.  

 
Experimental design 
 
    The data from monkey experiment 1 was collected from a single monkey, 99M3, over 

a total of 36 testing sessions. Before these 36 sessions, and before any attempt was made 

to teach the monkey multiple associations in a single session, 99M3 was first trained for 

almost two months to do the conditional association task on a single set of 4 images, one 

from each animal category (birds, cats, dogs, and horses). The four category images were 

mapped to correct locations on the screen (bird – upper right, cats – lower left, dogs – 

lower right, horses – upper left). Before experiment 1 began, the monkey already had 

several months of training on match-to-sample and match-to-category tasks during which 
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he used the same joystick to make choices in these same locations. The previous 

extensive training on two completely different tasks was expected to be reflected in the 

motor response component of the conditional association task, which was not predicted to 

change significantly since 99M3’s motor skill learning for manipulating the joystick had 

already reached ceiling. 

 
    Monkey 99M3 had extensive visual experience with the 116 color stimuli used in the 

first monkey experiment. These stimuli were chosen from a library of 600 animal-within-

scene color digital photographs. The entire library of 600 images was first presented to 

the monkey over a period of four months in a 6 choice match-to-sample format. Later, the 

match-to-sample task was changed to a combined match-to-sample and match-to-

category task during which the monkey was presented with a sample image from one of 

six categories (birds, cats, dogs, horses, humans, and monkeys) and was required to 

choose either the same image in a randomized array of locations on a choice screen, or on 

a subset of trials, an image from the same category as the sample image, to obtain juice 

reward. After extensive training and behavioral analysis of the match-to-category task it 

was determined that 99M3 had developed preferences and anti-preferences for the 

different categories. 99M3 preferred horses and cats, but would avoid humans and other 

monkeys, while birds and dogs fell somewhere in between along the preference 

continuum. When the task was changed to a conditional association task, the 116 images 

were chosen from the 600 image library as a matter of convenience, and the number of 
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categories was reduced to four (birds, cats, dogs and horses) since it was clear 99M3 did 

not like to look at or make goal-directed movements related to humans or other monkeys. 

Since 99M3 had extensive visual experience with the stimuli comprising the set of 

associations, any speed component related to visual priming or identification was 

expected to change minimally, as with the motor learning component, as associative 

learning progressed.  

 
    For the first 21 sessions of experiment 1, 99M3 was presented with 4 picture-location 

associations (1 set) per session. These associations were presented in randomized blocks 

of length 4, where a picture from each category would occur exactly once within a 

randomized block. The block length, the number of categories occurring within a block, 

and the number of unique spatial choices within a block were all equal to four. After it 

was apparent that the monkey could learn 4 associations per session, 8 associations were 

presented for learning in the remaining 15 sessions of experiment 1. For these sessions, 4 

associations (set 1) were presented in the first 100 trials, and another 4 associations (set 

2) were presented in the second 100 trials. If the monkey was still working after trial 200, 

a mix of sets 1 and 2 were presented for the rest of the session. As new sets of 

associations were learned and the testing sessions progressed, it was unclear whether the 

monkey would remember the sets he had learned on previous days. For this reason, some 

sessions were devoted entirely to presenting all the associations learned up to that point. 

This allowed the experimenter to confirm from accuracy on the first trial of each 
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association that 99M3 remembered most of the associations learned on previous days, but 

also allowed 99M3 to continue practicing the associations he had learned in the previous 

session. Since no upper limit was put on the number of trials in these test sessions, some 

stimulus-associations were allowed more trials of practice than others. A first day of 

learning 96 stimulus-associations was followed by a 24 hour retention interval and then a 

second day of testing. After the post-retention day of testing, multiple days of continued 

practice were allowed for 40 of the 96 associations, and another retention interval of 6 

days passed without seeing or practicing these 40 associations.    

 
    It is important to note two critical methodological differences of monkey experiment 1 

compared to the other three monkey experiments. First, the spatial choice locations of 

monkey experiment 1 occupied the corners of the monitor (upper left, upper right, lower 

left, lower right), while later experiments used spatial choice locations in the up, down, 

left and right orientations. The second main difference involved the timeline of stimulus 

presentation and the recording of the decision time measurement. After the cursor was 

moved into the fixation box and movement stopped completely, the cursor disappeared 

while the stimulus appeared for 500 ms. In monkey experiment 1, during the 500 ms of 

stimulus presentation no choice location boxes appeared on the screen, and since the 

cursor was not visible until stimulus presentation ended, any movement that occurred 

during the 500 ms of stimulus presentation was not recorded. Most of the time this did 

not present a problem, since on the majority of trials the monkey needed more than 500 
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ms to make a decision. However, in the results and figures of monkey experiment 1, the 

500 ms offset needs to be considered. If a decision time of 20 ms was obtained in monkey 

experiment 1, this means that the decision came 520 ms after stimulus onset. If a decision 

time of 0 ms was obtained, the decision time could have occurred any time between 

stimulus onset and 500 ms. This potential artifact in decision times occurring before the 

end of stimulus presentation was corrected for later monkey experiments 2, 3, and 4, and 

does not exist at all in the human experimental results.  

 
 
 
Results 
 
    The main results of monkey experiment 1 include: 1) significant single-session 

learning (Figure 4.1, gray and black bars) for up to eight associations over 20 trials, 2) 

category-specific learning differences, and accuracy on the first trial above chance for all 

associative categories (Figure 4.1, color bars), with horse and cat learning rates 

significantly faster than birds and dogs, 3) more experimental variance in the decision 

time measure (Figure 4.2a), which reflected category-specific learning differences, than 

in the motor completion time measure (Figure 4.2b), consistent with the original 

prediction that motor learning had reached a plateau because of 99M3’s previous 

behavioral training history, 4) a significant difference in the decision time for a set of 96 

stimuli on the first trial after a 24 hour retention interval relative to a baseline taken at the 

end of learning (Figure 4.4a), 5) a trend for decreased average decision times for the 
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same set of associations following continued practice, and a tendency for decision time 

decreases after an additional retention interval of 6 days (Figure 4.4a), and 6) no 

significant changes in the motor completion time measure across learning, a retention 

interval of 24 hours, continued practice, and an additional retention interval of 6 days 

(Figure 4.4b).  

 
    The main finding of monkey experiment 1 is shown in Figure 4.4a. A one-way 

ANOVA with trial occurrence relative to pre-retention baseline as the only factor was 

significant (F(7,393)=2.86, p=0.007). The set of trials with the largest decision time 

deviation from the pre-retention baseline (237.62 +/- 88.64 ms) occurred on the first trial 

after the 24 hour retention interval, an increase from baseline that was significant (1-

tailed t(152)=2.44, p=.008). After extensive practice and another 6 day retention interval, 

the last post-retention trial was lower (-193.39 +/- 132 ms), but the difference from the 

pre-retention baseline was not quite significant (1-tailed t(152)=1.62, p=.054).    

 
    An additional finding of the first monkey experiment is related to the effect of the 

randomization block size used in the experimental design on the rate of learning. It was 

found that performance accuracy tended to increase (Figure 4.3a) while decision times 

tended to decrease (Figure 4.3b) as a function of trial position within the randomized 

block. An ANOVA of performance accuracy by trial position within the randomized 

blocks was significant (F(3,72)=5.60, p=0.002), and accuracy was significantly better on 

the last trial than on the first trial within the randomized blocks (Figure 4.3a, 1-tailed 
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t(36)=3.47, p=0.001). There was no significant difference between first and last trial 

decision times within the blocks (Figure 4.3b, 1-tailed t(36)=1.57, p=0.07). Despite that 

each category had an equal probability of occurring at each position within the block, the 

monkey could have used a strategy similar to a process of elimination as trials progressed 

within each block. When the randomization block size is small and equal to the number 

of categories mapped to the same number of spatial locations, it is theoretically possible 

for the monkey to know when a block has started and ended (e.g., it’s a new block each 

time a horse is seen). If the monkey can tell the current trial’s position within the block 

and remember which category-locations he has already chosen correctly on the previous 

trials within the current block, it could be possible for him to know that he should not 

choose those same locations on the remaining trials within the block. This strategy allows 

for a choice response guess much better than chance, and it increases as the trial position 

within the block advances. The advantage related to block size was found by accident 

when the block size and randomization parameters were increased in later experiments, 

and is worth noting since many published studies of associative learning either use small 

block sizes equal to the number of stimulus-response mappings, or do not report the 

block size stimulus relationship at all.  
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Figure 4.1: Primate experiment 1: associative learning with category component 
Accuracy increased across 20 trials during the learning of 116 picture-place associations 
for monkey 99M3. Up to 8 associations were learned within a single session, and overall 
accuracy was computed by averaging the probability of a correct response for each 
association at each trial. The learning of these associations was preceded by several 
months of training on a single set of 4 associations. Accuracy on the first trial was above 
chance (red dotted line), reflecting overall knowledge of the category-place relationship. 
Category-specific learning differences were obtained with accuracy for horse-place 
associations starting at ~65% for trial 1 and reaching ~80% accuracy by trial 20, and cat-
place associations showing the fastest increase in learning by trial 4.     
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Figure 4.2: Primate experiment 1: decision and motor completion times by trial  
during learning of 116 associations for monkey 99M3 Decision times for correct 
retrieval trials tended to decrease across the 20 trials overall (figure 4.2a, black bars), 
showing the largest change after 3 trials. Category-specific differences in learning were 
reflected in decision times (figure 4.2a, colored bars), not motor completion times (figure 
4.2b, colored bars), with horse-place (figure 4.2a, blue bars) and cat-place (figure 4.2a, 
green bars) associations reaching the fastest decision times. Motor completion times 
tended to remain constant over a single session (figure 4.2b, black and colored bars), 
most likely reflecting monkey 99M3’s previous extensive behavioral training history of 
making movements to the same spatial locations as in these conditional associations.  
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Figure 4.3: Primate experiment 1: accuracy, decision time, and motor completion  
time as a function of trial position within the randomized block for monkey 99M3 
Average accuracy as a function of trial position within the randomized blocks tended to 
increase, while decision times tended to decrease. An ANOVA of performance accuracy 
by trial position within the randomized blocks was significant, and accuracy was 
significantly better on the last trial than on the first trial within the randomized blocks 
(panel a). There was no significant difference between first and last trial decision times 
within the blocks (panel b) and motor completion times were not statistically different as 
a function of trial position within the block (panel c).  
 

 



 119

 
 



 120

Figure 4.4: Primate experiment 1: decision time and motor completion time after a   
24 hour retention interval, extensive practice, and a 6 day retention interval,  
monkey 99M3 Average decision times increased significantly on the first trial of correct 
retrieval 24 hours after learning relative to a pre-retention baseline (panel a), and then 
tended to decrease with continued practice and an additional retention interval of 6 days. 
The level reached on the last post-retention trial after the final 6 day retention interval 
was not significantly lower than the pre-retention baseline .This pattern of change was 
not seen in motor completion times for the same set of associations (panel b), which 
showed no significant differences as a function of retention interval or extensive practice. 
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Experiment 2 
 
Background and motivation 
 
    The results of monkey experiment 1 suggested that conditional association learning 

was fast, that decision and motor completion times changed differently as the 

associations were learned, and that decision times increased on the first trial after a 1 day 

retention interval relative to a pre-retention baseline, but then decreased back to a pre-

retention baseline with additional practice. However, several variables were not 

controlled for in the first monkey experiment, most notably the history of visual 

presentation of each associative stimulus as well as the number of trials of practice for 

each stimulus-association. Some technical aspects of the task needed to be refined, 

including the limitation that the monkey could not move the cursor beginning from the 

first frame of stimulus presentation. The monkey was required to wait until the last frame 

of image presentation, which lasted 500 ms, to begin to move the cursor. It was possible 

that initial joystick movement could occur less than 500 ms from stimulus onset thereby 

causing some decision time measurements to appear longer than they actually were. 

Since the stimuli used in experiment 1 had already been seen extensively in previous 

match-to-sample and match-to-category tasks, experiment 2 was designed to use similar 

stimuli as were being used in the ongoing human experiments. These stimuli were 

sampled from a library of color scenes, most of which contained landscapes, buildings 

and objects rather than animals. The task was changed to allow cursor movement from 

the first frame of stimulus presentation, and the spatial locations were changed to be in 
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the up, down, left and, right positions, rather than at the monitor corners. Following the 

switch to new stimulus images, the change in target spatial locations, and refinements in 

task timing, experiment 2 was begun first with monkey 99M3, and then with monkey 

99M2. The primary question addressed was how many trials of a particular association 

would be needed to learn a set of associations above chance, how many trials would be 

needed to reach a ceiling of learning, and how would decision and motor completion 

times change over the course of learning. The first prediction was that the learning of 

each scene association would take a similar number of trials as the animal picture 

associations of experiment 1. Decision times were expected to decrease as learning 

progressed, as in the first experiment. Motor completion times were also expected to 

decrease, more so for monkey 99M2 because of his short behavioral training history, than 

for 99M3 who had been trained almost every day for the past year.  

 
Experimental design 
 
    Monkey experiment 2 consisted of the learning and practice of only four stimulus 

associations, with each stimulus arbitrarily mapped to its correct choice location in either 

the up, down, left, or right target locations. One change that was made to make monkey 

experiment 2 more similar to the human experiments involved the way in which 

stimulus-associations were presented randomly. This change was not expected to have 

any major effects on learning, but the results of monkey experiment 2 suggest that its 

impact was substantial. In monkey experiment 1, stimulus-associations were presented in 



 123

randomized blocks of four stimuli, with each stimulus mapped to one of four different 

target locations. Once a randomized block of four was presented, another block 

containing the same four associations in a different order was presented, and this manner 

of presenting trials in small shuffled blocks continued for hundreds of trials. But the 

results of experiment 1 suggested that the monkey may have been able to predict the trial 

position within the block and use a strategy similar to process of elimination. To avoid 

this potential confound in experiment 2, each day all the trials across the set of 

randomized blocks were randomly permuted. The resulting shuffled matrix of stimulus 

association mappings was therefore not organized such that all four stimulus-associations 

would necessarily appear within a block of four trials. For example, stimulus association 

number 1 could appear at trial number 1 and then again at trial number 5, but not again 

until trial number 10, even though over the entire set of trials stimulus association 

number 1 would be equally likely to appear as frequently as stimulus association numbers 

2, 3, and 4.  

 
Results 
 
    When 99M3 was presented with the new design consisting of a single set of 4 

stimulus-associations in which the block stimulus mappings were randomly permuted 

over an entire session’s set of trials, learning was not nearly as rapid as predicted from 

experiment 1. Over the course of several sessions, performance accuracy ranged between 

just above chance, 25%, to 50% (Figure 4.5b). It was not immediately clear whether the 
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slower learning was due to the introduction of the new scene stimuli, the change in the 

array of choice locations, the refinement in task timing, the way the trials were 

randomized, or the move of the animal’s house cage and training apparatus to a 

completely different building, which coincided with the start of experiment 2. It was 

decided that the same set of 4 stimulus-associations would be presented each day for 

several days until this set was overlearned. Since the monkey was not working nearly as 

long and consistently as in experiment 1, to get the monkey to do more trials the task was 

intermittently switched from a 4 choice task (1 correct target, 3 distracter targets), to a 

task with no distracters (Figure 4.5b, pink label 1 arrow and blue correct probability line 

at 1) and a task with 1 target and 1 distracter (Figure 4.5b, pink 2 label and arrow). As 

predicted, motor completion times remained mostly unchanged across the 45 daily testing 

sessions (Figure 4.5c). Decision times decreased over the several days of training. When 

the task was changed back to a 4 choice task (Figure 4.5a, pink label 4 and arrow), 

decision times continued to decrease as accuracy increased over the next two weeks 

(Figure 4.5b). From the point at which the switch to a 4 choice task occurred, a consistent 

difference in decision times developed for correct (Figure 4.5a green dots and line) 

compared to incorrect (Figure 4.5a red dots and line) trials. Average accuracy on 99M3’s 

last 500 trials of experiment 2 was 74.40% (372 correct, 128 incorrect). The median 

decision time for these correct trials was 672.00 ms (+/- 19.52), while the median for 

incorrect trials was 1031.50 ms (+/- 65.72). Correct trials were significantly faster by 

359.50 ms than incorrect trials (t(498)=9.75,p<10-20). A greater proportion, 21.51%, of 
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correct trial decision times occurred before the end of stimulus presentation (Figure 4.5a, 

green dots falling below black stimulus offset line) than the proportion, 1.56%, of 

incorrect trial decision times.   

 
    Monkey 99M2 had considerably less experience using the joystick, had never done the 

task used in monkey experiment 1, and had not been trained for almost a year when he 

was tested for monkey experiment 2. At the beginning of monkey experiment 2, monkey 

99M2 was started on an easy 1 choice no distracter version of the task (Figure 4.6b, blue 

probability line at 1), and then switched to a 1 choice, 1 distracter version (Figure 4.6 

pink 1 label and arrow) and then as his performance got better was given 2, 3 and 4 

choice versions (Figure 4.6 pink 2, 3, and 4 labels and arrows). After the final switch to 

the 4 choice version, 99M2’s decision times decreased over subsequent test sessions and 

a consistent difference between correct and incorrect decision times developed (Figure 

4.6a) as in monkey 99M3. Unlike monkey 99M3, monkey 99M2’s motor completion 

times decreased across the 56 days of testing (Figure 4.6c). This decrease in motor 

completion time likely reflected 99M2’s improving motor skills at using the joystick to 

move the cursor with faster speed to the choice location following fixation and stimulus 

presentation. Average accuracy on 99M2’s last 500 trials of experiment 2 was 66.80% 

(334 correct, 166 incorrect). The median decision time for these correct trials was 671 ms 

(+/-13.80), while the median for incorrect trials was 750 ms (+/-33.26). Correct trials 

were significantly faster by 79 ms than incorrect trials (t(498)=4.93,p<10-6). A greater 
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proportion, 14.97%, of correct trial decision times occurred before the end of stimulus 

presentation (Figure 4.5a, green dots falling below black stimulus offset line) than the 

proportion, 10.24%, of incorrect trial decision times. 

 
    By the last session of practice on the set of 4 scene associations, monkeys 99M3 and 

99M2 had completed 5598 and 7084 trials over 45 and 56 sessions respectively, were 

choosing correctly far above chance (25%), were initiating correct decisions near and 

sometimes before the end of stimulus presentation, and were finishing most choice 

movements at the fastest obtainable speed. The set of 4 scene associations were 

considered overlearned and designated for use as control trials in the next monkey 

experiment.  
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Figure 4.5: Primate experiment 2: timecourse of changes in decision time, accuracy,  
and motor completion time during training on the overlearned set of 4 associations 
for monkey 99M3 Correct and incorrect decision times are plotted as green or red dots, 
and moving averages (filter length 30) are superimposed as green or red lines (panel a). A 
moving average of the probability of a correct choice is shown below the decision times 
as a blue line (panel b). Motor completion time on each trial is plotted using the same 
format as decision time (panel c). The end of each day’s session is indicated with a light 
gray vertical line and the cumulative trial number across 45 daily sessions is displayed on 
the x-axis of panel c. Monkey 99M3 was trained initially on the 4 choice version of the 
task, then switched briefly to a 1 choice version with no distracters, and then learned on 
2-, and 4-choice versions (pink labels and arrows). 
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Figure 4.6: Primate experiment 2: timecourse of changes in decision time, accuracy, 
and motor completion time during training on the overlearned set of 4 associations 
for monkey 99M2 Decision times for correct and incorrect decision times are plotted as 
green and red dots respectively, and moving averages (filter length 30) are superimposed 
as green or red lines (panel a). A moving average of the probability of a correct choice is 
shown to track changes in learning (panel b, blue line). Motor completion time on each 
trial is plotted using the same format as decision time (panel c), and the end of each day’s 
session is indicated with a light gray vertical line with the cumulative trial number across 
56 daily sessions displayed on the x-axis of (panel c). Monkey 99M2 was trained initially 
on a 1 choice version of the task with no distracters, and then learned on 2-, 3-, and 4-
choice versions of the conditional association task (pink labels and arrows). 
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Experiment 3 
 
Background and motivation 
 
    Monkey experiments 1 and 2 showed the number of trials needed to learn an arbitrary 

scene-location association, the main variables that determine the rate of learning, and the 

factors contributing to changes in retrieval times. But neither experiment 1 or 2 

incorporated an appropriate retrieval time baseline. It was also unclear from the results of 

experiments 1 and 2 how retrieval time changed as the retention interval was 

parametrically varied. Experiment 3 addressed two main questions. How would retrieval 

time change for a set of recently learned associations compared to a set of well-learned 

and presumably consolidated associations that had been practiced for several months? 

How would retrieval times change for associations that had not been practiced and whose 

stimuli had not been seen for time intervals of varying duration? The first prediction was 

that the practiced, well-learned set of associations would show the fastest retrieval times. 

The second prediction was that the change in retrieval time would vary as a function of 

the duration between initial learning and the first subsequent retrieval attempt. An 

experimental design was developed in which a monkey would retrieve each day multiple 

sets of associations that had been retained for experimentally varied durations, and learn a 

new set of associations. Well-learned associations were mixed in with each day’s new 

learning and recall sets. The retrieval times were expected to distinguish among the four 

types of association sets: well-learned and presumably consolidated, 1-day old, 7-day old, 

and newly-learned.   
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Experimental design 
 
    For monkey experiment 3, data from two monkeys, 99M3 and 99M2, was collected 

over the course of 60 sessions and included 30 sessions for each monkey. Each day’s 

session consisted of a set of probe trials consisting of three repetitions each of the four 

overlearned associations from experiment 2, four associations from 1 day ago, and four 

associations from 7 days ago (see Figure 3.3c). The probe trials were presented in a 

single randomized block at the beginning of each day’s session. After the probe trial 

block, eight new associations were presented for learning. The new associations were 

gradually introduced in an interleaved randomized block design in which four 

associations were first presented, followed by a different set of four associations, 

followed by a block with the two sets of four interleaved (see Figure 3.3b). From then on, 

randomized blocks of length eight were presented until each of the new associations had 

been presented 23 times. If the monkey was still willing to work after all of the new 

association learning blocks were presented, subsequent trials consisted of randomized 

presentation of the four overlearned associations until the monkey stopped working.  

 
Results 
 
    Based on the learning rates obtained in monkey experiment 1 (see Figure 4.1), it was 

predicted for experiment 3 that monkeys could learn eight new associations in a single 

session. This prediction turned out to be too optimistic. Accuracy as a function of the 

repetition of each stimulus-association tended to increase (Figure 4.7a), but by repetition 
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23 was only slightly above chance. Decision times tended to get faster as accuracy got 

better (Figure 4.7b), but the average latency was still near 1000 ms at repetition 23. Why 

was learning so much slower than in monkey experiment 1? One hypothesis is that the 

larger block size, in which eight associations were presented randomly instead of four, 

and the greater ratio of number of stimulus-associations to number of choice positions 

(ratio of 2 in monkey experiment 3 vs. ratio of 1 in monkey experiment 1) contributed to 

the slower learning rates. An additional factor contributing to the slower learning rates of 

experiment 3 could have been that the stimuli for the new associations had never been 

seen before, whereas in experiment 1, the monkey had extensive visual experience with 

the associative stimuli. An analysis of probe trial accuracy showed that both monkeys 

chose the correct answer for the overlearned associations far above chance, while 

accuracy for the 1- and 7-day retention probe trials was barely above chance (Figure 

4.8a). Decision times for probe trials answered correctly showed that, for both monkeys, 

overlearned associations were significantly faster than the 1- and 7-day retained 

associations (Figure 4.8a). There was a tendency for decision times to be longer for the 7-

day than the 1-day retained associations (Figure 4.8b and Figure 4.8c), but this difference 

was not statistically significant. An analysis of the change in decision time for each 

stimulus-association relative to a pre-retention baseline (computed as an average of the 

last three correct pre-retention decision times) showed no significant differences between 

the 1- and 7-day retention probes (Figure 4.9a), and pdfs of the changes relative to 

baseline also showed no major differences (Figure 4.9b). Even though the decision time 
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analysis considered only correctly answered trials, it is possible that the failure to find 

decision time differences between the 1- and 7-day retention interval probes was due to 

the poor learning of the new associations. While it was not possible to distinguish with 

statistical confidence between the 1- and 7-day stimulus-associations based on their 

decision times, the 1- and 7-day stimulus-associations could be easily distinguished from 

the overlearned associations, which were retrieved with short latency decision times 

throughout the 30 sessions (Figure 4.8b, gray vs. colored bars). 
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Figure 4.7: Primate experiment 3: accuracy and decision time changes during 
learning for monkeys 99M3 and 99M2 Learning rates for experiment 3 increased less 
than expected over the first 23 presentations of new associations (panel a), but was above 
chance (proportion correct = 0.25). Average decision times by trial presentations tended 
to decrease over the same set of trials (panel b). Monkey 99M2 worked far less during 
each session’s new association learning segment and so half as many trials were obtained 
(panels a and b, black boxes). Red dotted lines in panels a and b represent 95% 
confidence intervals.  
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Figure 4.8: Primate experiment 3: probe trial accuracy, decision times, and pdfs for 
monkeys 99M3 and 99M2 Analysis of probe trials showed, for both monkeys, better 
accuracy and faster decision times for overlearned stimulus-associations (same 
overlearned associations as in monkey experiment 2). The 7-day retention probe trials 
tended to be more accurate (panel a) and have longer decision latencies (panel b) than the 
1-day trials, but the difference was not significant. Plots of the estimated decision time 
probability densities showed a statistically significant difference between the overlearned 
and the 1-day and 7-day retained associations, but no significant difference between the 
1-day and 7-day retained associations.   
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Figure 4.9: Primate experiment 3: Probe trial decision time changes by retention 
interval for monkeys 99M3 and 99M2 Plots of the probe trial decision time changes 
from a pre-retention baseline for associations retained after 1-day and 7-days showed no 
consistent differences for the two monkeys (panel a), and estimated probability densities 
of the decision time changes were not significantly different (panel b).  
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Experiment 4 
 
Background and motivation 
 
    The results from experiment 3 were informative about how decision times differed 

between well-learned associations and successfully retrieved associations that been 

retained for a day or a week. It was clear by the end of experiment 3 that the learning of 

the 1- and 7-day retained associations had not reached a level of accuracy similar to the 

levels obtained for the 116 associations in monkey experiment 1 and the 4 overlearned 

associations of monkey experiment 2, and decision times remained at a level barely 

distinguishable from decision times for new associations. Experiment 4 was therefore 

designed to track changes in decision times for a subset of associations originally 

presented in experiment 3 as they continued to be presented for multiple sessions and 

learned to a level of high accuracy. It was predicted that decision times would decrease to 

a level near that of the overlearned associations in monkey experiments 2 and 3. The 

exact timecourse over which this decrease would occur was not known, but was predicted 

to follow increases in accuracy and show significant changes for trials immediately 

following retention intervals.  

 
Experimental design 
 
    Data from one monkey, 99M3, was collected over 10 additional sessions after the 

completion of the last session of monkey experiment 3. Monkey experiment 4 was 

designed to track changes in decision times for 12 individual stimulus-associations. Four 
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of these 12 associations were originally designated as a 1-day retention set, and were 

presented during two sessions of experiment 3 (2-6-2006, and 1 day later as probes on 2-

7-2006). Another four of the 12 associations were originally designated as a 7-day 

retention set, and were presented during two sessions of experiment 3 (1-31-2006, and 1 

week later as probes on 2-7-2006). Four of the 12 associations were never designated for 

1- or 7-day retention, but were presented as part of a new learning set only once on 2-4-

2006. The last 4 of the 12 associations consisted of the set of 4 overlearned associations 

presented throughout monkey experiments 2 and 3. The sessions for monkey experiment 

4 occurred at 44, 59, 75, 76, 77, 78, 79, 80, 81 and 82 days after the last session of 

monkey experiment 3, and scheduling was affected by several uncontrollable factors like 

monkey cage rotations and semi-annual health checks. During these sessions, the 12 

associations were presented in random order, and the monkey was allowed to work for as 

many trials as possible to obtain juice reward.   

 
Results 
 
    The main result of experiment 4 was that with additional practice over several 

consecutive sessions, the probability of correct responses increased and decision times 

decreased. The changes were stimulus-specific, with accuracy increasing and decision 

time decreasing rapidly for some associations, but not others. The decision time transition 

point, or point in time at which decision times began decreasing and approached the level 

of the overlearned associations did not tend to cluster around or occur at the first trial 
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after a retention interval. Experiment 4 was conducted with one monkey and a small 

subset of twelve associative stimuli so issues of statistical power prevent generalization 

of these conclusions to the learning of other monkeys. 

    The correct trial decision times for the 12 stimulus-associations from experiment 3 that 

were presented for further practice in experiment 4 are shown in Figure 4.10 (a & b) and 

4.11a for each trial during all sessions. The correct decision times for overlearned 

associations, originally presented in monkey experiment 2, and used in monkey 

experiments 3 and 4 are shown in Figure 4.11b for purposes of comparison. Of the 12 

stimulus-associations from experiment 3 that were presented for further practice in 

monkey experiment 4, six exhibited decreased decision times across sessions. These 

decreases were identified by linear regression of each correct trial’s decision time onto 

trial number, and regression slopes and intercepts are shown in Figure 4.12 (regression 

equation in upper right in panels a through d). Performance accuracy increased for these 

six stimulus-associations from 28% (+/- 12.21) on the first 10 trials of the session 1 to 

64% (+/- 8.8) on the last 10 trials of the last session 11 or 12 (depends on set, see session 

labels in Figure 4.10 and 4.11). Median decision times decreased significantly during 

these first and last trials of the six stimulus associations from 1273.3 (+/- 200.78) ms to 

1118.7 (+/- 167.19) ms (2-tailed t(98)=2.00, p=0.02). The post- vs. pre-retention change in 

decision time (plotted as black bars in Figure 4.12 panels a through g) was analyzed to 

see if there were differences after long retentions (month and week long retention 

intervals, first 4 session) where learning was near chance compared to short retentions (1 
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day retention interval, last 6 sessions). The main tendency was for post-retention decision 

time changes after long retention intervals to exhibit more variability (s.e.m of 214.62 vs 

73.05), but differences in average decision time (-118 vs -79 ms) were not significant (2-

tailed t(53)=0.56, p=0.28). 
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Figure 4.10: Primate experiment 4: decision time changes for originally-designated  
1- and 7-day retention interval sets The change in correct trial decision times for eight 
associations that were originally used in monkey experiment 3 for 1-day (panel a) and 7-
day retention testing (panel b) are plotted as a function of trial position within each 
session. The start and end of each session is marked by light gray bars, and the average 
correct decision time for each stimulus-association is indicated with colored horizontal 
line. A black dotted horizontal line shows the offset of visual stimulus presentation. 
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Figure 4.11: Primate experiment 4: decision time changes for a set never designated  
for 1- or 7-day retention, and decision time changes for the overlearned set The 
change in correct trial decision times for four associations that were used in monkey 
experiment 3 but never designated for retention testing (panel a) are plotted as a function 
of trial position within each session. The change in correct trial decision times for the 
same four overlearned associations that were used in monkey experiments 2 and 3 are 
also shown (panel b). The start and end of each session is marked by light gray bars, and 
the average correct decision time for each stimulus-association is indicated with colored 
horizontal lines. A black dotted horizontal line indicates the offset of visual stimulus 
presentation.  
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Figure 4.12: Primate experiment 4: decision times by trial and decision time changes  
for trials after each retention interval Six of the twelve stimulus-associations tested in 
experiment 4 showed decreased decision times as measured by the slope of a linear 
regression (top of panels a-f). Correct decision time as a function of trial repetition over 
sessions is plotted with a colored point. If a trial occurred at the end of a session it is also 
outlined with a circle; if a trial occurred at the beginning of a session it is marked with a 
+. The difference between a session’s first correct decision time and the last correct 
decision time on the previous session is shown as a bar plot for each stimulus association 
(bottom of panels a-f). Bars greater than zero indicate an increase in decision time from 
the previous session.  
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CHAPTER FIVE 

HUMAN EXPERIMENTS 
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Experiment 1 
 
Background and motivation 
 
    The original motivation for conducting the first human experiment was to obtain 

greater statistical power than was possible with the monkey experiments. It was both 

easier and faster to test tens of humans than to train and complete multiple experiments 

with only two monkeys. It was possible to use the results from several dozen subjects to 

make generalizations relative to the wider population of humans; it was much more 

difficult to make generalizations from results obtained with only two monkeys. The first 

human experiment was designed to answer two main questions. First, how many 

associations could a human learn in a single one hour session, and then remember after 

either a day or a week later? Second, how would retrieval time for the learned 

associations change at recall after a retention interval during which the associations were 

not practiced and their stimuli not seen? The first prediction was that humans could learn 

far more associations in one session than a monkey, perhaps up to several dozen, or 

maybe even 100, stimulus associations. Based on the original idea of reduced synaptic 

connections from time-limited hippocampal participation in the consolidation process, the 

second prediction was that retrieval time would decrease from the level reached during 

the learning session when measured at recall after either 1 day or 1 week.  
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Experimental design 
 
    For experiment 1, thirty subjects participated in two sessions. In the first session, the 

learning session, subjects were given the opportunity to learn 100 arbitrary stimulus-

location associations across 400 trials. The 100 stimulus associations were presented 3 

times during the first 300 trials of the session. During the last 100 trials of the learning 

session, the 100 stimulus associations were each presented once in a single randomized 

block to test how many of the associations had been learned. For the first 300 trials of the 

session, the associations were presented in blocks of 12. Each block contained 4 

stimulus-associations presented 3 times in a random order. After the first block of 12 

trials was completed, the next block contained 4 different stimulus-associations, and so 

on, until all 100 stimulus-associations had been presented in 25 randomized blocks. After 

the learning session, 15 subjects came back for testing after a 1 day retention interval, and 

15 came back after 7 days. During the post-retention interval session, all 100 stimulus-

associations were presented once in a single randomized block in an order different from 

the presentation at the end of the pre-retention interval session.  

 
Results 
 
    The two main results of human experiment 1 were that participants learned more 

stimulus-associations than would be expected by chance, but far less than the 100 total 

stimulus-associations presented in the single learning session, and that a measure of 

retrieval time, the decision time, tended to increase, rather than decrease, after the 
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retention interval. By the end of the first session, participants could recall 48.4% (+/- 2.6) 

and 48.9% (+/- 3.8) of the stimulus-associations for the 1 and 7 day groups respectively 

(Figure 5.1). After 24 hours, the 1 day group remembered 45.9% (+/- 3.3) of the 100 

associations (non-significant difference in amount remembered relative to the end of the 

learning day, 1-tailed t(28)=0.625, p=0.269), but after 1 week, the 7 day group 

remembered fewer associations (35.8% +/-2.3, significant difference in amount 

remembered, 1-tailed t(28)=3.059, p=0.002). The average of subjects’ median decision 

times for correct retrieval attempts on the last trial of the learning day reached similar 

levels, 987.6 ms (+/- 42.3) for the 1 day group and 984.9 ms (+/- 28.5) for the 7 day 

group. Correct post-retention trial decision times increased compared to decision time for 

correct trials at the end of learning (Figure 5.2a vs. Figure 5.2b) by 65.4 ms to 1053.0 ms 

(+/- 53.4) for the 1 day group (1-tailed t(28)=0.995, p=0.164, n.s.), and by 137 ms to 

1121.9 ms (+/- 75.4) for the 7 day group (1-tailed t(28)=-1.759, p=0.045).  

 
    The increase in decision times, which was greater in magnitude for the 1-week 

compared to the 1-day retention interval, was visualized by estimating and plotting the 

probability density functions (pdfs) for trials answered correctly both before and after the 

retention interval (Figure 5.3). Post-retention pdfs exhibited a rightward shift in the 

location of the peak amplitude, and greater skewness and kurtosis for trials answered 

correctly on the first trial before feedback after retention compared to those same trials 

answered correctly before retention (Figure 5.3 dashed vs. solid lines). The shift in peak 
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amplitude, kurtosis and skewness was greater for the 1-week compared to the 1-day 

retention interval groups (Figure 5.3a vs. Figure 5.3b). For the 1-day group (Figure 5.3a), 

the pdf for the last learning trial (peak at 838.22 ms) and first post-retention retrieval trial 

(peak at 857.57 ms) were significantly different (KS-test=0.099, p<0.05). For the 7-day 

group (Figure 5.3b), the pdf for the last trial (peak at 886.11 ms) and first retrieval trial 

(peak at 1010.73 ms) were significantly different (KS-test=0.264, p<0.05). A comparison 

of the 1- and 7-day first retrieval trial pdfs were significantly different (KS-test=0.220, 

p<0.05). Linear regressions were computed to quantify the relationship of post-retention 

decision times to decision times reached at the end of learning. The main difference was a 

shift in the regression intercept, which was greater in magnitude for the 1-week (878.54 

ms) compared to the 1-day (657.67 ms) retention groups (Figure 5.4a vs. Figure 5.4b).  

The regression scatter plots (Figure 5.4) show decision times for each stimulus-

association trial answered correctly both at the end of learning and after retention, and 

allow for visualization of the change in the relationship between decision times as a 

function of the retention interval. If decision times were unchanged after retention 

relative to the level reached at the end of learning, all data points would fall along the 

dotted diagonal line.  
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Figure 5.1: Human experiment 1: accuracy across trials for 1 and 7 day retention 
groups Mean accuracy was computed by first averaging the proportion of correct choices 
for all stimulus-associations within each subject for each trial repetition, and then 
computing the average and standard error of the proportion across subjects. Accuracy 
was near chance (25%, red dotted line) for the first trial and increased to 86.6% (+/- 3.7) 
and 89.7% (+/-1.2) by the third trial for both the 1 day (panel a) and 7 day (panel b) 
group respectively. On the fourth and last trial of the learning day, when all stimulus-
associations were tested in a single randomized block of 100 trials, accuracy was 48.4% 
(+/- 2.6) for the 1 day group and 48.9% (+/- 3.8). There was differential forgetting on the 
post-retention interval tests, with accuracy decreasing non-significantly for the 1 day 
group to 45.9% (+/- 3.3), but declining significantly for the 7 day group to 35.8% (+/-
2.3). 
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Figure 5.2: Human experiment 1: decision times across trials for 1 and 7 day 
retention groups Average decision times (mean of subject median decision times) 
decreased across the first three trials of learning for both the 1 and 7 day groups. When 
learning was tested at the end of the first session by presenting each stimulus-association 
in a single 100 trial randomized block, decision times reached a level not significantly 
different for the 1 day (panel a), 987.6 ms (+/- 42.3), and 7 day (panel b), 984.9 ms (+/- 
28.5), groups. During the post-retention test, decision times increased non-significantly 
from the pre-retention level for the 1 day group (panel a) to 1053.0 ms (+/- 53.4), and 
increased significantly from the pre-retention level for the 7 day group(panel b) to 1121.9 
ms (+/- 75.4).   
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Figure 5.3: Human experiment 1: probability density functions for 1 and 7 day 
retention groups Probability density functions were computed from the last learning trial 
of each stimulus-association, and the first retrieval trial after the retention interval, if both 
of the trials were answered correctly. For the 1-day group (panel a), the pdfs for the last 
learning trial (pdf peak at 838.22 ms) and first post-retention retrieval trial (peak at 
857.57 ms) were significantly different. For the 7 day group (panel b), the pdfs for the 
last trial (peak at 886.11 ms) and first retrieval trial (peak at 1010.73 ms) were also 
significantly different. A comparison of the 1 and 7 day first retrieval trial pdfs also were 
significantly different. The black vertical line at 500 ms marks the end of visual stimulus 
presentation, and the area under each pdf curve sums to 1.0.   
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Figure 5.4: Human experiment 1: comparison of decision times at end of learning 
and first retrieval trial for 1 and 7 day retention groups Changes as a function of 
retention interval were examined by plotting decision time for the last trial of the learning 
session on the x-axis against the decision time for the first trial after the retention interval 
on the y-axis. A data point was plotted for each stimulus-association of each subject if the 
last learning trial and the first retrieval trial were both correct. The relationship between 
the two times was quantified by linear regression. The main difference between the two 
retention groups was a greater offset (878.53 ms vs. 657.67 ms) for the 7 day group 
(panel b) than for the 1 day group (panel a), which reflected a greater proportion of points 
falling above the diagonal (black dotted line) as post-retention interval decision times 
increased from the level obtained at the end of the learning session.   
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Experiment 2 
 
Background and motivation 
 
    Since retrieval decision times appeared to increase, rather then decrease, after retention 

intervals in human experiment 1, a second experiment with a different group of humans 

was designed to help understand the reasons for the unpredicted finding. Perhaps the 

increase in decision time observed in experiment 1 could be accounted for by the few 

trials given to learn each association. During the learning session of experiment 1, 

subjects were given 4 opportunities to learn each of 100 associations, far fewer than it 

appeared was necessary for learning to reach 90 to 100% accuracy on the entire set of 

associations by the end of the 1 hour session. On the recall day of experiment 1, subjects’ 

retrieval accuracy was tested by presentation of only 1 trial for each of the 100 

associations learned either 1 day or 1 week ago. The main motivation for human 

experiment 2 was to determine if decision times would decrease, rather than increase, 

following a retention interval if learning was allowed to reach a ceiling close to 100% 

recall accuracy. The specific prediction for experiment 2 was that if learning was allowed 

to plateau by presentation of more than a dozen trials per stimulus-association, the 

consolidation process would be more robust during the retention interval, resulting in a 

decrease in retrieval time on subsequent recall. After the retention interval, it was further 

predicted that, if more trials of each stimulus association were added after the first trial of 

recall, retrieval times would continue to decrease below the level reached at the end of the 

learning day. An additional set of trials was added to the post-retention interval recall 
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session which consisted of a group of different, entirely new associations. This allowed a 

comparison of decision times, within the same session and subjects, between a newly-

learned set of associations and a set that had already been learned and allowed to 

consolidate for either a day or a week.   

 
Experimental design 
 
    On the first day’s learning session, participants in human experiment 2 were given the 

opportunity to learn 24 arbitrary scene-location associations. Each stimulus-association 

was presented 13 times in the first session in an experimental design which used 

interleaved randomized blocks to gradually introduce the set of 24 scene-location 

associations. The design was made of four segments. The first segment contained three 

randomized blocks in which 8 scene-associations were presented. The first block 

contained 4 scene-associations repeated 3 times, and the second block contained a 

different set of 4 scene-associations repeated 3 times. The third block consisted of a 

combined and randomized composite of the first and second blocks. The second segment 

contained four randomized blocks. The first block contained a different set of 4 scene-

associations repeated 3 times, and the second block contained another set of 4 scene-

associations repeated 3 times. The third block consisted of a combined and randomized 

composite of blocks one and two. The fourth block was a single randomized block of 16 

scene associations repeated 3 times that consisted of the 8 scene-associations from the 

first segment and the 8 scene-associations from the second segment. The third segment 
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consisted of four randomized blocks. The first block contained a different set of 4 scene-

associations repeated 3 times, and the second block contained another set of 4 scene-

associations repeated 3 times. The third block consisted of a combined and randomized 

composite of the first and second blocks. The fourth block was a single randomized block 

of all 24 scene associations repeated 3 times that consisted of the 8 scene-associations 

from the first segment, the 8 scene-associations from the second segment, and the 8 

scene-associations from the second segment. The fourth and final segment contained 

randomized segments 1, 2, 3 and a final randomized block of all 24 scene-associations. 

This interleaved randomized block experimental design (illustrated in Figure 3.3b) 

allowed for the gradual presentation of all 24 scene-associations, for the presentation of 

each scene-association an equal number of times and for performance on average to reach 

90-100% for multiple block presentations of the entire set of 24 scene associations. 

 
    For the session after the retention interval, participants in experiment 2 were tested on 

the 24 scene-associations learned in the first session. Sixteen subjects came back after a 

retention interval of 1 day, and 12 came back after 1 week. The 24 scene-associations 

were presented in randomized blocks of 24 a total of four times at the beginning of the 

post-retention recall session. Then, a new set of 16 completely different scene-

associations were presented for learning using an interleaved block design. The new 

scene-associations were presented on the post-retention recall day in order to compare the 

retrieval times for a set of previously learned and retained associations, to a set of newly 
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learned associations. At the end of the session, after the learning of the new scene 

associations, the previously learned associations were presented two more times, for a 

total of 6 times, in another set of randomized blocks.  

 
Results 
 
    The two main results of human experiment 2 were that, after performance accuracy 

reached 90-100% on the learning day (trials 11 to 13 in Figure 5.5a and b), decision times 

increased as a function of the retention interval duration on the first retrieval attempt 

relative to the level reached at the end of the learning day (trial 14 in Figure 5.6a and 

Figure 5.7a), while the velocity-dependent motor completion time decreased, with an 

inverse relationship to the retention interval duration (trial 14 in Figure 5.6b and Figure 

5.7b) for the 1- but not the 7-day group.  

 
    There was more forgetting on average for the 1 week group than for the 24 hour group 

(comparison of trials 14 and 13 in Figures 5.5a and b), but both groups remembered far 

more associations than would be expected by chance (25%). Participants who were tested 

after 1 day ( Figure 5.5a, blue bars) remembered significantly fewer associations on the 

first retrieval attempt compared to the last pre-retention trial (81.25% +/-2.61 vs. 95.31% 

+/- 1.10, 1-tailed t(30)=5.13, p<0.001). Participants who returned after 1 week (Figure 

5.5b, red bars) also remembered significantly fewer associations compared to the last pre-

retention trial (69.10% +/- 5.15 vs. 97.92% +/- 1.01, 1-tailed t(22)=5.74, p<0.001). The 

trial-by-trial average performance (+/- standard error of subject means) for both testing 
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sessions is graphed in Figure 5.5a and 5.5b, with superimposed learning curves 

approximated by power laws (y=axk, where y is accuracy, x is trial repetition number, 

and a, the constant of proportionality, and k, the exponent, are constants). Subjects who 

returned after a 1-day had significantly longer decision latencies (1-tailed t(30)=2.40, 

p=0.011) on the first successful trial (trial 14, 892.13 ms +/- 54.91, Figure 5.6a) 

compared to the last trial at the end of learning (trial 13, 756.38 ms +/- 20.17 ms, Figure 

5.6a). Subjects who were tested 7 days after learning had significantly longer decision 

latencies (1-tailed t(22)=3.86, p<0.001) on the first correct post-retention trial (trial 14, 

981.38 ms +/- 62.01, Figure 5.7a) compared to the last trial at the end of the learning 

session (trial 13, 721.46 ms +/- 33.12, Figure 5.7a). 

 
    A statistical analysis included each subject’s decision time on the first successful 

retrieval attempt of each association if the subject correctly retrieved that association on 

the last trial of the learning day. Subjects’ average post-retention interval decision times 

increased relative to the level reached on the last successful trial of learning (Figure 5.8a, 

929 ms +/- 41.15 vs. 731 ms +/-16.50, F(1,54)=20.6, p<0.0001). The 1-day post-retention 

decision times were significantly greater (Figure 5.8b) compared to pre-retention (1-

tailed t(30)=2.62, p=0.007), and the 7-day post-retention decision times were also 

significantly greater (Figure 5.8b) than pre-retention (1-tailed t(22)=3.93, p<0.001). Post-

retention decision times tended to be longer (Figure 5.8b) at first retrieval after a 7-day 

retention interval (983.33 ms +/- 62.31) than at first retrieval after a 1-day retention 
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interval (889.22 ms +/- 55.93), but the difference between the 7- and 1-day post-retention 

decision times was not statistically significant. (1-tailed t(26)=1.16, p=0.13).  

    The distribution of decision times for the 24 hour interval differed significantly from 

the distribution for the 1-week interval (Figure 5.9a, blue vs. red pdf curve, p=0.0075, KS 

test=0.1506), consistent with the increase in median decision times that was greater for 

the 1 week interval (Figure 5.8b, blue vs. gray bar, 983ms vs. 720ms, Δ=262ms) than for 

the 24 hour interval (Figure 5.8b, red vs. gray bar, 896ms vs. 752ms, Δ=144ms). A linear 

regression equation was used to relate post-retention to pre-retention decision times. As 

retention interval duration increased from 1-day to 1-week, the main change was an 

increase in the equation’s offset (Figure 5.9b). This means that post-retention interval 

decision times increase relative to the level reached at the end of learning, and the 

increase is greater as the retention interval duration increases.  

    Instead of plotting the average absolute decision and motor completion times as a 

function of trial number, the change from a pre-retention baseline, computed from the last 

three correct trials for each association preceding the retention interval, is plotted for the 

1 day and 1 week retention intervals in Figure 5.10 and Figure 5.11. This was done to 

confirm that the change in absolute times was not an artifact of some associative stimuli 

taking longer to process than others. By subtracting the change from baseline, artifactual 

baseline offsets do not interfere with the analysis. As expected, the biggest changes were 

seen for the decision times on the first post-retention trial, while motor completion times 

decreased from the pre-retention baseline levels, but this decrease was larger for the 1-
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day group than the 1-week group (Figure 5.11b vs. Figure 5.10b). Decision times 

increased significantly (1-tailed t(30)=4.13, p<0.001) relative to pre-retention baseline for 

the first retrieval trial after the 1 day retention interval (trial 1, Figure 5.10a), and 

decreased slightly over the next 5 trials to levels not significantly lower than baseline 

(trials 2 to 6, Figure 5.10a). Motor completion times decreased steadily over the 6 post-

retention trials (trials 1 to 6, Figure 5.10b), and reached levels lower than the pre-

retention baseline (1-tailed t-tests, p<0.05 for trials 2 through 6 compared to baseline, 

Figure 5.10b). Decision times increased significantly (t(22)=4.71, p<0.001) relative to 

baseline on the first retrieval trial after a 7 day retention interval (trial 1, Figure 5.11a), 

and decreased slightly over the next 5 trials to a level not significantly different from 

baseline (trials 2 to 6, Figure 5.11a). Motor completion times decreased slightly over the 

6 post-retention trials (trials 1 to 6, Figure 5.11b) but never reached a level significantly 

lower than pre-retention baseline. A final analysis compared post-retention decision and 

motor completion times for the set of stimulus-responses learned 1 day or 1 week ago, to 

levels reached for a new set of stimulus-responses learned in the post-retention session. 

After retention and six more trials of practice, decision times reach a level not 

significantly different from the level seen with a new set of stimulus-responses (Figure 

5.12a and 5.13a, light blue and red bars vs. gray bars). For the 1-day group, motor 

completion times at the end of post-retention learning for a set of ‘new’ associations were 

significantly faster (Figure 5.12b, 1-tailed t(30)=2.54, p=0.008) than motor completion 

times at the end of pre-retention learning for the ‘old’ associations. This suggests that the 
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change in motor completion time may not be stimulus-specific, but a general effect of 

motor skill efficiency gains related to using the manipulandum. The ‘new’ vs. ‘old’ motor 

completion speed difference was not significant in the 7-day retention group (Figure 

5.13b), suggesting an optimal window of time (e.g., 1 day) exists for motor efficiency 

gains to be realized with repeated rehearsal. If motor learning is followed up with 

repeated practice after a longer retention window, of say 1 week, then gains in efficiency 

may be obtained.  
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Figure 5.5: Human experiment 2: accuracy across trials for 1 and 7 day retention 
groups Participants learned associations between 24 color scenes and arbitrary spatial 
locations within a single learning session, and returned for testing after either 1- or 7-
days. Participants who were tested after 1 day (blue bars, panel a) remembered 
significantly fewer associations on the first retrieval attempt compared to the last pre-
retention trial (81.25% +/-2.61 vs. 95.31% +/- 1.10). Participants who returned after 1 
week (red bars, panel b) also remembered significantly fewer associations compared to 
the last pre-retention trial (69.10% +/- 5.15 vs. 97.92% +/- 1.01), but subjects in both the 
1- and 7-day groups remembered far more associations on average after retention than 
would be expected by chance (25%, red dotted line).  
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Figure 5.6: Human experiment 2: decision, movement completion, and cursor 
fixation times for 1 day retention group Participants who learned associations and 
came back after a 1-day retention interval had significantly longer decision latencies for 
successful retrieval attempts on the first trial (trial 14, 892.13 ms +/- 54.91, panel a) 
compared to the last trial at the end of learning (trial 13, 756.38 ms +/- 20.17 ms, panel 
a). Motor completion times (panel b) and cursor fixation times (panel c) decreased 
gradually throughout each of the learning and post-retention sessions, and were lower on 
the last trial of the post-retention session than on the last trial of the learning session.  
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Figure 5.7: Human experiment 2: decision, movement completion, and cursor 
fixation times for 7 day retention group Participants who were tested 7 days after 
learning had significantly longer decision latencies for correct retrieval attempts on the 
first post-retention trial (trial 14, 981.38 ms +/- 62.01, panel a) than the last trial at the 
end of the learning session (trial 13, 721.46 ms +/- 33.12, panel a). Movement completion 
times (panel b) and cursor fixation times (panel c) decreased across both learning and 
post-retention sessions.  
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Figure 5.8: Human experiment 2: overall change and parametric variation by 
retention interval of subject median decision times Decision times on successful first 
post-retention trials were significantly longer compared to latencies on the last successful 
trial before retention (panel a). The 1-day post-retention decision times were significantly 
greater (panel b) compared to pre-retention, and the 7-day post-retention decision times 
were also significantly greater (panel b) than pre-retention. Post-retention decision times 
tended to be longer (panel b) at first retrieval after a 7-day retention interval (983.33 ms 
+/- 62.31) than at first retrieval after a 1-day retention interval (889.22 ms +/- 55.93), but 
the difference between the 7- and 1-day post-retention decision times was not statistically 
significant.    
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Figure 5.9: Human experiment 2: probability distributions and regression analyses 
of decision time changes by retention interval duration Decision times for successful 
retrieval attempts were cumulated for the last trials of learning (light gray line, panel a), 
the first retrieval trials 24 hours later (blue dotted line, panel a), and the first retrieval 
trials 7 days (red dotted line, panel a) later for each stimulus-association of each subject 
and used to make probability density estimates. The shape of these pdfs showed marked 
differences in the distributions, with peak amplitude locations increasing and skewness 
becoming more positive for post-retention retrieval trials. A linear regression analysis of 
each group’s set of correct decision times for the last trial of learning and the first post-
retention retrieval trial showed increased offsets and decreased slopes as the retention 
interval duration increased from 1 day (blue line, panel b) to 7 days (red line, panel b). 
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Figure 5.10: Human experiment 2: decision and motor completion time changes  
from pre-retention baseline for 1 day retention group Baseline measures of decision 
time and motor completion time were computed for each subject by taking an average of 
correct times on the last three trials of each pre-retention stimulus-association. Decision 
times increased significantly relative to pre-retention baseline for the first retrieval trial 
after the 1 day retention interval (trial 1, panel a), and decreased slightly over the next 5 
trials to levels not significantly lower than baseline (trials 2 to 6, panel a). Motor 
completion times decreased steadily over the 6 post-retention trials (trials 1 to 6, panel b), 
and reached levels lower than the pre-retention baseline (trials 2 through 6 compared to 
baseline, panel b).  
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Figure 5.11: Human experiment 2: decision and motor completion time changes  
from pre-retention baseline for 7 day retention group Decision times increased 
significantly relative to baseline on the first retrieval trial after a 7 day retention interval 
(trial 1, panel a), and decreased slightly over the next 5 trials to a level not significantly 
different from baseline (trials 2 to 6, panel a). Motor completion times decreased slightly 
over the 6 post-retention trials (trials 1 to 6, panel b) but with repeated rehearsals did not 
reach a level significantly lower than pre-retention baseline. 
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Figure 5.12: Human experiment 2: decision and motor completion times for 
associations learned 1 day ago and associations learned within the post-retention 
interval session A set of 12 different scene-location ‘new’ associations was learned in 
the post-retention session 1 day after learning. Decision and motor completion times for 
successful trials were averaged for the last three trials at the end of the learning of the 
new associations and compared to pre-retention baselines for the previously learned ‘old’ 
associations. No differences were found between pre-retention baseline and the decision 
times for the new stimulus-associations learned in the post-retention session, but the first 
correct trial decision time was greater than the pre-retention baseline, a baseline for the 
newly learned stimulus associations, and trials 2 through 6 of the previously-learned 
associations (panel a). Motor completion times decreased on subsequent post-retention 
presentations of the previously-learned associations, were lower than the pre-retention 
baseline, and reached a level similar to that of motor completion times for stimulus-
associations learned within the post-retention session (light blue bar 6 vs. gray bar, panel 
b). Motor completion times at the end of post-retention learning for the set of ‘new’ 
associations were significantly faster than motor completion times at the end of pre-
retention learning for the ‘old’ associations.  
 



 189

 



 190

 
Figure 5.13: Human experiment 2: decision and motor completion times for 
associations learned 7 days ago and associations learned within the post-retention 
interval session A set of 12 different ‘new’ scene-location associations was learned in 
the session 7 days after learning. Decision and motor completion times for successful 
trials were averaged for the last three trials at the end of the learning of the new 
associations and compared to pre-retention baselines for the previously learned ‘old’ 
associations. No differences were found between pre-retention baseline and the decision 
times for the new stimulus-associations learned in the post-retention session, but the first 
correct trial decision time was greater than the pre-retention baseline, a baseline for the 
newly learned stimulus associations, and trials 2 through 6 of the previously-learned old 
associations (panel a). Motor completion times decreased on subsequent post-retention 
presentations of the previously-learned associations, but were not significantly lower than 
the pre-retention baseline for the new associations learned within the post-retention 
session (panel b). Motor completion times at the end of post-retention learning for the set 
of ‘new’ associations were not significantly lower than motor completion times at the end 
of pre-retention learning for the ‘old’ associations. 
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Experiment 3 
 
Background and motivation 
 
    The results of experiments 1 and 2 showed how decision and motor completion times 

changed during learning and remembering for scene-location associations. Experiment 3 

was designed to understand whether the same pattern of changes measured in the first 

two experiments held for associations learned between faces and locations. Images of 

faces are qualitatively and quantitatively different from scenes. Faces tend to contain 

lower spatial frequency information compared to scenes, and can be identified by 

processing fewer salient features (e.g., eyes and nose) than a complex scene. Face 

processing is also subserved by a specialized system of cortical and subcortical areas that 

is neuroanatomically different from the system for processing objects and scenes. The 

main motivation for Experiment 3 was to determine whether there were differences in 

learning and retrieval decision speed for faces compared to scenes. The specific 

prediction was that the visual identification component of face processing would be faster 

than for scenes, and that this speed difference would be reflected in the decision time at 

learning and recall. It was unclear whether information about faces would be 

consolidated differently from scene information. If consolidation of face-location 

associations involved changes in a specialized face processing neural system separate 

from a system for scene processing, it was predicted that retrieval times measured after 

retention would be faster for face-location than scene-location associations.  
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Experimental design 
 
    Human experiment 3 used the same interleaved randomized block design of human 

experiment 2. Thirteen subjects participated in two sessions separated by a retention 

interval of 1 week. The associative stimuli consisted of 20 black and white faces and 20 

black and white scenes. Most of the face stimuli used were taken from the Ekman battery 

(Ekman & Friesen, 1975), and the rest were royalty-free stock photos. Since the face 

pictures were all black and white and in the portrait orientation (200-by-300 height-by-

width), scene stimuli were converted to grayscale and reoriented to match the color and 

size of the faces. On the first day learning session, participants were given the 

opportunity to learn 12 face and 12 scene associations, and each stimulus-association was 

presented 13 times. On the recall test 1 week later, the 12 face and 12 scene associations 

from the learning day were presented 4 times in randomized blocks, followed by 

interleaved learning of 8 new face and 8 new scene associations, and ending with two 

more randomized block presentations of the 12 face and 12 scene associations from the 

learning day. The face stimuli presented to the first five participants contained some faces 

of the same person each with different emotional expressions. It was decided that this 

could potentially confound the retrieval time results, and the last eight subjects were 

presented with 20 face stimuli consisting entirely of different identities, and combined 

results are presented for the entire 13 subjects. 
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Results 
 
    The main result of the first two human experiments, in which decision times increased 

on the first post-retention interval retrieval attempt relative to the level reached at the end 

of learning, was replicated in human experiment 3 for both the grayscale face and scene 

associations. The main new finding of human experiment 3 was that when probability 

density functions were estimated and the occurrence of peak amplitudes was compared 

(Figure 5.14b), it was found that decision times for faces tended to be faster than for 

scenes on both the last correct learning trial and also on the first successful retrieval 

attempt after the retention interval.  

    There were no differences between face-location and scene-location accuracy at the 

end of learning (2-tailed t(24)=0.61, p=0.54, n.s.). Average accuracy for face-location 

associations reached 92.31% (+/- 3.02) by the last (13th) trial of the learning day, while 

average accuracy for scene-location assocations reached 89.74% (+/- 3.13). After 7 days 

of retention, there were no differences between face-location and scene-location accuracy 

on the first retrieval trial (2-tailed t(24)=0.60, p=0.55, n.s.). Following retention, average 

face-location accuracy on the first trial was 58.33% (+/- 3.67), while average scene-

location accuracy was 55.13% (+/- 4.11). By the sixth and final trial of repeated post-

retention rehearsal, accuracy rebounded for both faces and scenes to levels not 

significantly different (2-tailed t(24)=0.98, p=0.34, n.s.). Average face-location accuracy 

was 83.33% (+/- 4.91) and average scene-location accuracy was 89.93% (+/- 4.73).  
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    A two-way ANOVA of the subject correct decision time medians (Figure 5.14a) was 

computed with stimulus type (face or scene) as one factor and time of presentation 

(before or after retention interval) as the other factor. The ANOVA was significant 

(F(3,48)=6.37, p=0.001), and there were significant differences between both average 

subject pre- and post-retention face-location correct decision times (1-tailed t(24)=2.85, 

p=0.004), and average subject pre- and post-retention scene-location correct decision 

times (1-tailed t(24)=3.57, p<0.001). For scene-location associations, the first post-

retention trial correct decision times are greater compared to the last pre-retention trial 

correct decision times (Figure 5.14a, dark red vs. light red bars), and for face-location 

associations, the first post-retention trial correct decision times are greater than the last 

pre-retention trial correct decision times (Figure 5.14a, dark blue vs. light blue bars). 

Correct face-location decision time subject medians were not significantly faster 

compared to correct scene-location decision time subject medians on either the last 

successful pre-retention trial of learning (1-tailed t(24)=0.35, p=0.36), or on the first 

successful post-retention retrieval trial (1-tailed t(24)=0.15, p=0.56).   

    Levene’s test statistic was also significant (Levene Statistic(3,48)=2.76, p=0.05), 

suggesting that average subject decision time variances were inhomogeneous and 

therefore the assumption of normality was violated. This significant departure from 

normality justified a closer non-parametric examination of the probability distributions of 

the entire set of correct decision times for the two factors of the ANOVA. The location of 
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the pdf peak amplitude for correctly answered last trials of learning occurred at 700.42 

ms for face-location associations compared to 731.37 ms for scene-location associations 

(Figure 5.14b, light blue pdf vs. light red pdf). The peak amplitude of correctly answered 

first trials after 7 days of retention occurred at 875.88 ms for face-location associations 

compared to 974.19 ms for scene-location associations (Figure 5.14b, blue-dashed pdf vs. 

red-dashed pdf).  

 
    Since the conditional association task first involves stimulus recognition, followed by 

retrieval of the correct spatial location, the faster decision times for faces could be 

explained by quicker identification of faces compared to scenes. Alternatively, faces 

could take just as long as scenes to be identified, but the face-location associations could 

be retrieved faster than the scene-location associations. The former explanation would 

seem more likely, since face identification involves a specialized neural circuit involving 

the fusiform face area, and may therefore be faster than identification of complex scenes. 

While the main finding from human experiments one and two, an increase in post-

retention decision times from the level reached at the end of learning, was replicated in 

the present experiment, human experiment three also provides evidence that speed 

differences related to stimulus-content may exist during both associative learning and 

retrieval.  
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Figure 5.14: Human experiment 3: decision times and probability density functions 
for face and scene associations at learning and retrieval after 7 days Subjects’ 
median decision times are plotted for face-location and scene-location associations on the 
last trial of learning and the first correct retrieval trial after a 1 week retention interval. 
Both face and scene decision times increased significantly after the retention interval 
relative to the level reached at the end of learning (panel a), and decision times for faces 
tended to be slightly faster than for scenes both before and after the retention interval as 
measured by the shift in the peak amplitude of correct trial face-location and scene-
location decision time pdfs (panel b, light blue vs. light red pdfs, and dashed-blue vs. 
dashed-red pdfs). 
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Experiment 4 
 
Background and motivation 
 
    The first three human experiments measured post-retention interval retrieval time 

changes following a single massed episode of associative learning. Associative retrieval 

speed as measured by the decision time appeared to increase on the first trial before 

feedback as a function of retention interval duration, while the velocity-dependent motor 

execution time appeared to decrease within and across sessions. One hypothesis 

developed to explain the increased post-retention interval decision times was that 

associative retrieval, although successful, was effortful and therefore slower, after the 

passage of time in which the associations were not practiced. Experiment 4 was designed 

to test the idea that spaced learning over the course of multiple sessions occurring at least 

a day apart would facilitate consolidation as measured by faster retrieval. The first three 

human experiments used undergraduate subjects who were only available for testing on 

two occasions, which meant that retention intervals could not be varied within-subject. In 

these previous experiments, subjects came back after either 1 day or 7 days, and since 

they earned only extra-credit for participation, their general motivation tended to be 

highly variable and some subjects did not return for post-retention testing at all. The 

subjects for human experiment 4 were compensated $20, tended to be highly motivated, 

and participated in up to four sessions thereby allowing retention intervals to be varied 

within-subject.  
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    Human experiment 4 contained an additional trial type not present in the first thee 

experiments. An explicit cue was given on a subset of trials consisting of a black and 

white image of an arrow pointing in the correct target direction. Measurements taken on 

the explicit cue trials constituted a baseline that allowed comparison of the fastest 

visually instructed decision and motor completion times against which the associative 

decision and motor completion times on scene-location trials could be compared. Explicit 

cue trials were predicted to be faster than associative retrieval times, and show no 

significant changes in speed as a function of the retention interval. If the speed of 

explicitly instructed trials did increase significantly for the first post-retention trial 

compared to the last trial on the day before the retention interval, then the increases for 

both explicit and associative trials could be attributed to the additional time taken by a 

visual process occurring upstream from the hippocampal system. If decision times for 

explicit cue trials showed no significant increase on the first post-retention trial, but 

decision times for scene-locations associations did increase, this could be taken as 

evidence that decisions related to associative retrieval from long term memory require 

more processing time than a cued movement. In such a scenario, the post-retention 

decision time increase would not be attributed to sensory or motor processing on the first 

trial regardless of whether an association needs to be retrieved or the visual cue for an 

explicit instruction needs to be processed. 
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Experimental design 
 
    A total of seventeen subjects participated in human experiment 4, which employed an 

experimental design that had four main differences from the previous three human 

experiments. Each subject learned a set of 30 scene-location associations during the first 

session, and was tested for retrieval speed and accuracy on subsets of those learned 

associations at different retention intervals. The effects of massed and spaced learning 

were examined for each subset of learned associations by measuring accuracy and speed 

after one learning session, and at three more presentations of these associations in 

sessions spaced a day, a week and two weeks apart. Each testing session after the first 

learning session contained a set of completely new scene associations, which allowed 

decision and motor completion speed for associations learned in previous sessions and 

retained for an interval of time to be compared with decision and motor completion speed 

for associations learned within the post-retention session. Finally, each of the learning 

and test sessions contained explicit cue trials as a baseline control to compare subject’s 

associative decision and movement completions times with their own explicitly instructed 

decision and movement completion times. Decision times for the explicit cue trials were 

expected to be faster, and represent the fastest speed with which a subject could respond 

given a visual instruction.   

 
    All seventeen subjects participated in at least three testing sessions, a 1 hour learning 

session, a half hour test session 1 day later, and a half hour test session 1 week later. Of 
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these seventeen subjects, twelve participated in an additional fourth half hour test session 

2 weeks after the initial learning session. During the first session, participants learned 30 

scene associations in a randomized block interleaved design structured similarly to 

human experiments 2 and 3. Each of the 30 scene associations was presented 10 times 

over 300 trials. A set of 60 counterbalanced explicit cue trials (left, right, up or down 

arrows) was mixed in with the 300 scene association trials. When seventeen participants 

returned for a testing session 1 day later, each subject was presented with a randomized 

block of 10 trials containing 10 scene associations that were learned the day before. Then, 

each subject was given an opportunity to learn 10 new scene associations, each presented 

10 times over the course of 100 trials. At the end of the session, they were presented with 

two more trials of the 10 scene associations from the first learning session. When 

seventeen participants returned for the testing session 1 week later, each was presented 

with a randomized block of 20 trials containing the 10 scene associations that were tested 

on the session 1 day after the learning session, and the unique subset of 10 scene 

associations that were learned one week before. Then, each subject was given an 

opportunity to learn 10 new scene associations, each presented 10 times over 100 trials. 

At the end of the session, they were presented with two more trials of the 10 scene 

associations from the first learning session, and two more trials each of the 10 scene 

associations that were tested on the 1 day session. When twelve of the seventeen 

participants returned for a fourth session two weeks after the first learning session, each 

was presented with a randomized block of 30 trials containing the 10 scene associations 
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that were tested on the session 1 day after the learning session, the 10 scene associations 

that were tested on the session 1 week after the learning session, and a unique subset of 

10 scene associations that were learned two weeks before. Then, each subject was given 

an opportunity to learn 10 new associations each presented 10 times over 100 trials. At 

the end of the fourth session, they were presented with two more trials of the 10 scene 

associations from the first learning session, two more trials each of the 10 scene 

associations that were tested on the 1 day session, and two more trials each of the 10 

scene associations that were tested on the 1 week session. On each of the half hour test 

sessions, a set of counterbalanced explicit cue trials (left, right, up or down arrows) was 

mixed in with the scene association trials. 

 
Results 
 
    The main finding of the first three human experiments of increased decision times on 

the first post-retention trial before feedback and decreasing motor completion time across 

learning and recall sessions was replicated in human experiment four using a within-

subject design with an additional retention interval of two weeks, massed and spaced 

presentation for a subset of scene-location associations, and conditions that allowed 

comparison of associative retrieval speed with explicitly-cued actions. The two new 

findings of experiment four were that the first post-retention trial increase in decision 

time was unique to associative retrieval decisions and not to explicitly cued decisions and 
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that, even with further spaced training on a subset of learned scene-location associations, 

decision times tend to increase after long retention intervals.  

 
   Accuracy during the first learning session for the three subsets of 10 associations 

scheduled for presentation at different retention intervals reached 90-100% after just 

eight trials (trial numbers 8-10 in Figure 5.15a, b, and c). For the 10 stimulus-associations 

tested 1 day after learning, there was no significant difference in the number of 

associations subjects recalled on the first post-retention trial compared to the last trial of 

learning (Figure 5.15a, 94.12% (+/- 2.35) vs. 98.13% (+/-1.88), 1-tailed t(31)=1.349, 

p=0.094). For the 10 stimulus-associations tested 7 days after learning, subjects recalled 

significantly fewer associations on the first post-retention trial compared to the last trial 

of learning (Figure 5.15b, 58.24% (+/- 5.54) vs. 95.63% (+/-2.73), 1-tailed t(31)=6.087, 

p<0.0001). For the 10 stimulus-associations tested 14 days after learning, subjects 

recalled significantly fewer associations on the first post-retention trial compared to the 

last trial of learning (Figure 5.15c, 50.83% (+/- 3.76) vs. 95.01% (+/-2.58), 1-tail 

t(24)=8.131, p<0.0001). There was no significant difference in the number of associations 

remembered after 7 days compared to the number remembered after 14 days (58.24% (+/-

5.54) vs. 50.83% (+/-3.76), 2-tail t(27)=1.003, p=0.325).  

    During the 10 repetitions of each association during the learning session, decision and 

motor completion times decreased (comparison of trials numbered 1-10 in Figure 5.16a, 

b, and c to trials numbered 1-10 in Figure 5.17a, b, and c). Explicit cue trial decision 
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times were always faster than the last scene-location trial decision times (gray bar at end 

of learning in Figure 5.16a, b, and c), while explicit cue trial motor completion times 

were similar in magnitude compared to the last scene-location motor completion times 

(gray bar at end of learning in Figure 5.17a, b, and c). Decision times for the first post-

retention trial before feedback were greater than the last trial of learning before retention 

(trial 11 vs. trial 10 in Figure 5.16a, b, and c), but motor completion times on the first 

post-retention trial tended to continue decreasing from the level reached at the end of 

learning (trial 11 vs. trial 10 in Figure 5.17a, b, and c).  

    While accuracy did not change significantly for associations learned and then 

successfully remembered after 1 day of retention, average decision times did increase 

significantly (Figure 5.16a, from 651.47 ms (+/-17.89) to 836.88 ms (+/- 34.92), 

t(30)=4.627, p<0.0001). For associations learned and then successfully remembered after 7 

days, average decision times also increased significantly (Figure 5.16b, from 728.13 ms 

(+/-36.39) to 1183.35 ms (+/- 56.44), t(30)=6.674, p<0.0001). And for associations learned 

and then successfully remembered after 14 days, average decision times also increased 

significantly (Figure 5.16c, from 664.02 ms (+/-18.40) to 1134.71 ms (+/- 50.52), 

t(30)=8.131, p<0.0001). Decision times for associations successfully remembered after 7 

days were significantly greater than decision times for associations successfully 

remembered after 1 day (1183.35 ms (+/- 56.44) vs. 836.88 ms (+/- 34.92), t(32)=5.381, 

p<0.0001). But there was no significant difference between the decision times for 

associations successfully remembered on the first trial after 7 days compared to 
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associations successfully remembered on the first trial after 14 days (Figure 5.16b vs. 

Figure 5.16c, 1183.35 ms (+/-56.44) vs. 1134.71 ms (+/- 50.52), 2-tail t(27)=0.596, 

p=0.556).  

    Decision times at the end of the learning of a new set of associations within the post-

retention sessions reached levels not significantly different from either the last pre-

retention trial of learning for the old retained set of associations or the level obtained after 

two more trials of practice in the post-retention session of the old retained set of 

associations (dark gray bars in Figure 5.16a, b, c). Motor completion times for a new set 

of associations learned in the post-retention session reached levels similar to the old set of 

retained associations after two more trials of practice in the post-retention session (dark 

gray bar vs. light red bar of trial 13 in Figure 5.17a, b, and c).  

    As in human experiments one and two, estimated decision time probability 

distributions distinguished among retention intervals when comparing correct trial 

decision time pdfs at the end of learning to correct trial decision time pdfs 1 day later, 7 

days later, and 14 days later (Figure 5.18a, light gray pdf vs. colored pdfs). Both the 7 

day and 14 day post-retention pdfs for successfully remembered associations differed 

significantly from the pdf for correct trials at the end of learning (7-day vs. learning KS-

test=0.641, p<0.0001, 14-day vs. learning KS-test=0.688, p<0.0001) and from the pdf of 

correct trials after a 1 day retention interval (7-day vs. 1-day KS-test=0.544, p<0.0001, 

14-day vs. 1-day KS-test=0.548, p<0.0001). But a statistical comparison of the 7 day and 

14 day pdfs showed no significant difference (Figure 5.18a, red vs. green pdf, KS-
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test=0.091, p=0.9127), suggesting that there may be a ceiling to the parametric variation 

of decision time latencies with increasing retention interval. Estimated motor completion 

time pdfs were focused with peaks occurring at or near 500 ms and with no significant 

differences in skewness or kurtosis (Figure 5.18b). Also similar to human experiments 1 

and 2 were the changes in intercepts and slopes for the linear regression equation relating 

post-retention decision times to their pre-retention levels at the end of learning. Decision 

time offsets increased with the retention interval durations while decision time slopes 

decreased (Figure 5.19a, blue to red to green lines, points and equations) corresponding 

to a shift in more points falling above the diagonal (dotted black line in Figure 5.19a). 

This pattern was much less pronounced in the motor completion time scatter plots, with 

most of the data points clustered tightly around 500 ms on the x- and y- axes (Figure 

5.19b). 

    The major new finding of human experiment four is shown in Figure 5.20 where 

decision and motor completion times are plotted as a function of a single session of 

massed learning and continued spaced practice for both associative scene-location trials 

and explicitly-cued trials. A two-way ANOVA on the median correct trial decision times 

for the 12 subjects who completed four testing sessions was computed with trial type 

(associative vs. explicit) and trial occurrence (pre-retention, trials 1 to 3 one-day later, 

trials 1 to 3 1-week later, and trials 1 to 3 2-weeks later) as the two factors. This analysis 

included correctly answered stimulus-association trials on a per-subject basis if the 

subject answered each stimulus-association correctly at the end of learning, and then also 
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answered that association correctly at each interval of post-retention testing. Subject 

performance on the subset of 10 stimulus-associations was high with 86.67% (+/-4.33) 

average subject accuracy for the set. The analysis was significant for the main effects of 

retention (F(9,220)=7.79, p<0.001), type (F(1,220)=11.54, p=0.001), and the interaction 

between retention and type (F(9,220)=4.43, p<0.001).  Pairwise comparisons showed 

significant differences relative to the pre-retention baseline between explicit and 

associative decision times on the first trial after 1 day of retention (p=0.03), on the first 

trial after another 6 days of retention (p<0.001), and on the first trial after a further 6 days 

of retention (p=0.02). After further practice during the 1-day post-retention session, 

decision times increased greatly on the first trial after another 6 days of retention. After 

further spaced practice with the same stimulus associations during the 1-week retention 

session, decision times were still higher than the pre-retention baseline after another 6 

days of retention. This pattern was only seen in the associative retrieval decision times, 

not for the explicitly cued decision times, which as predicted, did not deviate 

significantly from their pre-retention baseline levels. A separate two-way ANOVA on the 

motor completion times for the same 12 subjects who completed four testing sessions 

was also computed with trial type (associative vs. explicit) and trial occurrence (pre-

retention, trials 1 to 3 one-day later, trials 1 to 3 1-week later, and trials 1 to 3 2-weeks 

later) as the two factors. This analysis showed no significant effects of type, retention, or 

the interaction of type and retention. The intercept term of the motor completion time 

ANOVA was highly significant (F(1,220)=71.12, p<0.001). The intercept allows inference 
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about overall changes in the two factors, which in this analysis, suggests a general 

decrease across retention trials for both associative and explicit cue motor completion 

times. This decrease can be clearly seen in Figure 5.20b and suggests motor completion 

times, unlike the decision times, change similarly for both the associative and explicit 

trials.  

 
     At the beginning of the human experiments, it was thought that an alternative measure 

of decision time could be the time of occurrence relative to stimulus onset of a saccade 

made in the direction of the correct target location. Human experiments one through three 

used undergraduate subjects who did not all want to stay still during the testing sessions 

for thorough eye tracking. The majority of subjects in human experiment 4 remained 

motionless on enough trials to determine accurately the relationship between eye 

movements and decision time as measured by the first movement of the joystick. 

Representative pupil deviations relative to stimulus onset and joystick decision times are 

shown in Figure 5.21 (panels a through d). Saccade initiation times were computed by 

storing the time of the largest magnitude of the first derivative of the raw pupil deviation 

in either the horizontal or vertical traces during correctly answered trials. A total of 5,376 

saccade initiation times were identified from 63 test sessions of the 17 participants. The 

medians of each subject’s saccade initiation and joystick decision times were statistically 

different (t(32)=2.45, p=0.02), with the average subject decision time occurring 747.68 

ms (+/- 23.76) after stimulus onset and saccade initiation occurring 828 (+/- 47.59) ms 
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after stimulus onset. Individual regressions of each subject’s saccade initiation times onto 

decision times (Figure 5.22b) resulted in an average subject slope of 0.81 (+/- 0.03) with 

an average offset of 234.90 ms (+/- 40.39). Contrary to the initial prediction of faster eye 

movements, the start of a goal directed saccade occurred significantly after the initial 

movement by way of the joystick, which may not be so surprising since subjects were not 

signaling their choice with the saccade, but by moving the cursor with the joystick. If the 

task had been based entirely on eye movements, like some monkey conditional saccadic 

association tasks, the timing relationship would probably have been reversed. Since the 

time taken to complete a saccade takes only about 60 ms, subjects tended to look to the 

final target choice before the cursor arrived at the location, but that may have been due to 

the imposed ceiling on cursor speed. These eye movement data are important because any 

future functional imaging study of human conditional associative learning and retrieval 

must incorporate predictions about the neural systems subserving occulomotor responses 

separately from the systems used to control finger, hand, and arm movements in order to 

make sense of the timing and pattern of brain activation. For example, brain areas 

controlling eye movements may be activated very soon after the decision to make a 

movement with the hand. If brain imaging data were not analyzed as a function of both 

decision and saccade times, time-dependent changes underlying these processes may be 

confused as coming from a single, not separate, neural systems.  
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Figure 5.15: Human experiment 4: accuracy before and after three different 
retention interval durations Each subject learned 30 associations on the learning day 
and seventeen subjects returned 1 day later and were tested on a subset of 10 of those 
associations (blue bars, panel a) three times. The same seventeen subjects returned 7 days 
after the learning day and were tested on 10 different previously learned associations (red 
bars, panel b). Twelve of the seventeen subjects returned 14 days after the learning day 
and were presented with another subset of 10 different previously learned associations 
(green bars, panel c). On the learning day and each subsequent post-retention test day, 
subjects received explicit cue trials (gray bars) mixed among the associative retrieval 
trials. Accuracy on the post-retention retrieval trials declined significantly compared to 
accuracy at the end of pre-retention learning for the 7 and 14 day groups (panels b and c), 
but not for the 1 day group (panel a). Accuracy for the explicit cue trials was always near 
100% and did not differ between learning and test days. 
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Figure 5.16: Human experiment 4: decision times before and after three different 
retention interval durations Decision times, plotted in a similar format as the accuracy 
data in figure 5.16, decreased over repetitions within the learning session, and were 
greater on all trials compared to the explicit cue trials (light gray bars). During the first-
post-retention trial, decision times increased significantly relative to the last trial of pre-
retention learning for every retention interval. Decision times for associations 
successfully remembered after 7 days were significantly greater than decision times for 
associations successfully remembered after 1 day. But there was no significant difference 
in decision times for associations successfully remembered after 7 days  (panel b, red 
bars) compared to associations successfully remembered after 14 days (panel c, green 
bars),suggesting an upper limit to increases in successful decision times after two weeks. 
After the first post-retention retrieval trial, decision times decreased to the level reached 
at the end of the learning day, and to a level similar to a new set of associations (dark 
gray bars) learned within the post-retention test session.  
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Figure 5.17: Human experiment 4: motor completion times before and after three 
different retention interval durations Motor completion time, or the time taken to 
move the cursor to the correct choice box after the decision time, decreased over trials on 
the learning day, and continued to decrease throughout the subsequent test sessions. 
There were no significant different differences between the last trial of learning and the 
first post-retention trial, and the pattern of motor completion time decreases across the 
sessions was similar for associative retrieval trials (colored bars) and explicit cue trials 
(light gray bars). There were no significant differences between post-retention motor 
completion times for previously-learned associations compared to new associations (dark 
gray bars) learned within the post-retention session.  
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Figure 5.18: Human experiment 4: decision and motor completion time probability  
density functions at learning and after three retention intervals A comparison of last 
trial of learning and first post-retention trial pdfs for decision times (panel a) and motor 
completion times (panel b) shows how the distribution of decision times changes with the 
length of the retention interval. The peaks of decision time pdfs shift to the right and the 
distributions become more positively skewed as the retention interval duration increases. 
This pattern of distributional change appears to slow between 7 days (red curve) and 14 
days (green curve) as decision times do not continued to increase for correctly retrieved 
associations. The black vertical line at 500 ms in panel a indicates the end of stimulus 
onset. Motor completion pdfs have similar peaks before and after the retention interval 
and the distributions have a slight tendency to become less kurtotic for 14 day (green) 
and 7 day (red) compared to 1 day (blue) retrieval trials.  
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Figure 5.19: Human experiment 4: scatterplot of decision and motor completion 
times at the end of learning and the first retrieval attempt The relationship between 
last trial of learning and first trial of retrieval was examined by computing the slope and 
offset of a simple linear regression. For decision and motor completion times, the offset 
increased as a function of the retention interval duration (blue to red to green), while the 
slope decreased. The number of data points falling above the diagonal (black dotted line) 
was more pronounced for the decision time measure, indicating that more decision times 
increased relative to the level reaches at the end of learning than decreased.  
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Figure 5.20: Human experiment 4: decision and motor completion time changes for  
associative retrieval and explicit cue trials after massed and spaced presentations 
The effect of a single massed learning session is seen by plotting the change in decision 
and motor retrieval times after a 24 hour retention interval relative to a pre-retention 
baseline, computed by averaging the last three correct trials of each stimulus association 
on the learning session. The effect of additional spaced presentations is visualized by 
plotting changes for three repetitions of each stimulus-association after a week of 
retention from the initial learning session, and after another week of retention. The data 
are taken from twelve subjects who participated in four sessions (one learning and three 
subsequent retrieval tests) and are for 10 stimulus-associations learned on the first day, 
and presented three times each 1 day later, 7 days later, and 14 days later. The graphs 
include correct trials from each subject only for stimulus-association trials answered 
correctly at the end of learning, and also answered correctly at each of the three 
presentations 24 hours later, 1 week later, and 2 weeks later. After the first learning 
session, subjects remembered an average of 86.67% (+/-4.33) of the 10 stimulus 
associations at each of the 9 presentations across the 2 week period. Associative retrieval 
decision times differ most significantly for the first trial after a retention interval, and are 
greater in magnitude than for explicit cue trials (light gray points). After 10 trials of 
learning for each association, and 9 additional trials spaced over two weeks, decision 
times never reach a level significantly below the level reached at the end of the learning 
day. Motor completion times for both associative retrieval trials and explicit cue trials 
tend to decrease after learning and during further spaced presentations (panel b), but do 
not show significant differences from trial to trial.  
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Figure 5.21: Human experiment 4: examples of task-related horizontal and vertical  
pupil deviations The deviation of a single subject’s right pupil is shown from stimulus 
onset until the correct answer was chosen by placing the cursor into one of the four 
choice locations in the down (panel a), up (panel b), right (panel c), and left (panel d) 
locations. The decision time, the moment the joystick was moved from a stationary 
position, is shown by a vertical dotted line. Green circles indicate the deflection in the 
eye tracking signal that occurs during saccades to the target choice location. For these 
four trials, the subject consistently moved the joystick to before looking in the direction 
of upcoming choice, a similar pattern seen in the group of seventeen participants in 
experiment four. Pupil deviation is expressed as raw analogue-to-digital conversion 
values, and time from stimulus onset is in ms with stimulus offset occurring at 500 ms. 
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Figure 5.22: Human experiment 4: Relationship between saccade initiation time and  
decision time for a single-subject and the group of seventeen subjects The time of 
occurrence from stimulus onset for a single subject’s saccades in the direction of target 
choice is plotted against the decision time on the same trial for all correct trials occurring 
in the learning and three retention sessions of experiment four (panel a). The diagonal is 
shown as a dashed line, individual data points are shown in gray, and the regression is 
shown as a solid red line. An average of all subjects’ regression slopes and intercepts was 
used to plot the group average relationship as a solid red line (panel b). Each of the 
seventeen individual subject regression lines are shown as light red lines (panel b). 
Subject median saccade initiation and joystick decision times were statistically different, 
with average decision time occurring 747.68 ms (+/- 23.76) after stimulus onset and 
average saccade initiation occurring 828 ms (+/- 47.59) after stimulus onset. Individual 
regressions of each subject’s saccade initiation times onto decision times resulted in an 
average subject slope of 0.81 (+/- 0.03) with an average offset of 234.90 ms (+/- 40.39).
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CHAPTER SIX 

SUMMARY AND DISCUSSION 
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Major Results Summarized 
 
Non-human primate experiments 
 
    In the monkey studies, the rate of associative learning and the speed of associative 

retrieval as measured by decision time were affected by two variables that were not 

expected to be important before the experiments were begun. In monkey experiment 1, 

the amount of prior experience with and the content of the associative visual stimuli may 

have caused some associations to be learned faster than others. The relationship between 

the number of associative stimuli, the number of unique arbitrary choice locations to 

which the associative stimuli are mapped, and the number of trials over which these 

variables are randomized influenced the rate of learning. In the first experiment’s 

associative learning task with a category component, when the number of choice 

locations, the number of associative stimuli, and the number of trials within a single 

block were equal to four, significant learning above chance occurred rapidly in as few as 

10 trials. Evidence for a strategy similar to a process of elimination was provided by an 

analysis of decision time, motor completion time and average probability of a correct 

response as a function of trial position within single randomized blocks. An additional 

finding of experiment 1 was that the average 1-day post-retention decision time increased 

significantly for 96 associations on the first trial before feedback. Only with extensive 

continued practice of these associations did the average decision time begin to fall below 

the pre-retention baseline computed at the end of the first session of learning. In monkey 

experiment 2, the velocity with which movements were made to complete the associative 



 230

response was shown to vary with the amount of practice with the manipulandum, and 

differed between two monkeys who each had different amounts of behavioral training. 

This finding suggested that changes in motor completion time were not stimulus specific, 

but related to changes in procedural skill learning of the joystick movements, and that the 

decision time was a better measure for timing the associative retrieval process. In 

experiment 3, learning was shown to be much slower when the ratio between the number 

of stimulus-response mappings and the number of choice locations was increased beyond 

one. No robust increases or decreases in decision time were found when several sets of 

associations were retrieved for the first time after a day or a week had elapsed after 

learning, but a large robust difference in decision time was found for 1-day and 1-week 

retained associations compared to average decision time on a set of highly overlearned 

associations. In monkey experiment 4, a small subset of stimulus-associations was 

tracked during extensive practice over many sessions. Changes in decision time were 

found to decrease gradually over the course of ~150 trials and approach the level for the 

decision time of the set of overlearned associations. In this final experiment, no evidence 

for sharp transitions (large decreases or increases) in decision times was found on first 

correct retrieval trials after each 24 hour retention intervals.  

 
Human experiments 
 
    The main result from the human experiments, in which each participant had no 

previous experience with the manipulandum used to make responses, was a robust 
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difference in the magnitude and direction of the time taken to decide a response and the 

time taken to complete choices once the response had been decided. The decision time 

for individual stimulus-associations increased as a function of the interval of time over 

which the association was retained, with the largest increase occurring on the first 

retrieval attempt after the retention interval. Increases in decision time reached a ceiling 

when the retention interval was extended to two weeks, as the increase in decision time 

after 7 days was not statistically different from the increase after 14 days . In all human 

experiments, across multiple sessions, measures of motor learning related to the speed of 

cursor fixation and response completion decreased over trials, consistent with a number 

of behavioral studies that have reported increases in procedural motor skill efficiency 

after sleep or rest following a single session of learning. In human experiment 4, the time 

taken to decide an associative response was longer than the time to decide to make an 

explicitly cued movement, and varied with the duration of the retention interval; the time 

taken to decide to make an explicitly cued response did not change significantly from 

pre-retention baseline levels on any of the post-retention trials, and did not vary with the 

retention interval or further spaced exposure. The effects of continued spaced 

presentations of stimulus-associations was a decrease in the decision time to the level 

reached at the end of the initial learning session, but not significantly lower, and a 

continued decrease in velocity dependent measures of motor response completion on both 

associative and explicitly cued trials. Finally, evidence from human experiment 3 

suggests that the content of the associative stimulus can affect the decision time, with 



 232

scene stimuli having slightly longer decision latencies than face stimuli. This finding 

could be attributed to speed differences in the identification process of face compared to 

scene stimuli. Despite potential differences in visual identification speed between faces 

and scenes, humans took longer to retrieve both face and scene associations after a week 

of retention than they did at the end of the pre-retention learning session, a finding 

consistent with the three other human studies using scene stimuli.  

 
Comparison of non-human primate and human experiments 
 
    A comparison of the human and monkey experimental results showed more differences 

in learning and retrieval speed than were predicted based on the published literature. 

There are differences between monkeys and humans in the number of stimuli that 

humans can learn in a day, how they are learned, and the speed with which they are 

retrieved after a retention interval. Monkeys learned far fewer associations per day, and 

their rate of learning was affected more by the number of trials over which a given 

number associative stimuli and locations were randomized. The time to make decisions 

about associative responses increased robustly in humans from the last trial of learning to 

the first retrieval attempt after a retention interval, but much less robustly in the monkeys. 

After multiple sessions of practice, sets of stimulus-associations can become well-learned 

and retrieval becomes automatic. There are large rate differences in associative learning 

time between humans and monkeys when the ratio of the number of stimulus-mappings 

to choice locations within a randomized block is larger than 1. Humans can rapidly learn 
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associations when this ratio is as large as 6 (as in human experiment 4). Monkeys exhibit 

far slower learning rates when this ratio is increased from 1 (as in monkey experiment 1) 

to 2 (as monkey experiments 2, 3, and 4). These learning rate differences between 

humans and monkeys could be related to explicit knowledge by humans of the rules of 

the task. However, understanding the real reasons for rate differences in learning can only 

be accomplished when differences in brain anatomy, particularly with respect to frontal 

cortex, are thoroughly documented. These findings provide the impetus for designing 

several future experiments with varying trial randomization schedules to help understand 

the changes in neural systems underlying differences in human and monkey conditional 

associative learning.   

 
Detailed Discussion 
 
Relation to other studies 
 
    Takashima and colleagues (Takashima et al., 2006) report separate behavioral and 

functional MRI studies using a face-location association task similar to the task used for 

the experiments reported in the present dissertation. The main behavioral result of 

Takashima et al is shorter latency reaction times for remote versus recent associations, a 

finding that would seem at odds with the human behavioral results reported in the present 

dissertation. The two most likely reasons for the different results reported in the 

Takashima et al study are related to the type of dependent measure reported and 

differences in the experimental design. First, Takashima et al report a measure of reaction 
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time that is a sum of the decision and the motor completion times reported in the present 

dissertation. Their reaction time measure is the total completion time, or the time from 

stimulus onset until the choice is made by moving a cursor to a spatial location. The 

reaction times reported in the present dissertation consist of two components, a decision 

time and motor completion time each of which were shown in the present experiments to 

change differently. A mathematical addition of decision and motor completion times in 

the present experiments may equal the total completion time of Takashima et al, but this 

attempt to compare results is not possible because it is not known how the speed of 

joystick movement in the Takeshima et al study is mapped to the rate of cursor 

movement during the choice response. This mapping determines how fast a response may 

be completed after the initial movement, or decision time, has occurred. A fast rate of 

movement could magnify small decreases in motor response latency and out-weigh 

increases in decision time, thereby causing total completion time to be dominated by 

motor completion time changes. Alternatively, a slow rate of cursor movement could 

allow any decrease in motor response latency to be cancelled by increases in decision 

time, thereby causing the total completion time to be dominated by decision time 

changes.  Furthermore, Takashima et al do not report a trial-by-trial analysis of their total 

completion time measure, but instead appear to average over multiple trials, which could 

potentially mask any increases for the first retrieval attempt if reaction times on 

subsequent trials are shorter than for the first trial.  
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    The second major difference in the Takashima et al study relates to how remote and 

recent associations are presented in the experimental design. The remote associations 

were practiced over three days within a seven day period. On the eighth day, training on a 

new set of associations (i.e., the recent associations) was followed by testing on a mix of 

the recent and remote associations. The recent associations were practiced for 2 hours for 

the same number of trials as the remote associations. With this experimental design, 

although the remote associations are practiced the same number of times as the recent 

associations, but the remote training occurs over a spaced interval of three days. The final 

comparison of recent and remote associations on test day could reflect a difference in the 

massed learning of the recent associations and the spaced learning and rehearsal of the 

remote associations. Other possible reasons for the different behavioral result of 

Takashima et al could be that training involved visually-cued practice, not trial-and-error 

learning as in the present dissertation, and that practice was so extensive that there was 

barely any forgetting on test day for the remote associations as they were remembered at 

approximately 90% accuracy. Finally, the Takashima study does not report comparisons 

of reaction times for the set of remote face-location associations before and after the 

retention interval, and it is not clear how reaction times for remote associations change as 

a function of retention interval. As has been argued in previous chapters, the effects of 

consolidation should be stimulus-specific and affect the reaction time for individual 

associations such that any neural change which causes retrieval latency changes during a 
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retention interval should be manifest in reaction time changes for that specific 

association.  

 
Importance of species comparison 
 
    Several monkey studies have used conditional association tasks to make inferences 

about the neural systems involved in learning and memory retrieval. For the most part 

these studies have tended to employ experimental designs in which the randomization 

block size is equal to the number of associative stimuli and the number of unique 

arbitrary response mappings. The behavioral findings of the monkey experiments 

reported in this dissertation suggest that a potential confound for these type of designs is 

that monkeys can use a strategy similar to a process of elimination to predict correct 

choices if the block size is small. When the ratio between the number of stimulus-

mappings to choice locations within a block exceeds 1, the monkey must rely less on this 

type of strategy and learning rates get slower. When the mappings-to-choice ratio is 

greater than 1, the task may become more like a source memory task, which has been 

operationally defined as a many-to-few encoding situation (Glisky et al., 2001). Monkeys 

have been previously shown to exhibit deficits in learning when the ratio is greater than 1 

(Brasted et al., 2003) as errors increase when the mappings-to-choice ratio is 

parametrically varied. The present dissertation experiments provide the first comparison 

between humans and monkeys of associative learning differences when these design 

parameters change.  Humans appear to learn fast even when the mappings-to-choice ratio 



 237

is far greater than 1, and any future experiments that attempt to compare measurements of 

human and monkey neural system changes during conditional associative learning and 

retrieval should note this important learning rate difference. If monkeys take longer than 

humans to learn conditional associations when the mappings-to-choices ratio is greater 

than 1, what could be the neurobiological explanation for the learning rate deficit? 

Perhaps the deficit is related to a species difference in the encoding capacity of source 

memory. Could the difference in learning rates between humans and monkeys be 

attributed to monkeys having less developed frontal lobes? Source memory deficits 

appear when frontal lobe integrity is compromised, and aged humans show source 

memory deficits consistent with impaired frontal function (Glisky et al., 2001).  Future 

studies may address the neural basis of potential species differences in associative 

learning rates with the larger goal of understanding how human and non-human monkey 

brains have evolved differently to encode memories.  

 
Relation to existing theories 
 
    There is no existing theory of memory consolidation that specifically predicts that once 

an arbitrary relationship between stimulus and action is learned and retained for the long-

term, the retrieval of the association will be either faster or slower because of a change in 

neural system function. One could argue that the standard model of memory 

consolidation accommodates a prediction that retrieval would be faster if the 

hippocampus is not required for the post-retention retrieval operation, as fewer synaptic 
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links need to be activated than during the hippocampal-dependent learning. An 

alternative prediction that memory retrieval would take longer after a retention interval is 

consistent with a recently reported empirically-driven theory of remote memory retrieval 

(Frankland & Bontempi, 2005), which posits an inhibitory influence from frontal cortex 

to temporarily stop hippocampal processing during remote memory retrieval. The 

literature review of chapter 2 provides neuroanatomical evidence that such an inhibitory 

projection does exist between mPFC and hippocampus, but future human and monkey 

functional imaging studies should be conducted to investigate whether this pathway is 

indeed inhibitory during retrieval of remote conditional associations.  

     

    The findings from the present dissertation, particularly the result from the human 

experiments that decision times appear to increase parametrically with retention interval 

duration, seem compatible with the idea that remote memory retrieval should take longer 

due to a neural search process that may require frontal inhibition to pause hippocampal 

encoding temporarily while the associative pattern is recalled from neocortical stores. A 

summary of the timing of human conditional associative learning and retrieval from the 

experiments conducted in the present dissertation (Table 1 and Table 2) reveal how such 

a search process may operate. Two findings that stand out from the decision time 

summary (Table 1) is that retention intervals tend to cause correct retrieval to take longer 

than at the end of learning, suggesting an inhibitory mechanism predominating during the 

search. Retrieval on trials answered incorrectly tends to always take longer than correct 
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retrieval, consistent with a search process that runs longer but ultimately fails. Once the 

correct associative retrieval decision has been made, response completion takes less time 

as motor circuits are strengthened. The time to complete the action component tends to 

decrease if a time window that is not too long (e.g., 24 hours as opposed to 1 week) 

separates the first session of learning from subsequent practice. The different changes in 

the decision and motor completion times are summarized in Figure 6.1 in a time-based 

model of visuomotor associative learning. As learning proceeds in the fist session (Figure 

6.1a), the probability of a correct response increases, while the probability of an incorrect 

response decreases. Decision times distinguish between correct and incorrect trials as the 

probability of a correct response surpasses chance (Figure 6.1b), and the decision time 

latency decreases to a baseline level by the end of learning. At the first retrieval attempt 

after a retention interval, correct decision times increase compared to the level reached at 

the end of learning and incorrect trial decision times are even greater in magnitude than 

successful trials. With continued practice after the first post-retention trial, decision times 

may decrease to the level reached at the end of learning, but require extensive practice to 

fall significantly below the pre-retention baseline. If the retention interval duration is 

optimal (e.g., 6 to 24 hours after initial learning), motor completion times continue to 

decrease significantly below the level reached at the end of the first session of practice 

with the manipulandum (Figure 6.1c).   
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Figure 6.1: A time-based model of visuomotor associative retrieval and response As 
learning proceeds (panel a), the probability of a correct response increases, while the 
probability of an incorrect response decreases. Decision times distinguish between 
correct and incorrect trials as the probability of a correct response surpasses chance 
(panel b), and the decision time latency decreases to a baseline level by the end of 
learning. At the first retrieval attempt after a retention interval, correct decision times 
increase relative to the level reached at the end of learning with incorrect trial decision 
times taking even longer than correct trials. With continued practice after the first post-
retention trial, decision times may decrease to the level reached at the end of learning, but 
require extensive practice to fall significantly below the pre-retention baseline. If the 
retention interval duration is optimal (e.g., 6 to 24 hours after initial learning, but not 
longe), motor completion times continue to decrease significantly below the level reached 
at the end of the first session of practice with the manipulandum (panel c). 
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Implications for future research 
 
    The consistent finding of first-trial decision time increases across the four human 

experiments sets the foundation for a series of functional imaging studies with specific 

predictions. What is the neural basis of parametrically increasing, post-retention decision 

time increases on first retrieval trial attempts before feedback? If the same type of design 

as employed in the present human experiments is used on humans in an fMRI scanner, it 

is possible that increased decision times could be accompanied by decreased 

hippocampal blood-oxygenation level dependent changes if, as predicted by one theory of 

remote memory (Frankland & Bontempi, 2005), frontal cortex exerts an inhibitory 

influence during successful retrieval. Since BOLD responses appear to mimic changes in 

local field potentials (LFPs), and recent functional imaging of rhesus monkeys has shown 

that decreases in BOLD responses correlate with decreased LFPs (Shmuel et al., 2006), 

such a hypothesis is easily testable. Alternative hypotheses are that more hippocampal 

processing could be occurring during first trials that show increased decision times, or 

that there are no changes from baseline in hippocampal activity, but there are increases in 

the time it takes the BOLD response to begin to come back to baseline in neocortical 

areas that support the association. A critical design aspect for these future experiments is 

that hippocampal changes should be seen immediately preceding the decision to act, not 

during the completion of the action. High temporal resolution methods will need to be 

used to image the brain in the period before a response is made to retrieve remote 
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associations, unlike most of the recent imaging studies which have considered summed 

measurements over the decision and action components of the task.  

 
    The ability to distinguish the state of an associative memory, particularly whether its 

retrieval is effortful or automatic, and the ability to predict the duration of the retrieval 

process for individual associations has practical applications. Development of neural 

prosthetic devices has been largely concerned with decoding motor plans. In the future, a 

prosthetic could be used to help recall and action planning for associative memories. An 

understanding of the changing timecourse of the retrieval process could be used to plan 

the read-out and recreation of motor acts from remote or recently learned associative 

memories. A more basic research question concerns how decision time increases 

following a retention interval are related to changes in activity of frontal cortical areas, 

and how these changes could be implicated in distinguishing effortful recall from 

automatic habit memory? One way to investigate this would be to design a combined 

fMRI and TMS study in which differentially-timed pulses of stimulation centered on 

motor reach planning areas could be used to determine whether longer-latency remote 

and shorter-latency recent memories can be differentially disrupted based on the pattern 

of decision time changes reported in the present dissertation experiments.   
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Possible neural and cognitive factors underlying increased decision times 

    While there appears to be some evidence for frontal inhibition of the hippocampal 

system during remote memory retrieval, it is not entirely clear why an inhibitory process 

would result in increased decision times. If hippocampal inhibition occurs during remote 

retrieval, may it operate in parallel to other brain computations and have no influence on 

decision latency? The influence of other neural and cognitive factors on retrieval latency 

should also be considered to inform the design of future experiments that investigate the 

cortico-hippocampal dialogue during remembering.  

    Over 150 years ago, Helmholtz demonstrated that reaction times do not occur 

instantaneously after stimulation, but tend to be long and variable relative to the speed of 

neural transmission (von Helmholtz, 1853). But as Donders suggested in 1868, the 

difference between a reaction time to make a choice between two stimuli and a reaction 

time to a single stimulus presented in isolation could be used to make inferences about 

the duration of mental processes (Donders, 1969). Subtractive designs have been 

successfully used for decades in psychophysical experiments, including the ones 

described in the present dissertation. But what is the relationship between changes in 

neural activity and reaction times?  

    Recent research is focused on understanding the type of neural changes that may cause 

variability in reaction times. The time taken to make a visually instructed eye movement 

from fixation to the periphery of one’s visual field illustrates how a simple occulomotor 

behavior does not follow a linear timecourse predicted by neural conduction delays 
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(Reddi & Carpenter, 2000). Saccadic eye movements occur in response to a stimulus 

appearing in the periphery. But the latency of saccade onset, between 200 and 300 ms 

after stimulus onset, is much slower and more variable than the onset of neuronal firing in 

the superior colliculus (which relays information through the thalamus to frontal cortical 

neurons), and occurs in as little as 40 ms after stimulus appearance. Electrical stimulation 

of superior colliculus neurons can cause saccades to occur within 20 ms of stimulation. 

Since it does not appear that relay of the signal to frontal cortex via thalamus should take 

anywhere near 200 ms, what accounts for the variability between onset of superior 

colliculus neuron firing and the onset of the eye movement?  

    Does the onset of a visually instructed saccade covary with the firing rate of neurons in 

frontal eyefields (FEF) just before a saccade occurs? In other words, are fast saccade 

onset times initiated because of overall faster neuronal firing rates (e.g., 40 Hz), and do 

slow saccades result from overall slower neuronal firing rates (e.g., 20 Hz)? Or does 

saccade onset time covary with the rate at which neuronal firing approaches a constant 

firing rate threshold? In other words, do faster saccades correspond to that rate of 

spikes/second2 approaching a constant threshold rather than the magnitude threshold of 

spikes/second reached immediately preceding saccade initiation? This question was 

addressed in a recent study of monkey FEF neurons, and evidence was found supporting 

the idea that reaction time variability is predicted more by the rate at which activity 

approaches a constant threshold than by the magnitude of the neuronal firing threshold 

(Hanes & Schall, 1996).       
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    Does a similar relationship between neuronal changes and behavior exist during the 

process of remote associative memory retrieval? Are increased decision times a 

consequence of an ensemble of neurons taking more time during remote retrieval 

compared to the end of learning to reach a constant threshold firing rate, at which point 

the associative relationship could be recalled to make a decision? If an association 

between picture and location, or picture and movement direction, is stored during 

learning as a matrix of synaptic weights among several neurons distributed across cortical 

areas, then one possibility is that during a consolidation process occurring within the 

retention interval, some of these weights may be strengthened to make connections 

permanent while some weights may decay back to normal strength. After retention during 

presentation of the picture stimulus, a process of pattern completion may occur in which 

the original stimulus is matched to a partial, or degraded, neural representation to retrieve 

the associated movement. Decision times may be increased because only a fraction of the 

information that existed immediately after learning is present in the neural representation 

of the association. In the future, a computational neural network simulation could be used 

to investigate such a prediction about the changing time for pattern completion during 

recent compared to remote associative memory retrieval.   

    Two fMRI studies from the same group show increasing hippocampal activation 

during retrieval of word-pair associations after retention intervals spaced from 10 minutes 

to 1 month (Bosshardt, Degonda et al., 2005; Bosshardt, Schmidt et al., 2005). These 

findings are contrary to decreases in hippocampal activation reported in other studies of 
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memory retrieval. The authors suggest that the pattern of increased hippocampal and 

cortical activation reflects increases in the number of hippocampal-neocortical memory 

traces formed during memory consolidation, an idea consistent with the multiple trace 

theory (Nadel & Moscovitch, 1997). It not clear from these two fMRI studies whether 

behavioral reaction times during word-pair retrieval covaried with retention interval 

duration, nor is it clear how increased neocortical and hippocampal BOLD activation or 

more rather than fewer cortico-hippocampal traces would affect reaction time. Future 

experiments should seek to clarify the relationship between retention interval duration, 

cortico-hippocampal activation, and type of associative retrieval (word-word, picture-

picture, or picture-place, etc.).  

   One cognitive factor that may account for increased decision times is interference. 

Retroactive interference occurs when new learning interferes with the ability to 

remember previously learned information, and the more similar new material is to old 

material learned earlier, the more interference there is. The present human experiments 

were designed to minimize retroactive interference by having participants recall 

previously learned ‘old’ associations in blocks of trials at the beginning of post-retention 

sessions before the learning of ‘new’ associations. It is more likely that general, everyday 

experiences occurring during the retention interval may have negatively interfered with 

participants’ ability to remember the associations since subjects were not told to 

specifically remember the associations for later testing. Proactive interference can occur 

when information already stored in long-term memory hinders the ability to remember 
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newer information. Proactive interference could occur if some recently learned 

associative stimuli were similar to more remote associative stimuli, causing a competition 

between old and new responses. It is notable that in some associative word-pair 

paradigms (Marshall et al., 2006; Plihal & Born, 1997), accuracy increases rather than 

decreases immediately after sleep compared to a test administered immediately before 

sleep. While it is unclear how reaction times change after sleep in these experiments, 

accuracy may improve because the retention interval does not include waking 

experiences that could potentially interfere with recalling the associations (e.g., reading 

or using similar words in different contexts).   

    Another cognitive factor that may account for increased decision times is the process 

of source monitoring. In the present dissertation experiments, during recall testing after 

retention subjects were required to remember the relationship of many pictures (10, 24, or 

100 in experiments 1, 2 & 3, and 4 respectively) mapped to few locations (always 4). If 

the associative stimulus is considered the item to be remembered, and the correct place to 

which each item is mapped is considered the context, the association can be thought of as 

an item-context mapping. A process of source monitoring could occur at recall when the 

subject is presented with an item and must retrieve the previously learned context. Source 

monitoring, which depends on frontal lobe integrity and is particularly affected during 

aging (Glisky et al., 2001), could be a time consuming process because it involves a 

search through items and contexts to find the correct mapping, not just a simple search of 

items (as in a yes/no item recognition task). The idea that source monitoring may cause 
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increases in decision time raises questions like whether humans would take longer on 

individual trials when remembering 100 unique pictures mapped to 100 unique places, or 

100 pictures mapped to only 4 places.  

 

Consolidation or forgetting? 

    One could argue that, even for successfully retrieved associations, the increased 

latency of decision times reflects a process of forgetting. One of the oldest theories of 

forgetting, the decay theory, proposes that if memories are not rehearsed or used, they 

fade with time and end up disappearing entirely. While there appears to be some evidence 

to support decay theory for short-term and sensory memories, numerous studies suggest 

that, even after many years, a significant proportion of long-term memories are 

retrievable.  Results from one study showed that after 35 years, humans could remember 

around 90% of their school classmates’ names and pictures (Bahrick et al., 1975). In 

another study, retention of Spanish learned in high school was tested over a 50 year 

period in which the majority of subjects did not rehearse the material during the 

intervening period. Retention curves for this type of semantic memory were found to 

decline exponentially over a 3-6 year period, after which retention remained unchanged 

in a state termed ‘permastore’ for up to 30 year for a significant portion of the material 

(Bahrick, 1984). The same pattern exists when students’ retention of names and abstract 

concepts is measured, with rapid forgetting for some of the material over the first few 

months followed by a leveling off of the rate of forgetting at around 3 years so that a 
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significant proportion of the material is remembered without more forgetting for 7 years 

(Conway et al., 1991).  

    One of the earliest set of experiments to quantify the timecourse of forgetting was done 

by Hermann Ebbinghaus. He created and taught himself to the point of ‘mastery’ lists of 

hundreds of nonsense syllables by repeating each syllable over and over at a constant rate 

of 2.5 syllables per second. After different retention intervals over which forgetting 

occurred, he recorded the amount of time and number of trials to relearn each list to the 

same level of mastery reached at the end of learning. Ebbinghaus compared the time or 

number of trials required for relearning with that of the original learning and computed 

the percentage of time saved. He interpreted the ‘savings’ score as the percentage of 

original learning that remained in memory. Ebbinghaus’ savings or forgetting curves 

decayed exponentially, with 58% retained after 20 minutes, 44% after 1 hour, 34% after 1 

day, 25% after 6 days and 21% after 31 days (Ebbinghaus, 1913). While nonsense 

syllables are forgotten more rapidly than meaningful material, they allowed Ebbinghaus 

to perform controlled experiments to measure the amount of material remembered as a 

function of the passage of time. The main finding was that the learned material did not 

decay completely, and a significant fraction remained after a week. Could the remaining 

material be considered consolidated? 

    It is interesting to compare the Ebbinghaus savings curve with changes in the average 

number of associations remembered and decision time probability distributions of human 

experiment 4 in the present dissertation. In this experiment, most forgetting occurred after 
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1 and 7 days, but the number of associations remembered after 7 days is not statistically 

different from the number remembered after 14 days. Decision times increased most 

significantly between 1 and 7 days, but are not statistically different from 7 to 14 days. 

Thus, retrieval time changes systematically with the proportion of information 

remembered as a function of time, and there is a quantifiable relationship between the 

time taken to retrieve an association and retention interval duration. While a significant 

number of associations remain retrievable after two weeks, it takes predictably more time 

to retrieve them from memory. Now that the direction and duration of the retrieval 

latency offset are known, future experiments may be designed to investigate the 

biological changes occurring from 150 to 300 ms after stimulus presentation when the 

neural retrieval of the associative relationship most likely occurs. Can the associations 

that were successfully remembered after 1 and 2 weeks be considered consolidated? May 

the additional few hundred milliseconds of time taken to retrieve these remembered 

associations after 1-2 weeks represent a behavioral correlate of the neural computations 

required to access the associations from a ‘consolidated’ state, a state of storage different 

neuroanatomically from the state of storage at the end of learning? Future experiments 

may provide the answer.  
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Conclusion 
 
    If the associative retrieval process can be decomposed into separate behavioral and 

neural components of perception, decision, and action, then at least two predictions can 

be made about changes in the speed of memory retrieval following learning based on 

existing published studies. The literature on perceptual priming suggests that after a brief 

exposure to a visual stimulus, future identification of that stimulus takes a shorter amount 

of time, and the neural activity underlying the speeded behavioral change is suppressed 

with stimulus repetition as processing becomes more efficient. Likewise, the motor act to 

signal the choice also becomes faster, and several studies have shown that a single night 

of sleep improves the visuomotor procedural skills involved in playing games like Tetris 

and executing sequences of movements. If an analogy can be made between effortful and 

automatic visuomotor associative retrieval and Tulving’s distinction between episodic 

and semantic memory, then it should not be surprising, as one study of the incorporation 

of episodic information into semantic memory has already shown (Dagenbach et al., 

1990), that the transition of an association from ‘unconsolidated’ to ‘consolidated’ may 

take extensive practice and more than a single retention interval. The main conclusion of 

the present dissertation is that while the perception and action components related to 

retrieval of visuomotor associative memories exhibit predicable latency decreases 

consistent with the existing visual priming and motor consolidation literature, the 

retrieval of the association as measured by the time it takes to make a decision to signal 

the correct relationship requires more behavioral, and probably also neural, time. Future 
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studies of memory consolidation will be required to understand how the neural systems 

related to perception, decision, and action change over time and interact to support 

successful memory recall.   
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