
THE EFFECTS OF LEARNING IN ADULT :MACAQUES AS THEY PERTAIN 

TO EXPERIENCE-DEPENDENT SUPPRESSIVE PLASTICITY, IviEl'viORY 

CONSOLIDATION, AND ATTENTION IN THE SOMATOSENSORY CORTEX 

By 

Elsie Yenfen Spingath 

Submitted to the Faculty of the School of Graduate Studies 

of the lVIedica.l College of Georgia in partial fulfillment 

of the Requirements of the Degree of 

Doctor of Philosophy 

January 

2011 



THE EFFECTS OF LEARNING IN ADULT IviACAQUES AS THEY PERTAIN 

TO EXPERIENCE-DEPENDENT SUPPRESSIVE PLASTICITY. MEMORY 

CONSOLIDATION, AND ATTENTION IN THE SOMATOSENSORY CORTEX 

This dissertation is submitted by Elsie Yenfen Spinga th and has been 

examined and approved by an appointed committee of the faculty of the School of 

Graduate Studies of the Medical College of Georgia. 

The signatures which appear below verify the fact that all required changes have 

been incorporated and that the dissertation has received final approval with 

reference to content, form and accuracy of presentation. 

This dissertation is therefore in partial fulfilhnent of the requirements for 

the degree of Doctor of Philosophy. 

Date Major Advisor 

Dean, School of Graduate Studies 



ELSIE YENFEN SPINGATH 
The effects of lea'i·ning in adult macaques as they pertain to experience-dependent 
suppressive plasticity, memory consolidation, and attention in the 
somatosensory cortex. 
(Under the direction of DAVID T BLAKE) 

Over the last two decades, it has become accepted that neural responses in primary 

sensory areas of cortex exhibit lasting changes after learning. This study focuses on 

characterizing differences between the enhancing and suppressive effects of plasticity. 

Experience-dependent neuroplasticty causes broad increases in neural responsiveness. 

Suppression effects have been previously observed, but differences between the two 

have not been directly addressed. lV!icroelectrodes were implanted into the somatosen-

sory cortex (Sl) of adult Rhesus macaques, and the macaques were trained to do a 

detection and discrimination task. 

After learning detection, enhancement effects were broad and nonspecific. These 

effects were present in neurons responsive to target input and neurons whose receptive 

field did not include the target site. Significant increases in receptive field size ac-

companied response enhancement. After learning to associate the distractor stimulus 

with absence of reward in discrimination, neural responses to the distractor stimulus 

were suppressed, and their receptive fields decreased in size. Re.sponse suppression 

was specific to neurons whose receptive fields received distractor input. 

Data collected daily in pre behavioral, behavioral, and postbehavioral sessions was 

compared to investigate how practice contributes to plasticity. In detection, target 

and control responses were significantly greater during the behavior than in pre or 



postbehavioral sessions. Similar effects were seen in discrimination, but behavioral 

responses to the distractor were not significantly elevated over their prebehavioral 

values. The transient. increases in spontaneous activity and evoked activity present 

only during the behavior may indicate attention effects. Spatial selectivity of attention 

effects for the target stimulus during the behavior were found to be significant. 

When pre behavioral data was compared with post behavioral data from the previ

ous day, it was found that neural responses increased from the end of one behavioral 

session to the beginning of the neJ.."t day's session. This suggested that consolidative 

processes may be an important contributor to long._term plasticity. 

Enhancement and suppression likely operate by different mechanisms. Enhance

ment effects are broad and susceptible to the effects of arousal and attention. Sup

pression of evoked responses is specific and maintains throughout contexts in which 

arousal and attention are present. Consolidation is likely to be important in effecting 

experience-dependent. plasticity. 

INDEX \VORDS: Enhancement, Suppression, Neuroplasticity. Somatosensory, 

Learning, Attention, l\·lacaque 
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INTRODUCTION 

STATEI\,IENT OF PROBLEM 

Clinical Implications 

How does the brain maintain and change its representation of the body? What are the 

rules that govern such plasticity and how much can we manipulate these changes by 

understanding these rules? As cortical plasticity is increasingly understood, it is like

wise increasingly implicated in disorders and their rehabilitation. Examples include 

Focal Hand Dystonia (FHD), Phantom Limb Disorder, and stroke rehabilitation (Byl 

et al., 1997; Blake et al., 2002; Corbetta et al., 2002; Ramachandran, 1993). 

Focal hand dystonia is a condition marked by concurrent contractions of antag

onistic muscles in the hand that results in uncontrollable twisting motions of the 

fingers or painful postures. It is experienced by people who incorporate stereotypic, 

repetitive movement of antagonistic muscles in their work, which can include musi

cians, writers, artists, and athletes. Such dystonia is not limited to the hand but 

can also occur in the lips. It is thought that FHD develops through years of intense, 

repetitive activity. As such, those who eventually develop FHD have previously ded

icated their lives to honing high levels of skill and muscular control in their hands. 

The development of FHD can impede function and muscular control to the point 

of ending the careers of previously highly functioning professionals. One musician, 

Billy McLaughlin, is an acoustic guitarist who adapted new teclmiques to cope with 

1 



2 

his dystonia, which left only two functional fingers in his left hand. Four years af

ter ending his career, he relearned to play the guitar with his functional right hand 

(www.billymclaughlin.com). Experiencing FHD can be devastating for those affected 

by it. 

FHD has been induced in owl monkeys in a laboratory setting (By! et al., 1997; 

Blake et a!., 2002). Upon development of FHD in owl monkeys, several notable 

changes occurred in Sl. Normally small and defined receptive fields greatly increased 

in area to include whole digits or multiple digits. The size of cortical columns increased 

about tenfold to 2 mm in diameter. Substitution of representation in cortical columns 

occurred whereby the representation of the face invaded representation of the affected 

hand. In the study by Blake et al (2002), one monkey that went through behavioral 

training to induce dystonia did not develop it. S1 responses in this monkey had 

expanded receptive fields as well, but the size of cortical columns did not increase 

beyond 1 mm. This supports the idea. that some plasticity is normal, but too much 

plasticity results in dysfunction. Similar receptive field plasticity has been found to 

occur in the somatosensory thalamus in humans suffering from dystonia (Lenz and 

By!, 1999). 

It is increasingly accepted that phantom limb disorder is brought about by changes 

in cortical maps after amputation, similar to what was seen in early median nerve 

section experiments (Merzenich eta!., 1983b; l'vlerzenich eta!., 1983a). On the other 

hand, in cases of paralysis from spinal cord injury or stroke, plasticity needs to be 
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encouraged through behavioral therapy. Without such therapy, function is lost and 

patients are likely not to reach their potential for recovery. In one case, a tetraplegic 

was able to recover some function, sensation, and cortical responsiveness to areas 

that were paralyzed and without sensation for years. Despite the fact that the limbs 

were not used for years after the injury, recovery of some function was attained after 

an intense beha~rioral rehabilitative progmm (Corbetta et al., 2002). In stroke, if 

behavioral therapy is not initiated, viable tissue in the penumbra area is invaded by 

surrounding representations. TlJ.is area could have otherwise been used to salvage 

some function t.hat was initially lost in the stroke (Nuda et al., 1996). 

The findings of this study are most relevant to focal hand dystonia. Evidence 

points to a behavioral origin of FHD and the Sl plasticity seen in dystonic monkeys 

is similar t.o the plast.icity being studied in our work. Current behavioral treatment 

available for FHD is based on this class of study and is the result of primate physiol

ogists working with clinicians. This work presents the opportunity to directly affect 

the remediation of such disorders by improving our understanding of how experience

dependent plasticity occurs in adults. 

Relation to basic research 

\Vhat is known about e),.1)erience-dependent plasticity has centered on increases 

in RF size, increases in representation, and enhancement effects of responses to tar

get stimuli after learning a. discrimination task. \\'hile a moderate degree of cortical 

plasticity is likely to be facilitative to performing the task at hand, it is evident 
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that too much plasticity is pathological. Specifically, when RFs become overly large 

and the overlap between the representation of different digits is excessive, the abil

ity to exercise independent. control of digits in tasks that require sensory feedback is 

degraded. Understanding suppressive plasticity is of great importance in these situ

ations. Few studies have characterized suppressive plasticity, and neither has it been 

directly addressed. 

This set of experiments is designed to address that gap in knowledge. The goal of 

these experiments is to differentiate between mechanisms of enhancing and suppres

sive plasticity as well as to characterize suppressive plasticity. It is hoped that, from 

these results, enhancement and suppression may be employed in rehabilitative situ

ations in cases where excessive neuroplasticity has resulted in abnormal behavioral 

function. 

Our laboratory employs a unique technique in which a grid of microelectrodes is 

implanted into the somatosensory cortex (Sl) of a rhesus macaque. Extracellular mul

tiunit activity is recorded from the awake, behaving monkey at multiple timepoints 

throughout the learning process from the same group of neurons. The presence of 

implanted electrodes that are not moved once experiments begin is advantageous. 

Throughout the experiments, cortical responses and receptive field measurements are 

recorded before, during, and after each day's behavior from the same population of 

neurons. In this manner, responses recorded from one monkey can be compared with 

responses from the same monkey at the same cortical location but at different time 
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points. \Ve take advantage of the ability to compare responses from the same cortical 

sites in individual monkeys by making three types of comparisons. To assess general 

learning effects, we compare responses before and after learning the task. To examine 

the effects of practice, we compare responses recorded just before and just after each 

clay's behavior. To examine the effects of arousal, we compare responses recorded 

just before, during, and just after each clay's behavior. 

The first aim of this study tests the hypothesis that neural responses to stimuli 

that are associated with absence of reward are suppressed. In order to cleanly separate 

the effects of enhancement from suppression, this aim comprises two tasks: detection 

and discrimination. The purpose of the detection task is solely to elicit enhanced 

responsiveness to target stimuli. In this task, the monkey presses a lever to initiate a 

trial and signals detection of a tap on a finger of its other hand by releasing the lever. 

Releasing the lever in a timely manner upon presentation of the target tap rewards 

the monkey with a portion of food. The target tap is consistently presented to the 

same skin location throughout the experiment until completion of the two tasks, 

months later. After the monkey learns how to perform the detection task, it will 

continue to perform the same task daily for t.wo weeks. At the end of the two weeks, 

the discrimination task will begin, replacing the detection task. The discrimination 

task is exactly the same as the detection task, utilizing the same target skin location 

for the target tap. The only difference is the addition of a distractor tap temporally 

preceeding the target tap at a spatially separate but consistent skin location. After the 
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monkey initiates a trial, it ig110res the distractor tap bnt releases the lever in response 

to the target tap to receive the food reward. The purpose of t.he discrimination task 

is to induce suppression of neural responses to the distr·actor tap at the distract.or 

skin location. In this manner, enhancement and suppression are studied separately. 

Current literature detailing neuroplasticity have not separated these two effects in 

behavior. At the end of the experimental run, responses before learning a task were 

then compared with responses after learning the task to examine learning effects. 

The second aim is to define the direct role that practice of the daily task has on 

Sl neuroplasticity. It tests the hypothesis that practice of a learned task has lasting 

effects on neural responsiveness that incrementally bolster the overall observed learn

ing effects. As mentioned before, neural responses to tactile stimuli were recorded 

just before and just after each day's behavior in a passive condition. During these 

peri-behavioral recording sessions, the monkey quietly sat and received taps to each 

skin location, one at a time, while neural responses were recorded from the implant. 

Small amounts of food were very occasionally given at random to encourage quiet 

behavior, but food was never consistently correlated with any of the taps presented 

in these sessions. Specifically, in the detection task, we expect that neural respon

siveness to the tru·get skin site will be greater after the monkey has practiced the 

detection task for that day than before that day's behavior began. Similarly, in dis-

crimination, we expect to see suppressed responsiveness to the distractor skin site 

after the discrimination task was practiced for the day than before the day's behavior 
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began. 

In addition to these analyses, we are able to characterize any effects of arousal that 

may exist due to the increased attentional load and expected reinforcements during 

the behavior. v,re examine this by comparing neural responses recorded just before, 

during, and just after each day's behavior. 



LITERATURE REVIEW 

Historical studies of experience-dependent plasticity 

The field of neuroplasticity is relatively new. Prior to discoveries in the last two 

decades, the prevailing view was that changes in neural connectivity ami function 

did not occur after closing of the critical window in development. Cortical reorg~ 

nization has been induced by various methods, including stimulation of the nucleus 

basalis, stimulation of the ventral tegmental area, microiontophoretic application of 

acetylcholine, and perceptual learning. 

One of the early studies of cortical reorganization in adult macaques was done by 

sectioning the median nerve. l\1edian nerve section resulted in immediate changes in 

representational organization within S 1 in regions that received afferent input from 

the median nerve (Merzenich et al., 1983b; :Merzenich et a!., 1983a.). Portions of 

the cortex in this area previously represented glabrous skin and changed to represent 

portions of hairy skin from the hand dorsum. Two to nine months after nerve section, 

topographic organization continued to develop and RFs continued to be refined in 81. 

Representation of input in surrounding areas invaded the region of cortex that lost 

input from the median nerve. Unmasking of 81 inputs from the dorsum after nerve 

section suggests the presence of pre-existing horizontal connections in S 1 that may 

have been previously suppressed but strengthened when normal input was removed. 

Others have also found evidence for the role of horizontal connections in cortical 

plasticity (Smits et al., 1991; Rioult-Pedotti eta!., 1998; Zarzecki et aL, 1993). 

8 
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Early attempts at inducing cortical reorganization through manipulations of stim

ulus timing were centered on the hypothesis that cortical organization was based on 

Hebbian mechanisms. It was proposed that cortex was organized based on the timing 

of inputs from sensory epithelia. Neurons representing areas of skin that received 

coincident input, such as skin on a single digit, would increase the strength of ex

isting connections based on coincident act.ivation and form clearly organized topo

graphic maps. \Vhen digital syndactyly was surgically created by fusing together t.he 

skin of two adjacent digits, borders between the representation of the adjacent digits 

blurred and receptive fields that included both digits emerged (Allard et a!., 1991; 

Zarzecki eta!., 1993; Clark eta!., 1988). Similar effects were seen in humans who had 

syndactyly surgically corrected. Mapping of 81 by l'viEG revealed that initial overlap

ping representations of different digits separated when the digits were separated from 

one another (111'1ogilner et a!., 1993). Wang et al (1995) induced plasticity in 81 by 

training owl monkeys to do a spatial discrimination task. Each stimulus in the task 

was a bar that simultaneously tapped three digits. After 1-2 months of training, 56% 

of recorded neurons exhibited multiple digit receptive fields corresponding with the 

areas of skin that were simultaneously stimulated in the discrimination task (Wang 

eta!., 1995b). 

Timing of stimulus input, however, does not completely explain cortical organiza

tion and how it changes. \i\1ang eta! (1995) proposed5-10 ms to be normal asynchrony, 

capable of maintaining normal cortical maps. However, Blake eta! (2005) were able to 
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induce development of multiple-digit receptive fields in a. discrimination task utilizing 

asynchronous stimuli. Owl monkeys performed a temporal discrimination task with 

single taps presented over 100 ms apart on two digits. After learning to detect stim

ulus interval changes, receptive fields that included multiple digits developed despite 

the fact that the 100 ms interval between taps was much greater than the proposed 

normal stimulus asynchrony from adjacent skin sites on one digit (Blake et a!., 2005). 

Cortical plasticity can been induced through other means. Paired electrical stimu

lation of the nucleus ba~alis (NB) with tone presentation induced receptive field plas

ticity in the auditory cortex (Bakin and 'Weinberger, 1996; Weinberger, l'viiasnikov, 

and Chen, 2006; Miasnikov, Chen, and Weinberger, 2008; Miasnikov, Chen, and Wein

berger, 2009; Weinberger, 2003). Specific increased responsiveness to the frequency 

of the paired tone developed in A1 that was present immediately after the pairing 

and was still present 30 minutes after NB stimulation (Bakin and Weinberger, 1996). 

Additionally, the level of NB stimulation was fom1d to correspond to the specificity 

of plasticity observed such that low levels of stimulation elicited broad effects (Wein

berger, lvliasnikov, and Chen, 2006). The NB is the major source of acetylcholine to 

the cortex (Struble et a!., 1986), and the induction of plasticity with NB stimulation 

implicates a role for acetylcholine in neuroplasticity. Similar to what was seen in 

early plasticity studies, microiontophoretic application of ACh to cortex unmasked 

portions of receptive fields that were previously not detectable (Rasmusson, 2000; 

Donoghue and Carroll, 1987; lVIetherate, Tremblay, and Dykes, 1988). ACh has been 
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proposed to be a permissive agent for plasticity. Acetylcholine also plays a major role 

in attention, and studies have found that cortical attention effects were also dependent 

on muscarinic receptors (Herrero et a!., 2008; Rasmusson, 2000). 

More recently, experience-dependent plasticity is being induced through learning 

paradigms that rely on rewru·ds to motivate behavior in animals. :rviost of the tasks 

that are utilized are sensory discrimination tasks, a11d the learning of these tasks 

have elicited nuu·ked plasticity effects in the sensory cortices. These behavioral ma

nipulations have taken place in the auditory (Bao et a!., 2004; Beitel et a.!., 2003; 

Galvan and \'Veinberger, 2002; Polley, Steinberg, and Merzenich, 2006), somatosen

sory (Blake et a!., 2002; Blake eta!., 2005; Jenkins et a!., 1990; Wang eta!., 1995a), 

and visual cortices (Raiguel et a!., 2006; Schoups et a!., 2001; Yang and Maunsell, 

2004). A common, but not universal, finding in these studies is that neural respon

siveness to target stimuli is increased after learning. Increased cortical representation 

and receptive field size of neurons that. respond to the target stimulus have also been 

characterized. In addition, the hypothesis that reward association leads to cortical 

plasticity is supported by work that showed induction of A1 cortical plasticity when 

pairing all auditory stimulus with electrical stimulation of the ventral tegmental area 

(VTA) (Bao, Chan, and Merzenich, 2001). The VTA is a source of dopamine to the 

cortex (Foote and Morrison, 1987), and is known to respond to prediction errors of 

reward value (Hollerman and Schultz, 1998; Schultz, Dayan, and Montague, 1997; 

Schultz and Dickinson, 2000). 
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In perhaps one of the most compelling studies of the substrates of neural plastic

ity, Blake et al (2006) demonstrated that neither the timing of stimulus input alone 

nor the timing of stimulus-reward presentation alone was sufficient to induce plastic

ity. Specifically, cognitive association between stimulus and reward were required for 

plasticity (Blake et a!., 2006). This requires top-down, cognitive learning, which is 

more than just receiving well-timed stimulus and reward inputs. 

In sensory discrimination tasks, a strategy that may be used to increase discrim

inability of targets vs. distractors is to increase the firing rate difference between neural 

responses to targets and distractors. Extracellularly recorded neural activity has been 

shown to influence decisions in perceptual learning tasks. In the visual system, neural 

activity recorded from a small number of neurons in a.rea. JVIT was predictive of the 

the monkey's decisions during the task. Additionally, microstimula.tion of neurons in 

'tvlT was able to elicit bias in the monkey's decisions during the behavioral task (Salz

man, Britten, and Newsome, 1990; Newsome, Britten, and 1\'Iovshon, 1989). Similar 

effects have been seen in Sl. In S1, not only was microstimulation able to bias the 

behavioral response, but it was able to override simultaneous mechanical stimulation 

of the skin and bias response toward the electrical stimulation (Romo et a!., 1998; 

Hernandez, Zainos, and Romo, 2000). 

Many studies of learning and neuroplasticity have focused their attention on the 

increased responses to and representation of target stimuli in cortex (Allard et a.!., 

1991; Galvan and Weinberger, 2002; Jenkins eta!., 1990; Kilga.rd and Merzenich, 1998; 
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Blake et a!., 2002; Weinberger, 2003). Neural response suppression in plasticity has 

been documented, but studies have not directly addressed suppression and how it 

may differ with response enhancement. 

One example of response suppression in plasticity occurred when monkeys were 

trained to discriminate the temporal envelope, or the temporal pattern, of acoustic 

stimuli. After training, neuronal responses to both target and distractor stimuli 

were suppressed in trained animals. This suppressive effect was greater for distractor 

than target responses, resulting in a larger firing rate difference between distractor 

and target responses in trained animals as compared to na'ive animals (Beitel et a!., 

2003). 

Another example of suppression in Al involved training rats to discriminate low 

intensity sound targets (Polley, Steinberg, and lvferzenich, 2006). Rat Al typically has 

greater responsiveness to high intensity sotmds than to low intensity sounds. After 

training to discriminate low intensity targets, neuronal responses to low intensities 

in trained rats increased relative to responses in control animals. Correspondingly, 

neuronal responses to high intensity distractors decreased in trained animals relative 

to control animals when targets were low intensity sounds. 

Given the similarities in the role that ACh plays and the effects it has in attention 

and plasticity, one can not help but ponder the role that attention has in plasticity and 

reward-based learning. In fact, Maunsell (2004) suggested that the network studied 

in attention and reward-based plasticity studies is the same network, based on the 
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fact that reward and attention are intertwined in experiments designed to study 

reward or attention. While this is intriguing and probably bears more truth than 

most realize, reward-based learning induces lasting plasticit.y in the sensory cortices. 

While attention likely plays a role in learning, it would not be beneficial for attention 

alone to induce lasting plasticity. If this were the case, change would be constant. 

Constant change is inefficient, as not everything that is attended is useful. It is likely 

that the differences in the two are drawn out in the interplay of activity between the 

nucleus basalis, ventral tegmental area, and locus coeruleus. The locus coeruleus is 

a source of norepinephrine to the corte.x and hippocampus. It is implicated in the 

state of alertness and its activity corresponds with the orienting response and the 

presentation of target stimuli (Aston-Jones et a!., 1994; Berridge and Waterhouse, 

2003). 

For tlJ.is st.udy, we have chosen to perform our eAl)eriments in 81. 81 has well

defined topography, and it is easier to implant electrodes in Sl than in the auditory 

cortex clue to its location. Our studies would establish consistency with A1 plastic

ity findings, helping establish general applicability of learning rules in the sensory 

cortices. 

All our training and recording is done in alert, behaving Rhesus macaques. The 

implants we use yield long-term, consistent physiological recordings from a single pop

ulation of neurons. \Vit.hin an implant are 64 parylene-coated iridium microelectrodes 

for extracellular recording and the recording of local field potentials. These electrodes 
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are 75 run in diameter but taper over the last 2 mm from 40 {till to 3 Jtlll at the tip. 

All 64 electrodes are arranged in a 3.5 x 3.5 mm grid and cover the representation of 

3 to 4 digits. \Ve have been able to obtain clear, consistent data from these implants 

for 2 years. 

Long-tenn consistency in data collection from the same population of neurons al

lows us to record throughout the learning process and compare pre-and post-training 

data from the same population of neurons. Studies examining plasticity typically 

record neural activity at one time point after completion of extensive behavioral train

ing. Learning effects are then discerned by comparison of neurons in a trained and 

control (na'ive) animal, which increases data variability and requires more animals. 

If we estimate that other methods require five times as many animals to account for 

inter-animal variability and three times as many animals to sample at different time 

points, we would find that these experiments require over 30 animals and 15 years 

of behavioral training to generate less powerful data than can be generated with two 

successful implants. 
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ABSTRACT 

Adult learning-induced sensory cortex plasticity results in enhanced action poten

tial rates in neurons that have the most relevant information for the task, or those 

that respond strongly to one sensory stimulus but weakly to its comparison stimulus. 

Current theories suggest this plasticity is caused when target stimulus evoked activity 

is enhanced by reward signals from neuromodulatory nuclei. Prior work has found 

evidence suggestive of nonselective enhancement of neural responses, and suppression 

of responses to task dis tractors, but the differences in these effects between detection 

and discrimination have not been directly tested. Using cortical implants, we defined 

physiological responses in macaque somatosensory cortex during serial, matched, de

tection and discrimination tasks. Nonselective increases in neural responsiveness were 

observed during detection learning. Suppression of responses to task distractors was 

observed during discrimination learning, and this suppression was specific to corti

cal locations that sampled responses to the task distractor before learning. Changes 

in receptive field size were measured as the area of skin that had a significant re

sponse to a constant magnitude stimulus, and these areal changes paralleled changes 

in responsiveness. From before detection learning until after discrimination learn

ing, the enduring changes were selective suppression of cortical locations responsive 

to task distractors, and nonselective enhancement of responsiveness at cortical loca

tions selective for tmget and control skin sites. A comparison of observations in prior 

studies with the observed plasticity effects suggests that the non-selective response 
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enhancement and selective suppression suffice to explain known plasticity phenomena 

in simple spatial tasks. This work suggests that differential responsiveness to task 

targets and distractors in primary sensory cortex for a simple spatial detection and 

discrimination task arise from nonselective increases in response over a broad cortical 

locus that includes the representation of the task target, and selective suppression of 

responses to the task distractor within this locus. 
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INTRODUCTION 

The adult. brain learns to discriminate somatosensory, auditory, and visual forms 

through experience. This experience causes representational changes in primary sen

sory cortex (Jenkins et a.l., 1990; Recanzone et a!., 1992; Recanzone, Merzenich, 

and Schreiner, 1992; Reca.nzone, Schreiner, and lVIerzenich, 1993; Xerri, Stern, and 

lVIerzenich, 1994; Wang et aL 1995b; Xerri et a!., 1999; Beitel et a!., 2003; Polley et. 

a!., 2004; Blake et a!., 2002; \\1einberger, 2004; Blake et a!., 2005; Polley, Steinberg, 

and lVIerzenich, 2006). To a first approximation, neurons that respond to stimuli asso

ciated with reward develop stronger responses throughout practice, whereas neurons 

associated with omission of reward exhibit weaker responses after experience. This 

learning rule implies that neurons carrying the most reward-relevant information, or 

those that respond strongly to the target and weakly to the distractor, will have their 

responsiveness enhanced (Schoups et a!., 2001; Ghose, Yang, and i'daunsell, 2002; 

Yang and l'viaunsell, 2004; Raiguel et a!., 2006; Blake et a.!., 2002; Blake et a!., 2005; 

Blake et a!., 2006), and that neurons are impacted by associational learning (\~1ein

berger, 2004). Additionally, sensory cortex activity has been demonstrated to com

prise the signals upon which decisions are made (Britten et a!., 1996; Hernandez, 

Zainos, and Romo, 2000; Uka and DeAngelis, 2003; Nover, Anderson, and DeAngelis, 

2005), which, when combined with the aforementioned reward-association neuroplas

ticity rules, implies that a significant component of perceptual learning is dependent 

on sensory cortex changes. 
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To selectively reinforce the neurons that respond well to the target but not to the 

distractor, and not just those with strong target responses, several strategies may be 

used. First., the reinforcement process could be unimodal and selectively enhance the 

most informative neurons. This strategy, however, requires a reinforcement process 

that can differentiate between high levels of neural activity, or the neural response to 

the target, and lower levels of neural activity that are more informative about rein

forcement, or neural responses that differentiate the target and distractor. It has been 

suggested that an underlying process is the pairing of neuromodulators with stimu

lus evoked activity. The neuromodulators, which me released in sensory cortex after 

stimuli associated with reward, act to potentiate the responses to task targets (De

Long, 1971; Richmdson and DeLong, 1986; Richardson and DeLong, 1990; Bakin and 

Weinberger, 1996; Kilgard and lVIerzenich, 1998; Bao, Chan, and Merzenich, 2001; 

Schultz, 2007). Although this mechanism is plausible and backed by data, it requires 

additional mechanisms to potentiate informative responses, and not just target stim

ulus responses. 

The explanation of the neural mechanisms gets simpler if the reinforcement pro

cesses are bimodal. \~'ith one mechanism to enhance responses to stimuli associ

ated with reward, or task targets, and a second mechanism to suppress responses 

to stimuli associated with omission of reward, or t.ask distractors, the most infor

mative neural sig1mls will be enhanced. Although sensory discrimination e},:peri

ments have observed suppression of responses to task distractors (Blake et a!., 2002; 
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Blake et a!., 2006), these experiments cannot distinguish between unimodal and bi

modal reinforcement processes because the plasticity effects for the task target are 

confounded with those for the task distractor. Similarly, nonspecific plasticity ef

fects that have been observed ru·e not closely tied to reward, or omission of rewru·d, 

associations because these effects ha~,e been observed in discrimination tasks. 

To different.iate between these possibilities, we trained monkeys serially on de

tection and discrimination tasks. This t.raining strategy isolates effects that occur 

when an animal associates a target stimulus with a reward from those that occur 

when an animal associates a distractor stimulus with omission of reward. The most

informative reinforcement rule hypothesis predicts that neurons that prefer task tar

gets will strengthen on detection learning, and will continue to strengthen on dis

crimination learning. The bipolar reinforcement rule hypothesis additionally predicts 

suppression of responses to the task distractors upon discrimination learning. Our 

animals are implanted with custom cortical microarrays to allow daily population 

measurements to be collected so that representations may be tracked tln·oughout the 

learning process ( deCharms, Blake, and Merzenich, 1999), which enables serial learn

ing experiments such as this one. The results demonstrate the necessity of this type 

of experiment, as our understanding of the reward a5sociation plasticit.y has to be 

reconsidered upon observing the results and incorporating them with existing work. 
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RESULTS 

A series of behavioral tasks were designed to segregate different hypotheses about 

how responses of t.he most informative neurons are enhanced during sensory discrim

ination learning. An array of 64 microelectrodes was implanted into the primary 

somatosensory cortex of two adult Rhesus monkeys, and responses were allowed to 

stabilize for more than six week~. Data, specifically receptive field maps and responses 

to calibrated skin indentations, were collected before each day's behavioral session. 

The same sensory stimuli that are presented during the behavior are tested prior to 

each day's behavioral session to minimize changes in attention and arousal that may 

occur throughout learning dming the study. 

The elect.rodes in our implants sample responses from the same skin surfaces 

throughout study. An example that shows the reliability of this process throughout 

8.5 months is shown in Figure L Receptive fields are mapped manually, but the 

person defining the receptive field is blinded to the identity of the implanted electrode 

to which she was listening. 

Each electrode sampled multiunit data from the same cortical location throughout 

the study. 63 electrodes yielded somatosensory responses from the two animals. Of 

these, 18 were consistent and used in the four behavioral experiments in this study. 

From those 18 electrodes, 567 quantitative firing rate profiles were taken, and 542 

receptive fields were measured. 
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0 months 4 months 6.5 months 8.5 months 

Figm·e 1. Consistency of mapped RFs over a pe1iod of 8.5 months ind-icate a 

stable implant. Each hand dia.gmm shows .five overlaid receptive .fields from the same 

implanted electrode over a week. 
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Animals were pre-trained on a lever holding task. This task, shown in Figure 2B, 

required the monkey to press and hold a lever for a minimum hold time, after which 

a lever release triggered a reward. 

After implantation and performance of the lever holding task for several weeks, 

animals were transitioned to the detection task. This task, shown in Figure 2C, 

requires animals to hold a lever press until a 200 Jl.m tactile tap is delivered to the 

target skin location on the hand contralateral to the implant. The detection task was 

performed for two weeks after learning. The discrimination task is identical to the 

detection task, except that a distractor tap is delivered on trials in which the target 

is presented a.t 1500 msec, as shown in Figure 2D. 
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Figure 2. A. Marked grid of sites on digits ensures spatial consistency when col-

lecting data daily. Fo·r each e.T.periment, one site is assigned to r·eceive the ta·rget tap 

('r), and another site is assigned to Teceive the distra.ctor tap (staT). B. Lever holding 

task. Tile monkey must hold the lever pressed longer than the minimal hold time to 

get a. reward upon lever release. C. Detection task:. The monkey releases the lever in 

response to the 200 p.m. taJyJet tap fo7· a ·rewa.rrl. The .figw·e iZZ.ustmtes the two types 

of trials which are randomly inter·lenved. The ta.rget tap can occur at different times 

rdati11e to the init·iation of the lever hold. D. Discrimination tash. The task requ.i·res 

releasing the. leve·r after a target tap. As ·with the detection task, two types of trials 

are mndomly interleaved. Distmctor ta.ps a-re presented on !:rials in which the tmyet 

is presented at a. late-r time. E:1;cept fo-r the presence of the distracto·r tap on half the 

tria/,s, the disc·rimina.tion task is identical to the detection task. 
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DETECTION TASK 

The detection task was learned a total of four times in two animals. In all cases, 

significantly positive d' values indicated that the animals had learned the task. An

imals typically performed the task for 1000 rewarded trials a day. The last day d' 

increased to greater than 0.6 (or p< 10-6 ) was considered the day the detection task 

was learned. d' is a signal detection metric that increases as the animal increases in 

hit rates or decreases in false positive rates (Green and Swets, 1966). Hit rates, false 

alarm rates, and d' are shown in Figure 3. 

Firing rate responses to tap stimulation at skin sites were grouped into electrodes 

that sampled target site responses before detection learning, electrodes that sampled 

pre-distractor site responses before learning, and electrodes that sampled from nei

ther the target. or pre-distractor site, which were the control responses. During the 

detection task, one tactile motor tip statically indented each of the target site and the 

pre-distractor site by 500 f.J,m. The motor tip on the pre-distract.or site did not deliver 

any taps during the detection behavior, but did deliver taps once the discrimination 

behavior began. Recordings from neurons whose receptive fields did not include the 

target or distractor site were control responses. 

To take advantage of the controlled sampling from using an implant, firing rate 

samples from each electrode prior to learning were paired with samples from the 

same electrode after learning. Eight samples were taken in the last eight days prior 

to learning, and these were compared with the first eight samples after learning. 
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Figure 3. A. Hit and false alarm rates for detection learning. Different experi-

mental runs were aligned on the day of learning which typically featured a sharp break 

between hit and false alarm rates. B. d' averaged across experimental runs. d' in-

creases with increases in hit rate and decreases in false alarm rate. In this and all 

subsequent daily learning gra.phs, data points do not occ·ur on day zero. Day -1 is the 

pre-behavioral data collection session on the day of learning before learning occurred. 

Day 1 is the day after learning occurred. Da.y 1 a.nd day -1 are tempora.lly separa.ted 

by one day. 
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At the beginning of each experimental run, electrodes were grouped as target, 

distractor, or control, depending on whether the receptive field included a target site, 

distractor site, or neither in their receptive field. Target electrode responsiveness was 

evaluated based on the strength of the stimulus evoked response at that electrode to 

a tap at the target skin location. Distractor electrode responsiveness was determined 

analogously for the distractor tap. Control electrode responsiveness was evaluated 

based on the response to a tap of the same amplitude as the target and distractor tap 

delivered at a location in our sampling grid that maximized the tap response for that 

control electrode. Control skin sites were specific for each electrode, and constant for 

each behavioral series. 

To determine overall target, distractor, or control responsiveness, firing rate data 

was averaged across the four experimental runs for each group of electrodes. Data 

before learning was compared to the data after learning with a two-tailed t-test. The 

target group contained samples from four electrodes that sampled target skin sites, 

the pre-distractor group contained samples from four electrodes that sampled pre

distractor skin sites, and the control group contained samples from eleven electrodes 

that were each sampled at their most sensitive location within our grid. This analysis 

consisted of 64 target, 64 dis tractor, and 176 control firing rate profiles. 
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Figure 4- Effeds of learning detection on firing rate. A. Single electrode example 

of target site. Perist·im.ulus time histograms (PSTHs) are averaged over a week each 

before and after learning. Inlaid receptive fields show examples from before and after 

learning. B. Population average. All target site responses from all e1:perimental rnns 

are averaged by group. Dashed line shows data before learning, and solid line shows 

data after learning. C. Daily average across all experimental runs of the same mea-

sv.res in B. D. Single electrode example of pre-distractor site. E. Population average 

of pre-distractor sites. F. Da.ily averages of pre-distractor sites. G-1. As in A-C and 

D-F, for Control s·ites. 
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Upon learning detection, neural responsiveness to target sites increased from an 

average firing rate of 29.0 imp/sec to 40.6 imp/sec, and this was significant, as shown 

in Figure 4A-C (p< 0.0065). Response strength to taps at the target site were, on 

average, 140% of the response strength before learning. Control electrodes also in

creased in responsiveness (p<0.0005), as shown in Figure 4G-l. The responses to taps 

in the sensitive region of the receptive field for control electrodes after learning were 

232% of the response strength before learning. Control responses increased from an 

average of 5.1 imp/sec to 11.8 imp/sec after learning detection. Neural responsiveness 

to pre-distractor sites did not exhibit a significant change in firing rate upon learning 

detection, as shown in Figure 4D-F. The control electrodes were divided into elec

trodes that developed responses to the target stimulus (n=3), and those that did not 

(n=S). The control responses to a stimulus within their original receptive field, and 

not the target skin site, were analyzed for plasticity. Both electrodes that developed 

tar·get responses and those that did not significantly increased their responses after 

detection learning (p<0.00003 and p<O.OOll respectively). Controls that developed 

target responses increased from 0.7 imp/sec to 6.6 imp/sec, and this was 927% of the 

responsiveness before learning detection. Those that did not develop target responses 

increased responsiveness from an average of 6.7 imp/sec to 13.6 imp/sec, 201% of the 

responsiveness before learning detection. The control electrodes all had clear tactile 

responses on all days, even though some did not yield clear responses to the 200 Jlm 

taps on all days. 
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Receptive field areas were analyzed separately from the firing rate data. Receptive 

field data was grouped into two electrodes that sampled the target skin site only, two 

electrodes that sampled the pre-distractor site only, two electrodes that sampled both 

the target. and pre-distractor site, and twelve electrodes that sampled control skin 

sites. In total, 32 target only, 32 distractor only, 32 target and distr·actor, and 192 

control receptive field profiles comprised this analysis. More control electrodes were 

used for receptive field analysis than for action potential rate analysis because some 

electrodes had receptive fields that. were accessible using manual mapping methods 

but not located within our grid used for that experiment. These were typically not 

close to the plane of the ventral surface of the hand. The same days were compared 

in the receptive field analysis that. were compared in the firing rate analysis. 

The changes in receptive field area upon learning detection were similar to the 

firing rate changes, and are shown in Figure 5. Target only receptive fields exhibited 

a significant increase in receptive field area upon detection learning (p<0.0004). These 

receptive field areas increased from an average area of 25.6 nnn2 to 36.0 mm2 , and 

the areas after learning were 140% of the before learning areas. Neither receptive 

fields that contained both the target and pre-distractor sites, nor receptive fields that 

only contained the pre-distractor sites exhibited significant changes. All receptive 

fields that included targets, which is the smn of the cortical locations with receptive 

fields that included only the target and those that included the tru·get and distractor, 

increased from an average of 21.0 mm2 to 29.4 mm2. The areas after lean1ing were 
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140% of the areas before learning (p<0.02). Control receptive fields exhibited a 

significant increase in receptive field area. They increased from an average of 11.2 

mm2 to 27.7 mm2 , and were 247% of the areas before learning (p< 0.001). 
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Figure 5. Effects of learning detect-ion on receptive field area. A. The average 

area of all receptive fields that contain only the target skin site. B. A single electrode 

example of groups of receptive fields before and after learning. Thi.s electrode sampled 

a receptive field containing only a target. C-D. As in A-B, but electrodes sampled 

receptive fields containing only the pre-distractor site. E-F. As in A-B, but electrodes 

sampled both the target and distmctoT. G-H. Control data. Each digit has overlaid 5 

days of mapped receptive field.s. 
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DISCRIMINATION TASK 

After two weeks of performing the detection task, the distractor tap was initiated 

in experimental runs. Learning consisted of suppressing behavioral responses to the 

new task distractor, shown in Figure 6. Learning always occurred on the first day, 

and is noted by the changes in false alarm rate on subsequent days. 

In comparing detection with discrimination, the only significant changes in tap 

responses that occurred were found in disti·actor responses. Neural responsiveness to 

distractor sites was significantly suppressed (two-tailed t-test, p<0.05, Fig. 7D-F). 

The average firing rate response to distractor sites decreased from 44.0 imp/sec to 

25.5 imp/sec after learning discrimination. The response strength was only 58% of the 

response prior to learning. Target and control responses did not significantly change 

in the first week after learning discrimination. Comparison of neural responsiveness 

to specific skin sites in detection and discrimination conditions took into account all 

relevant electrodes across the four experimental runs that continued into discrimi

nation. Eight days' of data before discrimination learning were compared with four 

days after discrimination learning. Only four days after discrimination learning were 

compared because one of the experimental runs had to be stopped early in the first 

animal. In other experimental runs, at least eight days of discrimination data were 

collected. Firing rate data from each electrode across the twelve comparison record

ings were averaged, and then data was pooled across electrodes by condition. Four 

electrodes were used for target comparisons, four were used for distractor compar-
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isons, and eleven were used for control comparisons. In total, 48 target, 48 distractor, 

and 132 control firing rate profiles comprised this analysis. 

Learning discrimination caused an increase in the control receptive field areas. 

They increased from an average area of 31.9 mm2 to 49.2 mm2 and were 154% of 

the areas before learning discrimination (p<0.04). All other group changes were 

nonsignificant, and are shown in Figure 8. Data across all four experimental runs 

were grouped into two electrodes that sampled the target site only, two that sampled 

the distractor site only, two that sampled the target and distractor site, and twelve 

that sampled control sites. Data was averaged and compared with a two-tailed t

test. Eight. days' of data before learning discrimination were again compared with 

four days' of data. just after learning discrimination. A total of 24 target only, 

24 distra.ctor only, 24 target and distractor, and 144 control recept.ive field profiles 

comprised this analysis. 
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Figure 6. A. Hit and false alarm rates for disc1-im.ination learning. Different e.o;-

perim.ental runs were aligned on the day the distractor was introduced. B. d' averaged 

across expe1-imental runs. d' increases with increases in hit rate and decreases in false 

alarm rate. 
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Figure 7. Effects of learning discrimination on firing rate. A. Single channel ex-

ample of tmyet site. Peristim.ulu.s time h-istograms (PSTHs) are averaged over a week 

each before and after learning. Inlaid receptive fields show examples from. before and 

after learning. B. Population average. All taryet site responses from. all experimental 

runs are averaged by gmup. Dashed line shows data before learning, and solid line 

shows data. after learning. C. Daily average across all experimental runs of the same 

measures in B. D. Single channel example of pre-distractor site. E. Population aver-

age of distractor sites. F. Daily averages of pre-distractor sites. G-1. As in A-C and 

D-F, for Control sites. 
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Figure 8. Effects of learning discrimination on receptive field aTea. A. The avemge 

an~a of all Teceptive fields that contain only the taTget skin site. B. A single electmde 

e:cample of groups of Teceptive fields befoTe and afteT learning. This electmde sampled 

a receptive field containing only a taTget. C-D. As in A-B, but electmdes sampled 

receptive fields containing only the pre-distmctoT site. E-F. As in A-B, but electmdes 

sa-mpled both the taTget and distmctor. G-H. Contml data. Each digit has overlaid 5 

days of mapped Teceptive fields. 
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EFFECTS FROM BASELINE TO DISCRilviiNATION 

Overall changes from the beginning of an experimental run through to the very 

end were assessed. Eight days' of data from the baseline, pre-detection, condition 

were compared wit.h four days' of data at the end of the discrimination period, and 

statistical significance assessed with a two-tailed t.-test. As with other data, statisti

cal significance was assessed after all action potential firing rates and receptive field 

areas were averaged and take into account all relevant electrodes across the four ex

perimental runs that went from baseline to discrimination. Data from four electrodes 

constituted the target group, data from four electrodes constituted the distractor 

group, and data from eleven electrodes constituted the control group. In total, 48 

target, 48 distractor, and 132 control fi1ing rate profiles comprised this analysis. 

At target. sites, Figure 9A, neural responses increased from an average of 29.0 

imp/sec before detection learning to 42.0 imp/sec after discrimination. The response 

after discrimination was 145% of the rates before detection learning (p<0.015). At 

distractor sites, shown in Figure 9C, average rates decreased from 45.2 imp/sec to 25.5 

imp/sec, and the responses were 56% ofrates before detection learning (p<0.015). At 

control sites, shown in Figure 9E, tap responses increased from 5.1 imp/sec to 12.4 

imp/sec and were 243% of before detection learning levels (p<0.00005). 

When comparing receptive field areas, two electrodes sampled the target skin site, 

two sampled only the distractor skin site, two sampled both the target and distractor 

skin site, and twelve sampled control sites. The same days were compared in the 
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receptive field analysis as were compared in the firing rate analysis. A total of 24 

target only, 24 distractor only, 24 target and distractor, and 144 control receptive 

field profiles were compared in this analysis. 

Receptive fields that included only the target site increased from an average area 

of 25.6 mm2 to 37.8 1111112
, and were 148% of their area before detection learning 

(p<0.003). Receptive fields that included both the target and distractor skin site did 

not change significantly. Receptive fields that included only the distractor decreased 

from 52.8 111m2 to 32.3 mm2 . The final receptive field areas after discrimination 

were 61% of their before detection learning area (p<0.00003). If all receptive fields 

including the target are analyzed, which is a combination of two groups already 

presented, area increased 134% from 21.0 mm2 to 28.0 mm2 (p<0.005). Control 

receptive fields increased to 438% of their area before detection learning, from 11.2 

mm2 to 49.2 m1112 (p<0.000002). 
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Figure g, Firing rate and recepti.ve field size effects from the beginning of the 

expe1imental runs (PreDetect) to the end (PostDiscrim). A. Averaged target firing 

rate response to tap at target skin site. B. Averaged receptive field area from electrodes 

that sampled only the target. C. Averaged distractor firing rate response to tap at 

distractor skin site. D. Averaged receptive field from electrodes that sampled only the 

distractor skin site. E. Averaged control tap response. F. A-uemged control receptive 

field area. G Averaged receptive field area over all electrodes that sampled targets 

(average of B and H). H. Averaged receptive field area over all electrodes that sampled 

both target and distra.ctor. 
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DISCUSSION 

This work supports the hypothesis that reinforcement processes in sensory dis

crimination learning is bimodal, having one mode for plasticity that results when 

a task target is associated with reward, and a second mode when a task distractor 

is associated with omission of reward. The hypothesis that reinforcement processes 

are unimodal may be rejected. This work also introduces a new species to the im

plant studies of adult learning induced sensory cortex plasticity. Prior studies had 

used owl monkeys (Blake et al., 2002; Blake et al., 2005; Blake et al., 2006). The 

most surprising finding is that by the end of study, control locations are potentiated 

more than locations containing responses to the task targets. The nonselective re

sponse enhancement has been observed in multiple prior studies (Blake et al., 2002; 

Blake et al., 2005; Blake et al., 2006), but never isolated to the effects associated 

with reward. The hypothesis that these nonselective increases in response strength 

are temporary and are caused by changes in the animal's state of attention or arousal 

may be rejected because the effect.s are not seen at the cortical locations with neural 

responses to the task distractors. We offer multiple alternative explanations, which 

are not mutually exclusive. The first is that the neuroplasticity is guided by feedback 

from hierarchically higher sensory cortices, like areas 1 and SII. A simple possibility 

is that the target neural activity is projected to these higher areas, which in turn 

feedback to the lower areas to direct the plasticity. These feedback projections may 

also be involved in the preparatory set of the animal (Fuster, 2001). The prepara-
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tory set refers to the set of neural activity involved in readiness and anticipation of 

experience. The preparatory set would be expected to include biases in activity from 

higher somatosensory cortices (Hsiao, O'Shaughnessy, and Johnson, 1993). The in

volvement of the preparatory set in cortical plasticity may explain the topographic, 

task specific transfer of learning seen in somatosensory studies (Harris, Harris, and 

Diamond, 2001), and the activation of primary sensory cortex in fMRI studies during 

mental imagery (Porro et a.l., 1996) or during expectation of a task relevant stimu

lus (Silver, Ress, and Heeger, 2007). Another possibility is the spread of plasticity 

from extrasynaptic nemomodulator release of noradrenaline (Seguela et al., 1990). 

N oradrenergic terminals project into the extrasynaptic space more often than in the 

synaptic space, and their spread to nearby cortical locations could be involved in 

the nonselective plasticity effects observed in the detection and discrimination task. 

Noradrenergic releasing neurons are knmn1 to have neural activity related to task 

performance (Aston-Jones et a.l., 1994). Further work will be required to sort out 

these possibilities. 

Irrespective of the neural signal causing the nonselective increase in responsive

ness, the differential cl1ange between control and target sites requires consideration. 

Changes in responsiveness from before detection learning until after discrimination 

learning were stronger at control locations than at target locations. One possibility is 

that neural activity partially blocks some aspect of the nonselective increase. Similar 

effects have been observed in rodent auditory cortex, in which early plasticity is robust 
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at cortical locations that did not respond to the task target a priori, but suppression 

is noted at cortical locations that did respond to the task target (Carpenter-Ryland 

et al., 2010). A second possibility is that selection bias causes this result. Locations 

that responded to the task target and distractor were chosen because they had clear 

responses prior to study, and the leftover sites were control sites. As a population, 

the control sites were less responsive before study, and this selection bias could con

tribute to the differential plasticity observed comparing these locations and the target 

responsive locations. Fmther work should sort out whether the neural act.ivity in re

sponse to the task target blocks the otherwise nonselective enhancement of responses 

or not. 

A theoretical advantage of the non-selectivity in reward-association neuroplastic

ity relates to sensory system null spaces. Learning induced plasticity, which contains 

mechanisms to increase and decrease responsiveness, could marginalize representa

tions of the sensory epithelia that are not typically used in reinforcing behaviors. For 

example, the hand map in the primate is incomplete in its representation of hairy 

skin (Merzenich et al., 1978). Without some non-activity-dependent mechanism to 

potent.ia.te very weak responses, these marginalized representations could not be po

tentiated. The brain elevates the activity of all potentially relevant cortical locations 

in response to an association with reward. 

The selectivity in plasticity associated with the task distractor is easier to fit 

with existing data. Robust st.imuli during a highly attended task that are not as-
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sociated with reward are selectively suppressed perceptually (Tsushima, Seitz, and 

Watanabe, 2008) and physiologically (Blake et al., 2002). In some cases, response 

suppression dominates the population response (Beitel et al., 2003). Further exam

ples of this come from our prior work (Blake et al., 2002). In tasks in which owl 

monkeys learned auditory frequency discrimination tasks, significant suppression of 

responses to all stimuli occurred prior to task learning. This suppression was plausibly 

caused by neural activity during task performance that the animal did not associate 

with reward because the task was not yet learned. Upon task learning, non-selective 

enhancement of responses occurred, followed by suppression of responses t.hat was 

stronger for distractors than for task targets. The data in our study suggest that 

the plasticity that leads to suppression of task distractor responses is dependent on 

stimulus--€voked activity, and is stronger for stimuli not associated with reward. The 

cellular mechanisms associated with this suppression are not, defined, but may relate 

to the specific set of neuromodulators that are present when the activity is evoked. 

Work in rodent barrel cortex has suggested LTD at cortico-cmtical synapses plays a 

role in suppression of cmtical responses (Bender et al., 2006), and its selectivity and 

activity dependence fit well with our observations. 

A concern in any such study is the possible effect of electrode movement. It is 

clear that the exact neurons sampled changes over study, because the same single 

units are not present from start to end of study. Our approach is to sample from the 

same cortical position with the understanding that movement of the neuropil relative 
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to the electrode can change sampling. !l'lovement of the electrodes may be expected 

to add variance to our measures, but for it. to impact om outcomes it would have 

to be a source of bias. Electrode movement would have to different.ially impact the 

electrodes that sample from targets, distractors, and control sites as the changes are in 

opposite directions at appropriate times in detection and discrimination learning, and 

electrode movement would have to exert. this bias consistently across four different 

learning progressions in two animals. For these reasons we feel it unlikely that the 

results of this study are in doubt because of potential electrode movement. Further, 

we have been unable to find any systematic shifts in receptive fields of neurons that 

would be expected from continual changes in electrode depth in area 3b, a cortical 

area that lies largely orthogonal to the brain surface so that depth changes in electrode 

position would move the electrode across columns. 

An apparent. discrepancy exists in how these observations dovetail wit.h those in 

other studies, and particularly in single unit studies in macaque visual cortices (Law 

and Gold, 2008; Freedman and Assad, 2006) which suggest t.hat plasticity is limited 

to higher cortical areas, and demonstrate that plasticity in lower visual cortical areas 

have minimal contributions to perceptual learning in their tasks. Our nonhuman 

primate studies, in contrast, find plasticity relating to association with reward and 

omission of reward in primary auditory and somatosensory cortex (Blake et a!., 2002; 

Blake et a!., 2005; Blake et a!., 2006). This apparent discrepancy disappears on 

consideration of the evidence presented here. If a cortical area contains neurons that 
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differentiate task targets from distractors, then our work would predict that learning

induced plasticity would be observable in that area. If a cortical area contains neurons 

that are sometimes associated with reward, and other times associated with omission 

of reward, then robust learning-induced plasticity would not be observable in that 

area. In any case, nonselective response enhancement shortly after learning is a 

powerful effect, and should be observable even in tasks in which neural populations 

associated wit.h reward and omission of reward are not cleanly delineated in that 

cortical area (Law and Gold, 2008). 

Our data. also docmnented parallel changes in receptive field size and responses 

to a tap delivered in the central portion of the receptive field. Our quantification of 

receptive fields was performed manually using a constant threshold for determining 

the boundaries of each receptive field. Our results are consistent wit.h a model in which 

the responses at a c01tical location are scaled up or down, and are not necessarily 

indicative of receptive fields changing the relative contributions of their inputs. These 

effects suggest neuroplastic changes in response to a single stimulus, the task target 

or distractor, have effects on responses to all stimuli within the local cortical area 

sampled for the determination of the receptive field. The non-selective increases in 

receptive field area that occur during detection learning must increase the distance 

across which overlapping receptive fields can be found. The re-shaping of overlap in 

responses in the cortex may have functional implications for disorders such as focal 

hand dystonia (Blake, By!, and Merzenich, 2005). 
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In conclusion, our work extends prior work on neuroplasticity in sensory discrim

ination learning. The reward-association of the task target results in non-selective 

increases in response strength and receptive field size. Existing target responses mildly 

strengthen, and some new cortical locat.ions begin to respond to the task targets. In 

discrimination learning, the association with reward-omission of the task distractor 

results in suppression of response strength and decreases in receptive field size only at 

cortical locations that represent the distractor. As a. result of these effects, selectivity 

in sensory discrimination plasticity is principally a function of the distractor stimuli 

used to contrast with the target. 
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METHODS 

Physiological Recordings 

All data in this work was obtained from two adult, male Rhesus macaques weigh

ing 4-7 kg. They were each implanted with an array of 64 microelectrodes. The 

microelectrodes were implanted into the somatosensory cortex. The somatosensory 

cortex was localized physiologically with microelectrode penetrations in surgery un

der barbiturate anesthesia to localize cutaneous somatosensory digit responses in the 

central sulcus, with the search for responses initiated at +6mm anterior, and 24mm 

lateral. Electrodes were implanted into area 3b and area 1 in the first animal, and into 

area 3b in the second animal. Data from both areas are pooled for this study. In the 

first animal, although electrodes were implanted at depths in the central sulcus con

sistent with areas 3b, dimpling at the implantation site pushed area 1 down towards 

area 3b so that the two areas were not well separated using Nissl stains. In the second 

animal, the areas were cleanly separable using Nissl stains, and recordings were all 

in area 3b. Microelectrodes were parylene--insulated iridium or pm-ylene-insulated 

platinum-iridium electrodes that tapered fi·01n a 40 J.Lm diameter to an exposed elec

trode tip that ranged from 5 - 7 ttm long. This length of tip exposure was used to 

allow sampling from the smaller cell bodies present in sensory cortex (Rubel, 1957). 

Electrode depths were optimized for recording in the six week period after implanta

tion surgery. After that point in time, electrodes were left unmoved for the remainder 

of the data presented in this work. Cortical implants are adapted from methods de-
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scribed previously (deCharms, Blake, and i\-Ierzenich, 1999). Significant alterations 

to this method consisted of adding a fluid drain to relieve potential hydrocephalus 

(M. Tanifuji and N. Miyakawa, personal communication), removal of the dura in 

surgery in the areas of electrode penetration, and the replacement of cyanoacrylic 

bone cements with INFUSE bone graft (I'viedtronic). 

Thresholds were set manually on each channel for multiunit data. Thus far, we 

have not been able to sustain adequate populations of single units for plasticity studies 

that require daily studies of the same populations. Multiunit thresholds were set so 

that spontaneous rates were roughly 10-20 Hz, which generally meant thresholds 

were close to 3. 75 standard deviations. Channels, or electrodes, were not included for 

recording unless they had clear recept.ive fields in manual mapping, and each electrode 

that was used for analysis was checked every recording day, in most cases for many 

months. Sites were not sorted into slowly adapting type I, rapidly adapting, and 

Pacinia.n based on the limited stimulus set collectecl. The experimental focus was on 

changes in response to a constant stimulus set over a range of skin locations. 

Somatosensory stimuli were delivered via custom-built tactile motors under LVDT 

displacement-feedback control. Each tap delivered from the motors was a single 

period of a 40 Hz raised sinusoid with a phase of-% at its start and lasting 25 msec. 

More simply, a smooth tap with zero first derivative at the start, end, and midpoint. 

Nemal responses to motorized taps were recorded before the clay's behavior, during 

the behavior, and after the behavior in awake Rhesus macaques. This work only 
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presents data collected before each day's behavior. Therefore, this data is largely 

free of contamination from alterations in arousal, motivation, and attention that 

obviously change during behavioral sessions each time an animal learns a new sensory 

discrimination that leads to changes in reinforcement. 

Receptive fields were also defined using handheld 1 mm rounded glass tipped 

probes. Skin areas were included in cutaneous receptive fields if just-visible indenta

tions of the skin evoked consistent audible responses in 250-10,000 Hz filtered voltage 

signals from the electrode. Calibration of this method with displacement controlled 

stimuli has determined that this threshold is under 100 J.Lm. Stronger stimuli were 

used to map deeper or weaker contributions to the receptive fields which were sep

arately noted. Pacinian input was determined by poorly localized, highly sensitive 

inputs to the glabrous skin, and hairy skin inputs were determined by responses to 

movements of isolated hairs. Trapezoidal skin indentations were not used to separate 

RA and SA inputs, and recent evidence casts doubt on separate processing channels 

for SAl and RA inputs in primary somatosensory cortex (Pei eta!., 2009). If the sites 

responded to sites in our study grid, they were used. Using the Reconstruct software 

(Synapse '\reb, Austin, TX), receptive field boundaries were drawn over images of the 

hand and digits, and receptive field sizes were calculated by the software. Collection 

of automated receptive fields is not trivial in the somatosensory system, although it 

has been performed over a limited glabrous skin surface for peripheral afferents ( Jo

hansson, 1978), and over planar surfaces in central neurons (Killebrew et a!., 2007). 
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Receptive field maps over highly curved portions of the finger may be derived easily 

manually, but are especially challenging to do in an automated setup. 

The person mapping receptive fields was the same throughout all studies. This 

person was blinded to the identity of the electrode being mapped, and the electrodes 

were always mapped in random order to prevent. bias when mapping receptive fields. 

Stimulus Presentation 

Tap stimuli were presented to the animal's digits in two basic contexts: to collect 

spiking data quantitatively outside of the rewarded behavioral context, and to present 

behaviorally relevant stimuli during the behavior. During presentation of any tactile 

stimuli and throughout the behaviors, the animal's hand and fingers were immobilized 

with a cast mold to ensure that the stimuli were presented and received in a consistent 

manner. The motorized tip was always lowered until barely touching the skin and 

then indented 500 J.Lll1 into t.he skin before delivery of any taps. 

Outside of the behavioral context, 50 taps were each presented at tap displace

ments of 100 J.Lm, 200 J.Lm, and 400 J.Ll11. All data presented in this study were collected 

in this manner, before each day's behavior began. During collection of this data, the 

animal was seated passively and was not performing any behavioral tasks. Only data 

from the 200 J.Llll taps were used in this paper, as these taps were physically identical 

to the taps that were used in the operant behavior. Each tap had the shape of one 

period of a 40 Hz sinusoid, with zero first derivative at its start. end, and midpoint. 
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During the behavior, the target or distra.ctor tap that was presented was a sin

gle 200 lllll tap. Displacements were continuously monitored via the LVDT sensor 

displayed on an oscilloscope. Human discriminative thresholds for longer 40 Hz stim

ulation is under 20 /llll, and the stimuli were perceived as clearly discernable. 

Animal Behavior 

Prior to beginning e>..1Jerimental behavioral tasks, animals were pre-trained to 

perform a lever holding task constructed to mimic the operant component. of the 

detection and discrimination tasks. This timed task consisted of holding a lever 

down for at least 1000 ms, releasing the lever, and then receiving a food reward 

triggered by the lever release. A 1000 n1s intertrial interval prevented the animal 

from beginning the next trial immediately after completion of the previous trial. 

During the lever holding behavior, no taps were presented to the animal's digits in 

conjunction with any part of the behavior. However, before the lever holding task 

began for the day, data was collected daily by presenting a series of taps to each site 

on a grid of sites (Fig.2). The grid was marked on the digits in permanent ink, and 

refreshed periodically. Neural responses to tap presentation were collected while the 

animal was passively seated. Data collected during the lever holding period was used 

for the baseline condition, and at least 10 clays' wort.h of data was collected before 

proceeding to begin the detection task. 

The detection task consisted of presenting a target tap at a pre-determined target 

site to which the animal could respond by releasing the lever for a food reward. The 
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target tap was randomly presented at one of two time points, 1000 ms or 1500 ms. As 

the animal was pre-trained to release the lever around 1000 ms, presentation of the 

target tap around this time aided learning of the new task. The randomized timing 

of the target. tap presentation prevented the animal from being able t.o perform the 

task solely by timing the behavioral response. The animal then learned to detect the 

target tap by trial and error. Throughout this task, a second motor tip was present. at 

a 500 Jtlll indentation at. the future distract.or site. This second motor never presented 

any tap stimuli during the detection task. 

The responses to the target on trials in which the target was presented at the 

earlier time were categorized as hits, misses, false alarms, or early errors. A hit is 

a correct response after a target stimulus was presented at 1000 ms and occurred 

when the animal released the lever within 500 ms after presentation of the target tap. 

A false alarm occurred when the animal released the lever between 1000 and 1500 

ms, and the target for that trial would have occurred at 1500 ms. A miss occurred 

when the animal released the lever between 1500 and 2000 ms, and the target had 

been presented at 1000 ms. Misses and false alarms were always followed by a brief 

timeout. Early errors occuned when the animal released the lever before 1000 ms, 

that is, before a tap was ever presented. Early errors were discarded for behavioral 

analysis. The trials in which the target was presented at the later time were used 

only to classify false alarms, because once the target was not presented a.t the earlier 

time, the rest of the trial was not random. 
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The discrimination task only differed from the detection task in that an additional 

distractor tap was presented before presentation of the target tap. The two trial types, 

randomly interleaved, were a target tap presentation at 1000 ms, or a distractor tap 

presentation at 1000 ms followed by the target tap at 1500 ms. The animal only 

needed to continue responding to the target tap and ignore any distractor taps to 

receive a reward. Distinguishing the target tap from the distractor tap was learned 

by trial and error. The hits, misses and early errors are the same as in the detection 

task. A false alarm is defined as when the animal released the lever after presentation 

of the distractor tap at 1000 ms. ]Vlisses and false alarms were always followed by a 

brief 800 ms time-out, during which the animal would be unable to initiate another 

trial. Hits on trials on which a distractor tap was delivered were not counted as lilts 

for the calculation of hit rate, because once the target is not delivered at the earlier 

time, the rest of the trial is not deterministic. Second window hits were used in the 

calculation of false alarm rate. 

An experimental run consisted of a series of three behaviors: lever holding, detec

tion, and discrimination. Target and distractor sites were determined at the beginning 

of each experimental run and remained the same until the end of the rm1. \Vhen be

ginning a new experimental run, a different set of target and distractor sites were 

independently chosen. Each target and distractor tap caused a tap response in one 

implanted electrode prior to the behavioral series. Control sites were in the center of 

the receptive field of an implanted electrode that did not respond to either the target 
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or distl·actor tap prior to the behavioral series. Target and distractor sites were not 

always on the same digit and were not always in close proximity to each other. These 

skin sites could be on any digit, regardless of whether a digit. had a target or distractor 

site on it in previous runs or in the run to be executed. 

d' was calculated using hit rate for trials in which the target tap was presented at 

1000 msec, and the false alarm rate in which the target was presented at 1500 msec. 

d' is calculable as the difference in the cumulative normal distribution corresponding 

to these two probabilities, which was calculated with the norminv function in lVIatlab 

(Mathworks, Natick, !viA). 
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Data Analysis 

Neural response to a tap stimulus was calculated by subtracting baseline activ

ity from evoked activity. Baseline activity was defined as the activity present from 

20 ms before delivery of a tap to 10 ms after tap delivery, and evoked activity was 

defined as the response present from 15 ms to 45 ms after tap delivery. The conduc

tion delay times from the peripheral nerve prevent earlier latencies, and most of the 

action potent.ial energy occurs prior to 45 ms after the stimulus onset. To calculate 

whether firing rate changes were significant between baseline, detect, and discrimi

nation conditions, a population of responses before and after learning were defined, 

and compared using a two-tailed t-test. The population consisted of as many days 

as were available from all experimental runs. Recordings over all the experimental 

runs were averaged. Then, the averaged before and after recording days constituted 

the samples to be compared in the t-tests. Receptive field area data was similarly 

analyzed. 
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UNPUBLISHED lviANUSCRIPT 

EFFECTS OF PRACTICE ON NEURAL RESPONSES 

Implanting microelectrodes into the somatosensory cortex and leaving the electrodes 

stationary throughout the duration of the experiments enables us to record neural 

responses from the same cortical locations at multiple time points. In this section, 

we test the hypothesis that practice of a learned task has lasting effects on neural 

responsiveness that incrementally bolster the overall observed learning effects. We 

do this by comparing data obtained in the daily sessions just before (prebehavior), 

during, and just after (post.behavior) each day's behavioral session. During the pre

behavioral and postbehavioral data collection sessions, the monkey was quietly and 

passively seated. In these sessions, neural responses to taps delivered to each skin 

site, one at a time, were recorded. Exactly as in the previous manuscript, the grid of 

skin sites was spatially consistent from day to day throughout each experimental run 

Target responses refer to neural activity recorded from electrodes whose neurons' 

receptive fields included the target skin site. Control responses refer to neural activity 

recorded from electrodes whose neurons' receptive fields included neither the target 

nor distractor skin site. Distractor responses refer to neural activity recorded from 

electrodes whose neurons' receptive fields included the distractor skin site in the 

discrimination task. 

58 
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Three aspects of the neural response to taps were analyzed: spontaneous rate, 

evoked rate, and late spontaneous rate. The spontaneous rate data is the averaged 

firing rate recorded from an electrode for 200 ms prior to the presentation of the tap. 

The evoked response is calculated by subtracting the mean firing rate over the 30 ms 

before tap presentation from the mean firing rate 1-5-45 ms after tap presentation. 

Late spontaneous rate is the averaged firing rate response from 50ms to 150 ms 

after tap presentation. Unless otherwise stated, two-tailed t-tests were used to assess 

statistical significance. 

Baseline Condition 

The baseline condition is the period of time in which the animal tried to perform 

the detection task but had not yet learned the task. Data from the baseline condition 

came from one animal. Technical problems in the second animal made the baseline 

data from its first experimental run unsuitable for use. In subsequent experimental 

runs, learning of the detection task occurred in one day. Thus, there was no additional 

data for the baseline condition. The ta.-get response in this analysis consists of 1 target 

electrode and 12 firing rate profiles for each of the following variables: spontaneous, 

evoked, and late spontaneous rates. No significant changes were found when the 

behavioral values of the target spontaneous and evoked rates were compared with 

their prebehavioral values (Fig. 10). 

Control baseline data also came from one animal. This analysis consists of data 

recorded from 7 electrodes and 76 firing rate profiles for each variable studied. Con-
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trol evoked responses were significantly higher in the behavioral session than the 

prebehavioral session (p<0.02), but spontaneous rate differences were not significant. 

Postbehavioral data was not collected in the baseline condition. 

Detection Task 

Upon learning how to perform the detection task, overall responsiveness tran

siently increased during the behavior in target responses. Responsiveness returned to 

prebehaviorallevels after the behavior was completed. As seen in Figure 11, sponta

neous activity was significantly higher than prebehavioral (p<0.002) and postbehav

ioral (p<0.003) leveL~. Evoked rates were also significantly higher than pre behavioral 

(p<0.02) and postbehavioral (p<O.Ol) levels. Late spontaneous activity was sig

nificantly higher than prebehavioral (p<0.006) and postbehavioral (p<0.04) levels. 

There was no difference between pre and post.behavioral spontaneous, evoked, or late 

spontaneous activity. Target analysis includes 3 target electrodes and 68 firing rate 

profiles per variable. 

Responses on control electrodes showed the same effects, and the analysis included 

11 electrodes and 249 firing rate profiles per variable. Spontaneous activity was 

significantly higher during the behavior than in the prebehavioral (p<0.009) and 

postbehavioral (p<0.02) data collection sessions. Despite the fact that the control 

electrodes did not include the target skin site in the most sensitive portion of the 

receptive field when mapped in the pre and postbehavioral sessions, evoked activity 

to the target. tap emerged during the behavior. Evoked activity was significantly 
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higher during the behavior than in the prebehavioral (p<0.0003) and postbehavioral 

(p<0.0002) data collection sessions (Fig. 11). 
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Figure 10. Responses to the tmyet tap and tmyet sk-in site in the baseline, pre-

detection lea.rning, condit·ion. No sign·({icant differences between the beha.·uioral and 

p-rebehavioml data were .found in ta-rget responses. A. Avemged response ftorn l.he tar-

get clectJ·ode. B. PSTH .fmm. a week's worth of data ·in the baseline condition showing 

pTebeha·uioral and behavioral -reszJonses to the ta.rget ta.pjskin site .from neu-rons that 

included the taTgei site in theiT 1·eceptivc field. Th·is represents data .from one elec-

h-ade. C. Same a.s in A, but from contml electmdes. D. Same as B, lmt population 

PSTHs are derived .from control electJ·odes. E. Single elect-rode emmplc from the con-

t.rol respouBes to the target. tap/ skin s-ite. 
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Figure 11. Responses to ta.rget ta.p and skin site after learning detection. Both 

target and cont.rolmsponses e:chibit significantly higher responsiveness daring the be-

ha:uior to the target tap than in the pre and postbehaviom.l session. A. Averaged action 

potential mte of va·rious aspect.s of the target response .fmm the prebehavioml, behav-

ioml, a.nd postbehavioral session. B. Popula.t·ion PSTH from all the target electrodes 

a.vemged over a week showing response to the target ta.p dm·-ing the behavior a.nd re-

sponse to the target .s-ite in the pre a.nd postbeha.-uioral sess·ions. C. Single electrode 

e:r:a.mple of a target response to the target ta.pjskin site over a. week. D-F. Same a.s 

A-C, but tmyet s·ite responses a.re from control electrodes. 
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Discrimination Task 

The discrimination analysis of responsiveness to the target site is made up of 

3 target electrodes and 60 firing rate profiles per variable. Similar to detection, 

target responsiveness during the behavior was greater than the prebehavioral and 

postbehavioral values. Target spontaneous (p<0.000004), evoked (p<0.001), a.nd late 

spontaneous (p<0.000005) activity was transiently elevated during the behavior, but 

levels returned to prebehaviorallevels after completion of the behavior. Postbehavior 

spontaneous (p<0.000003), evoked (p<0.0004), and late spontaneous (p<0.0000002) 

rates were significantly lower than the rates during the behavior (Fig. 12). 

In the control electrodes (Fig. 12 D-F), spontaneous activity before target tap pre

sentation was not significantly different from prebehavioral and post behavioral rates. 

Control evoked responses to the target stimulus were significantly higher during the 

behavior than during the prebehavioral session (p<0.02). After the behavioral session, 

evoked responses to the target stimulus returned to prebeha.viorallevels (p<0.005). 

Analysis of the control responses to the target stimulus included 11 electrodes and 

138 firing rate profiles per variable. 
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Figu.re 12. Responses to the target tap/skin site in disc·rirnination_ Upon learn:ing the 

discrimination task, spontaneous and evoked neuml activity was significantly higher 

during the discriminat.ion behavior than in the prebehavioral a.nd postbeha:uioml ses-

sion in t01:qet responses. Only P.vo/;ed activ·ity significantly ine1·ea.sed du·ring the be-

havioml task among control responses to the ta:rget tapjskin site. Conventions follow 

previou.s figures. A-C: Avemged resyJOnses fmm electrodes that inclnded the t(l.1get skin 

site in theiT RF. D-F: Averaged responses from control electrodes. 
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Distractor responses during the behavior exhibited significant changes in spon

taneous and late spontaneous rates (Fig. 13). Spontaneous activity (p<0.005) and 

late spont.aneous activity (p<0.009) was significantly higher during the behavior than 

in the prebehavioral sessions. Spontaneous (p<0.03) and late spontaneous activity 

(p<0.05) was also significantly higher during the behavior than in the post behavioral 

sessions. Evoked activity during the behavior did not increase beyond prebehavioral 

levels. Distraetor response analysis included 4 electrodes and 81 firing rate profiles 

per variable. 

To assess for spatial selectivit.y, we compared the behavioral enhancement of target 

responses with that of the distractor responses. The ratio of the evoked activity during 

the behavior and the evoked activity in the prebehavioral session was calculated in 

both target and distractor responses. The difference between the target and distractor 

ratios was found to be significant (p<0.04, t-test). 

As with the responses to the target tap, control evoked responses to the distrac

tor tap during the behavior were significantly higher than the prebehavioral values 

(p<0.03, Fig. 13). Postbehavioral evoked rates were not significantly different from 

prebehavioral or behavioral evoked rates. Control spontaneous rates before the pre

sentation of the distractor tap were not significantly different during the behavior 

than the prebehavioral spontaneous pretap rates. This control analysis consisted of 

11 electrodes and 138 firing rate profiles per variable. 
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Fig·ure 13. Responses to the di.stTO.ctor tap/skin site in discrimination. After 

lea·rning discrimination, spontaneous activ·ity in distra.cto1· responses was s·ignificantly 

higher during the disc·rim.inat-ion behavior than in the prebelumioral a.nd postbeha.vioral 

sessions. The evoked mte of rlistractor responses did not significantly inc·rense during 

the beha·uior. Contml responses to the distmctor tapjskin site did not increase ·in 

spontaneous activity but increased in evoked a.ctivity du·ring the task. Conventions 

follow p·rwiou.s figures. A-C: Avemgerl responses fmm. electmdes thai. included the 

rlistmctor skin site in their RF. D-F: Avemged responses to the distmcto1· tap/skin 

site .from. contml elect-rodes. 
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HIT AND lviiSS TRIALS 

Target responses in hit and miss trials during the behavior were compared. In 

baseline and detection, no significant difierences were found between the hit and miss 

trials when examining the spontaneous activity, evoked activity, and late spontaneous 

activity (Fig. 14). In discrimination, no significant differences were found between 

hit and miss trials when analyzing spontaneous and evoked rates. Late spontaneous 

rates, however, were significantly higher in hit trials than miss trials (p<0.02). 

In this analysis, the baseline target analysis included 1 electrode and 12 firing 

rate profiles per variable (spontaneous, evoked, late spontaneous). Detection analysis 

included 3 electrodes and 38 firing rate profiles per variable. Discrimination analysis 

included 3 electrodes and 40 firing rate profiles per variable. 

The baseline control analysis included 7 electrodes and 66 firing rate profiles per 

variable. Detection control analysis included 10 electrodes and 152 firing rate profiles 

per variable. Discrimination control analysis included 11 electrodes and 96 firing rate 

profiles per variable. 
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Fig·u.re 14. Avemged target 1·esponses in hit trials u.nd miss trials 'WCTe compar-ed in 

baseline (A), detection (B), a.nd discTirnination (C). No ;1:gnificant d~ffei'ences we1'e 

found in basel·ine and detection. The late spontaneous po·rtion of the tar-get responses 

in hit t1·ials in disc1·iminat-ion were significantly higher than in miss trials (C). Contml 

Tesponscs to the target tap in hit a.nd miss trials were not significantly d#Jerent fTOm 

each other when compamd in baseline (D), detecl.ion (E), and discrirn·ination (F). 
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SINGLE SESSION AND CONSOLIDATIVE CHANGES 

Data obtained from daily pre and post behavioral sessions were compared to assess 

whether significant changes occurred during the behavior or outside of the behavior. 

Data was not recorded after the behavioral sessions in the baseline condition. Data 

here comes from detection and discrimination. 

In detection, tap evoked responses to the target skin site collected in the pre behav

ioral session were not significantly different than those collected in the post behavioral 

session from the previous day(Fig 15). Evoked rate differences were calculated by sub

tracting the evoked rate values in the prebehavioral session from the values collected 

in the postbehavioral session in the same day. These were called within differences. 

Differences from the end of one session to the beginning of the next day's session 

were calculated as well. The consolidative difference was calculated by subtracting 

the postbehavioral session values from the prebehavioral values taken from the follow

ing day. The averaged within difference was significantly different from the averaged 

consolidative difference (p<0.04). 

Responses to the predistractor skin site did not exhibit any significant differences 

between the pre and post behavioral sessions. The within session differences were not 

significantly different from the consolidative difference. 

Control channel responses to the site of maximal sensitivity in their receptive fields 

were compared. Prebehavioral values were not sig11ificantly different from post behav

ioral values. However, within differences were significantly different from consolidative 
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differences (p<0.007). 

Even though evoked rates in target responsive and control electrodes were not 

significantly different in the prebehavioral and postbehavioral sessions, there was a 

trend for postbehavioral values to be lower than prebehmrioral values. These values 

rebounded overnight and were more robust than the previous day's values in the 

control electrodes. 

Receptive field area in the pre and postbehavioral sessions were analyzed, as seen 

in Figure 16. Similar to the firing rate data, no significant differences were seen in 

receptive fields that contained the target site only, target and predistractor site, and 

control sites. However, receptive fields that included the future distractor site in the 

receptive field significantly decreased in size (p<0.0005). During the detection task, 

no distractor was present, but the tip of the tactile motor statically indented the site 

where the distractor tap was to be presented in the upcoming discrimination task. 
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Figu-re 15. Evoked responses ·in the pre- a.n.d postbehavioml session. in detect·ion. 

A. Responses to ta-rget skin site in the p-re- and post-behavio-ral session, compa-ring 

the prebeha.vioml -response with the -response in the posthehavioml session f-rom the 

p-revious da.y. B. Avemged evoked response to the ta-rget skin site pre- and post-

beha.vio-r. C. Avemged difler·ences within a session (Wi.thin) a.nd between the end of 

one session to the beginning of the next {Cons). D, E. F. Same as A, B, C, but 

-resporu;es a-re from. predistmctor electrodes to the predistrocto·r skin site. G, H. I. 

Same as A., B, C, but -responses are from. control elect-rodes to control skin sites. 
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Figure 16. Receptive fields pr·c and post behavim· in the detect·ior1 ta.ok. A. A vemged 

zn·e and post be/w.viomlTeceptive field arm in RFs that ·incl·uded only the ta:rget site. B. 

Single e~:ample of a. ta·rget only RF before the day's behavior·. The image shows 5 days 

of mapped receptive fields. C. Example o.f the sa.m.e RF in B, over· the same days, but 

after each day's behavior ·was completed. D,E,F. Sa.me as A,B,C but Teceptive fields 

indude both the ta·rget and distmctor skin site. G,H,I. Same as above. Receptive fields 

include the future distmctor skin site only. J,K,L. Sarne as above. Receptive fields 

tlwt only include cont-rol skin sites. 
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Similar results were obtained in discrimination. Only 4 days in discrimination 

were used because one of the runs had to be stopped early due to technical problems. 

Neither target nor distractor responses were significantly different in the pre behavioral 

and post behavioral sessions (Fig. 1 i). The same trend for decreased responsiveness in 

the post behavioral session and increased responsiveness after the night exists, but the 

within differences were not significantly different from the consolidative differences. 

Responses from control electrodes to stimulation at the site of maximal sensitivity in 

the receptive field were compared pre and post behaviorally, as seen in figure 18. Pre

behavioral values were significantly higher than post behavioral values (p<0.004). The 

averaged within session difference was also significantly lower than the consolidative 

difference(p<0.005). 

\\'hen receptive field areas were compared, no significant differences were found 

in any gTOup. Receptive fields that only included the distractor site in the receptive 

field exhibited a trend of decreasing in size, but this difference was not statistically 

significant (Fig. 19). 
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Figure 1 1. Evoh:ed r'esponses to the target and distract.or skin sites pre- and post-

discrimination behavior. A. Prebehavior responses to the ta.rget sites were plotted with 

postbehavioral Tesponses to the same sites .from the dny before. B. Avemged evoked 

responses to the target sites pre- and post- discrirn·ina.tion behavior. C. Averaged 

differ·ences within a sess·ion and between sessions (Cons) in responses to target skin 

sites. D, E, F. Same as A, B, C, but ·responses are to distmctor skin sites. 
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Figu·re 18. Evoked responses from. control electrodes to the control skin sites pm-

and post-discrirninat·ion behavior. A. Pmbehavior responses to control skin s-ites were 

plotted with postbehavior responses to the same sites from the prior recording day. B. 

A.vemgerl response to contml sites pre- and post-discrimination beha.vior. C. Differ-

ences in response to contml sites Ul'ith:i.n a. behavioml session {lVithin) and bet-ween 

each day's session (Cons). 
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F-igure 1g. Receptive fields pm a.nd post behavior in dis1·irnination. A. Avemged 

pre and post behavioral receptive field aTea in RFs that included only the tQ:/:qet site. B. 

Single example o.f a. receptive field that ·included only that ta-rget s-ite ·in discrimination. 

Im.a.ge shows RFs taken from one week ·in the prebehavioml session i.n discrim·ination. 

C. Same RF as in B, but data shown ·is taken from. the postbehavioml sessions. D,E,F. 

Same as A,B, C but fo-r RFs that include both the ta-rget and distractor sites. G,H,I. 

Same as above, but fm· RFs that incl-u.de the dist-ractor site only. J,I(,L. Same u.s 

above, but for RFs that inclu.de cont-rol sites only. 
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EARLY AND LATE TARGETS 

In all behavioral tasks, the target stimulus was presented at 1000 ms or at 1500 ms 

after the initial lever press. These two types of trials were randomly interleaved. 

In discrimination, the distractor tap was always followed by the target tap at 1500 

ms. These trials were randomly interleaved with the trials in which only the target 

was presented at 1000 ms. Due to the fact that the target stimulus following the 

distract.or stimulus was not random and could be predicted by the distractor tap. these 

two groups of target stimuli were separated and the responses to these groups were 

analyzed. Data was separated into responses to the targets that were presented in 

the first time window and targets that were presented in the second time window. No 

significant differences were seen in spontaneous rates or evoked activity between the 

two groups in baseline, detection, or discrimination, as seen in Figure 20. The baseline 

analysis consisted of 1 electrode and 12 firing rate profiles per variable. Detection 

analysis included 3 electrodes and 44 firing rate profiles per variable. Discrimination 

analysis included 3 electrodes and 36 firing rate profiles per variable. 

EARLY AND LATE BEHAVIOR 

The first 100 trials and the last 100 trials within each behavioral session were com

pared. No significant differences between the two groups were found when analyz

ing spontaneous activity, evoked activity, and late spontaneous activity of target 

responses and controls, as seen in Figure 21. 
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Similarly, as seen in Figure 22, control responses to behaviorally relevant taps did 

not exhibit significant differences between the first and last 100 behavioral trials in 

baseline, detection, and discrimination. However, the increase in evoked activity (Fig 

22G) in control responses to the target stimulus in discrimination was just at the level 

of significance (p=0.056). 
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Figure 20. Comparison of ea·rly target responses (1 000 ms) to late ta.rget. Tesponses 

(1500 ms) yielded no significant differ·ences in Baseline (A), Det.ect.ion (B), a.nd Dis-

crim·i.nat·ion (C). Oraphs show averaged spontaneous a.nd evoked -responses in the early 

ta.-rget and late ta-rget g-roup. 
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Figv.Te 21. A. A vemged responses to the tm:qet tap in the first (E100) and last 

100 trials (L100} in baseline. B. PSTH from one electrode, avemged ove1· a. week, in 

response to target tap in baseline. C. Averaged responses to target tap in detection. 

D. Population PSTHs from all ta.rget electrodes showing -responses to target tap in 

detection. E. Single e:rample of a response to the taTget tap in detection, avemged oveT 

a week. F-H. S arne as C-E, but th·is shows 1·esponses to tmyet taps in discrimination. 

I-K Same as C-E, but this shows respon.ses to distra.cto·r taps in discr-irnina.tion. 
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Figure 22. A. Avemged responses from. control electrodes to the ta.rget tap in the 

.fir·st {ElOO) and last {LJOO} 100 trials in baseline. B. Population PSTHs from all 

control electrodes showing Tesponses avera.ged over a. week to the target tap ·in baseline. 

C. Single exa.mple of a control Tesponse to the target tap in baseline, averaged over a 

week. D-F. Sa.m.e as A-C, but contTol responses a:re to ta.Tget taps in detect-ion. G-1. 

Same as A-C, b'Ut control responses aTe to ta:rget taps in discrimination. J-L. Same 

as A-C, but control responses a:rc to dis tractor taps in d-iscr·im.ination. 



DISCUSSION 

Data from the published manuscript already has an extensive discussion, therefore 

most of this discussion will focus on the unpublished data and implications for what 

the data. as a whole could signify. Our finding that suppressive plasticity is specific 

and enhancement is broad and nonspecific is novel. Studies showing plasticity after 

learning often reveal increased representation of the target st.imulus in the cortex 

(Bao eta!., 2004; Recanzone, Schreiner, and lVIerzenich, 1993; Polley, Steinberg, and 

l\1erzenich, 2006). Suppression of neural responses in primary auditory cortex was 

previously reported to affect the total population of neurons in such a way that 

increases the firing rate difference between the standard and comparison stimulus 

(Beitel eta!., 2003). However, all auditory stimuli used in the amplitude-modulation 

discrimination task were of the same frequency, 1kHz, and only neurons whose best 

frequency was 1kHz were included in the analysis. Thus, it is possible that the 

suppression t.hat they observed was limited to neurons with the best frequency of 

1kHz. Similar to studies in the visual system, that study did not employ stimuli 

which were spatially distinct consistently throughout the task. As discussed in the 

published manuscript, differences in results are likely a result of eJq)erimental design. 

ACETYLCHOLINE IN PLASTICITY AND ATTENTION 

The influence of acetylcholine and stimulation of the nucleus basalis (NB) is prominent 

in plasticity literature. Iontophoretic application of acetylcholine (ACh) paired with 

83 
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stimulus presentation results in facilitated responses in the visual and somatosensory 

cortex (Rasmusson, 2000; !Vlurphy and Sillito, 1991; Donoghue and Carroll, 1987). 

Protocols pairing NB stimulat.ion with an auditory or somatosensory stimulus have 

resulted in enduring plasticity in the primary sensory cortices (Kilgard and !vlerzenich, 

1998; Rasmusson, 2000; Eakin and Weinberger, 1996; Weinberger, 2003). Such plas

ticity was dependent on muscarinic receptors (Miasnikov, Chen, and \Veinberger, 

2008). Our manuscript detailed the surprise finding that skin sites with no relevance 

to the behavioral task exhibited significant increases in responsiveness in addition 

to the enhancement effects that occmTed with target site responses. As previously 

mentioned, nonspecific enhancement may at. first seem to contradict the literature, 

which has shown specific increased responsiveness in stimuli paired with NB stimu

lation. The discrepancy may be reconciled by considering the strength of electrical 

stimulat.ion used in such paired stimulation protocols. l\'la.ny of the studies stimu

lated the NB with about 70 uA, but it has been reported that weaker stimulation 

of the NB ( 46 uA) yields different results that are comparable to what is reported 

here (Weinberger, Iviiasnikov, and Chen, 2006). Weinberger et al (2006) paired NB 

stimulation with a.n auditory st.imulus and measured learning by observing respiration 

rate in response to stimulus frequencies that were presented. \Vhen NB stimulation 

was moderate (70uA), response 24 hours after pairing were specific to the frequency 

of the paired auditory stimulus. When NB stimulation was weak, responses 24 hours 

after pairing were significantly higher to auditory stimuli of all frequencies, including 
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the paired stimulus. It is likely that physiological NB activation in our experiments 

was very much weaker than the levels of electrical stimulation of NB used in many 

experiments. 

Additionally, behaviorally relevant stimuli elicited weak responses from control 

RFs during the behavior that. were not present in the pre and post behavioral sessions. 

It has been reported that receptive fields in Macaque area 3b exhibit a weak response 

to digits outside the primary representation both in the awake condition and under 

anesthesia (Lipton eta!., 2010; Smits eta!., 1991). By definition, target and distractor 

responses had receptive fields t.hat included the target or distractor site in the area of 

ma.ximal sensitivity. During the behavior, when attention was high, and associations 

were being made with behaviorally relevant tap stimuli, target. and distractor RFs 

received strong stimulation while control RFs received weak stimulation. Thus, weak 

stimulation of control R.Fs during the behavior may explain the slow enhancement of 

responsiveness at behaviorally irrelevant skin sites. 

Acetylcholine is also known to be crucial in mediating attention. It has been shown 

to be especially important for mediating attention in the medial prefrontal cortex 

(mPFC) and posterior parietal cortex (PPC) (Parikh et al, 2007; Bucci, Holland. and 

Gallagher, 1998). The effect of ACh in attention in the primary sensory cortices has 

been disputed, but several studies have found attentional effects in V1 and S1 (Buffalo 

et a!., 2010; lVlehta, Ulbert, and Schroeder, 2000). Attention has been proposed to 

act in V1 via muscarinic receptors (Herrero et a!., 2008; Rasmusson, 2000). 
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In the mPFC, it was seen that there were two time courses for ACh's role in 

attention. ACh transients after the appearance of a cue lasted for seconds, and these 

transients were important for detection of the cue. These were specific to mPFC 

and were not. found in motor cortex. Another tonic influence of ACh was present 

that acted on the time scale of minutes. The tonic influence of ACh was found 

in motor cortex in addition to the mPFC, leading to the possibility that the tonic 

influence exerted a global effect on cortex (Parikh et. a!., 2007). Prior methods were 

not sensitive enough to be able to detect. ACh transients on such a short time scale. 

This may mean that there are two separate mechanisms by which ACh is released 

during tasks that require attention. 

In the data reported here, performing the task did not have lasting obvious effects 

on neural responses in 81. Significant changes in neural responsiveness occurred dur

ing the behavioral session, but these changes were temporary and did not extend into 

the postbeha.Yioral recording session. The temporary natme of these effects supports 

the idea that they are due to attention or arousal. The two kinds of enhancement 

that were seen only during the behavior were increases in spontaneous activity and 

increases in evoked activity. 

Increases in spontaneous activity in the visual system have been reported when 

attention was directed to the visual modality in humans (Kastner eta!., 1999; Chawla, 

Rees, and Friston, 1999) and monkeys (Luck et a!., 1997). However, increases in 

spontaneous activity were present in extrastria.te areas but not V1 in both the human 
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and monkey studies. One difference between our study and the other studies cited 

here is that the behavioral, alert condition is compared with a condition in which the 

animal was seated passively and not performing any tasks. The other cited studies 

compared conte:-.:ts in which attention was always present but directed to stimuli 

found inside or outside a cell's receptive field. Thus, it is possible that the increases 

in spontaneous activity that we observed in Sl may be the effects of general arousal. 

Target and distractor evoked activity significantly increased during the behavior. 

This was evident among target and control responses in detection and discrimination, 

but distractor responses in discrimination did not exhibit this increase. These findings 

are further discussed later in the discussion. 

WITHIN SESSION VERSUS CONSOLIDATIVE PLASTICITY 

Upon learning of the detect.ion and discrimination task, enduring changes occurred 

in Sl. It seems reasonable to hypothesize that practicing the behavior would have 

lasting effects on neural responses that culminates in the learning effects reported 

here. During the behavior itself, the presence of attention, arousal, and positive 

reinforcement led to clear enhancement effects on neural responsiveness. It seems 

that these conditions would be ripe for plasticity to occur. However, no significant 

differences between the responses recorded in the daily pre and postbehavioral ses

sions were found. Since this is the case, when did plasticity occur? One possible 

explanation for the lack of significant differences between the pre and postbehavioral 

sessions is that changes in responsiveness may have occurred over short periods of time 
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and at different time points in different experimental runs. Averaging the data may 

hide these effects. Another explanation is that the lasting enhancing effects occurred 

overnight. Responsiveness rebounded overnight to prior levels or even greater respon

siveness than the previous day's responses in both target and distractor responses. 

The effects of suppression, however, were highly variable in postbehavioral sessions 

in discrimination. Memory consolidation has been found to be important in learning, 

even without intermittent practice sessions. When learning was induced by pairing 

of NB stimulation and a tone, memory of the paired tone, as measured by changes 

in autonomic responses, became more specific over days (Weinberger, Miasnikov, and 

Chen, 2009). 

This data conflicts with some views on learning and memory in the sensory 

cortices. Pairing of NB stimulation with a sensory stimulus can lead to lasting 

changes after stimulation (W"einberger, 2007; Tremblay, \Van·en, and Dykes, 1990; 

Webster et al., 1991). It was thus proposed that ACh from the NB is important in 

mediating learning and memory which is held in the primary sensory cortex. We 

did not see these immediate effects in this st.udy. Any effects of practice or learning 

during the session, when ACh should be at its highest levels, were not sustained into 

the post behavioral sessions. Post-behavioral recording sessions lasted for up to 30 min 

after the day's behavior. Plasticity emerged after overnight consolidation and lasted 

for weeks. A possible e).:planation for this is that the levels of endogenous NB activa

tion in normal learning are not as intense as the electrical stimulation delivered in the 
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stimulation studies. Webster et a! (1991) reported that after paired stimulation, 81 

responses increased slowly up until the end of the experiment, 50 minutes after the 

first stimulation. It is also possible that the postbehavioral recording session finished 

before the strongest effects could be seen, but the behavioral session typically lasted 

for more than an hour. Based on this timing, if there were immediate lasting effects 

from the behavior, they should have been present in the daily post behavioral sessions. 

Without a lasting postbehavioral effect, how did neural activity rebound from the 

end of one behavioral session to the beginning of the next day's session? 1\-Iemory 

traces in the primary sensory cortices only last for about 30 seconds and would not 

last long enough to potentiate this sort of effect (Burton and Sinclair, 2000). It is 

more likely that the information is stored in the hippocampus. Information can be 

stored in the hippocampus for hours. During sleep, the hippocampus communicates 

with the cerebral cortex via the entorhinal cortex and strengthens the appropriate 

synaptic connections (Rauchs et a!., 2005). The locus coeruleus (LC) is the main 

source of norepinephrine (NE) to the hippocampus and neocortex (Berridge and I'Va" 

terhouse, 2003). The LC-NE system is known to be correlated with aroused states 

and the orienting response (Aston-Jones et a!., 1994). The LC is also known to be 

active during slow wave sleep, t.he stage of sleep known to be important for memory 

consolidation (Ra.uchs et al., 2005). 
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ATTENTION WITHIN THE SOMATOSENSORY "tviODALITY 

The attention network is thought to be a network that exerts its influence on multiple 

modalities in a similar fashion. In humans, attentional tasks have been shown to 

activate similar non-sensory foci in a fronto-parietal network for both visual and 

somatosensory tasks (Burton, Sinclair, and McLaren, 2008). These foci include the 

prefrontal cortex, the posterior parietal cortex (BA 7), and the anterior cingulate 

cortex. The posterior parietal cortex receives input from auditory, somatosensory, 

and visual cortices. It is active in conte:>.is where attention is required, and its activity 

is known to reflect visual or spatial coordinates (Burton et a!., 1999). The anterior 

cingulate cortex is active in tasks that are especially demanding of attention and that 

require distinguishing between competing stimuli. This is a network that is able to 

utilize specific loci to selectively enhance salient stimulus features and that is also able 

to selectively prioritize information from spatial coordinates in the relevant modality. 

Attention is thought to be a process that descends a hierarchy from higher areas of 

cognition down to the primary sensory areas. Greater effects of attention have been 

characterized in higher areas than areas earlier in the processing stream. \i\lhile the 

effects of attention have been observed in the primary sensory cortices, the attention 

effects there are smaller, affect a smaller percentage of the cells, and have a later 

onset (Burton et a!., 1999; Buffalo et a!., 2010; Mehta, Ulbert, and Schroeder, 2000). 

Studies of human attention in intermodal tasks show that when attention is di

rected to one modality, activity in the primary cortices of other modalities is sup-
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pressed below baseline levels, even with the presence of passive sensory stimulation 

(Burton et al., 1999; Haxby et al., 1994). This is evidence that when attention is 

directed to a single modality, there is selective increase in activity in the relevant 

modality accompanied by a broad, nonselective suppression of activity in irrelevant 

modalities. While human studies have found broad suppression of irrelevant activity 

in intermodal tasks, they have yet to find suppression of activity within a sensory 

modality when attention is directed to a stimulus attribute (Haxby et al., 1994). 

Within a single modality, only enhancement effects were found. This could be at

tributed to a variety of reasons, including experiment design, imaging resolution, or 

subject variability. However, it raises the possibility that attention may operate dif

ferently when broadly focusing between modalities and when focusing on stimulus 

attributes within a sensory modality. 

Our data supports these findings. In our study, only somatosensory stimuli were 

used in the detection and discrimination task<>. Any transient attention effects that 

were only present during performance of the behavior were enhancing effects. No 

responses were suppressed below prebeha.vioral levels. Both the pre and postbehav

iora1 sessions were conditions in which the animal was calmly seated and passively 

received tactile stimulation on the fingers, similar to controls utilized in human at

tention studies. 

Furthermore, we found that the effects of attention on 81 responses were sig

nificantly greater for target taps than for distractor taps. Responses to distractor 
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taps during the beha~·"ior were not significantly different from their prebehavioral re

sponsiveness while target responses significantly increased during the behavior. This 

indicates that attention has spatial selectivity in 81, specifically enhancing respon

siveness to target taps but not distractor taps. 

Distl·actor responses that were suppressed after learning the discrimination task 

may have decreased their expression of mAChRs that made them immune to the 

generalized attention effects present in the somatosensory modality. In any case, 

spatial specificity of attention in 81 is yet to be reported in the literature. 

When analyzing the responses to the target stimuli during the behavior, responses 

to the target taps were divided according to hit trials and miss trials. The only 

significant change seen was in the late spontaneous portion of the target response in 

discrimination. The late spontaneous activity in hit trials was significantly higher 

than that of the miss trials. Attention effects in 81 and V1 have been reported to 

have a long latenc:v, from 250ms to 400 ms after the onset of the stimulus (Buffalo 

et a!., 2010; Mehta, Ulbert, and Schroeder, 2000). The late spontaneous activity 

analyzed here was from 50-200ms after stimulus presentation. The difference between 

the hit and miss trials here could be evidence of attention or the lack thereof, but 

the latency is shorter what is reported in the attention literature. The monkey's 

behavioral response occurred about 500 ms after stimulus presentation. Analyzing 

the data around this time period would be confounded with the noise generated from 

the animal's movements. 



SUMl:viARY 

These e:l.lJeriments were desig11ed to understand how response enhancement and sup

pression occurs in experience--dependent plasticit.y in adult macaques. However, due 

to the manner in which the data was collected, we were able to study other aspects of 

e:l.lJerience-dependent plasticity as well as observe the effects of attention and arousal. 

Data collected during the behavior was analyzed for trends in responsiveness that may 

indicate levels of arousal or whether plasticity effects increase or decrease during the 

behavior as the animal practices each day. Data collected in pre and postbehav

ioral recording sessions enabled us to examine the question of whether practicing the 

behavior directly causes plasticity. 

Understanding how both enhancement and suppression occurs in experience

dependent neuroplasticity is essential for effective treatment of disorders involving 

remapping of the cortex. In some cases, as in reclaiming function from a stroke victim, 

increasing representation of important body parts can improve function. In other 

cases, as in focal hand dystonia, too much map expansion can lead to dysfunction. 

This work directly examines whether and how suppression of neural responses occurs 

with learning a detection and discrimination task and contrasts suppression with 

enhancement effects. A grid of microelectrodes implanted into the somatosensory 

cortex recorded neural responses to tactile stimuli before, during and after learning 

a series of behm'iors. Rhesus macaques performed a holdlever task, detection task, 
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then discrimination task for at least 8 days per task. Detection was performed first 

to cleanly delineate the effects of enhancement from suppression. 

The first manuscript compares prebehavioral responses to skin sites outside of 

the behavioral conte}..1; within each behavioral condition, baseline, detection, and 

discrimination. The pre behavioral data recording session was used to assess plasticity 

to minimize t.he effects of attention and arousal t.hat could confound the data seen. 

In this case, we would see true plasticity, that is, changes in neural responsiveness 

that are evident in a different context than the behavior in which these changes would 

prove helpful. 

Detection learning was accompanied by significantly increased responsiveness to 

the target site and increased responsiveness to control sites as compared to the base

line condition. Target receptive fields and control receptive fields significantly in

creased in area. This replicates previously found results of neural response enhance

ment to a target stimulus upon learning a discrimination task. 

Discrimination lean1ing was followed by suppression of neural responses to the 

distractor skin site as well as a significant decrease in receptive field area of receptive 

fields that included only the distractor skin site in the receptive field. Control sites 

continued to significantly increase in responsiveness to the site of best response in 

their receptive fields as well as increase in receptive field area. 

Robust increases in responsiveness to target skin sites and control skin sites were 

accompanied by expansion of receptive field area. Conversely, suppression specifically 
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affected distractor responses and receptive fields only. 

From this study, we conclude that suppression occurs, is very specific, and that 

there must be a distractor stimulus in order to bring about suppressive neuroplasticity 

in the somatosensory cortex. In addition, neurons that do not receive input from the 

distractor site will increase responsiveness, similar to the target responses. 

The next set of data examines whether the practice of the behavior directly alters 

neural responses to reflect the long-term neuroplasticity seen with learning. Data 

recorded from the prebehavioral, behavioral, and postbehavioral sessions were com

pared. 

In the baseline, pr&-detection learning, condition, target evoked and spontaneous 

activity during the behavior was not significantly different from the prebehavioral 

levels. Control spontaneous activity was also no different in the behavior than just 

prior to stal'ting it. Control evoked responses were significantly higher during the 

behavior than in the prebehavioral session. It is hard to determine if this is important, 

as the target baseline data comes from one electrode in one animal. 

Upon learning detection, the evoked and spontaneous activity in target and control 

responses were significantly higher during the behavior than in the prebehavioral or 

postbehavioral sessions. The temporary increase in activity during the behavior may 

be indicative of the general effects of arousal and attention to the somatosensory 

modality. 

In discrimination, target and distractor responses both exhibited significantly 
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higher spontaneous rates during the behavior, but control responses did not. Increase 

in spontaneous activity may reflect the direction of attention to the somatosensory 

modality. In the baseline condition, the monkey tried to perform the simple detection 

task but had not yet learned to associate the tactile tap with a reward. It was only 

after learning the detection task and learning to pay attention to the discrete target 

tap that spontaneous activity significantly increased during behavioral performance. 

We do not see specificity in the effects of spontaneous activity until discrimination. 

Both target and distractor responses exhibit higher rates of spontaneous activity dur

ing the task, whereas control responses do not exhibit this effect. It is possible that 

this is due to the level of difficulty and the necessity of paying attention to the two 

important taps in order for succesful completion of the task. 

Evoked responses in discrimination were significantly higher in both the target and 

control channels during the behavior then returned to prebehavioral levels in almost 

all cases. Distractor evoked responses during the behavior were not significantly 

different from their pre or postbehavioral values. Suppression of distractor responses 

after learning discrimination could alter receptor expression on those neurons in such 

a way that makes them i1mnune to the effects of attention. The difference between 

the amount the target responses increased in behavior versus that of the distractor 

responses was significant. This could be evidence of spatial attention in S 1. 

Comparison of neural responses to the target stimulus during the behavior when 

it was the first stimulus presented as opposed to when it was presented after the 
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distractor tap produced no significant differences. 

Comparison of responses to the target and distractor stimulus in the first 100 

triab at. the beginning of the behavior with the last 100 trials of the same behavioral 

session yielded no significant differences. 

When target responses from hit trials and miss trials were analyzed and compared, 

the only significant difference that was found was in discrimination. Late spontaneous 

activity in hit trials was significantly higher than in miss trials. This could also be 

evidence of attentional effects in S 1. 

When comparing pre and postbehavioral responses, it was found that responsive

ness of all groups of neurons tends to decrease after the behavioral session, but that 

it rebounds to prior levels or more overnight. Only control responses to the site of 

maximal sensitivity in their receptive fields were significantly lower postbeha.viorally 

than in the prebehavioral session. 

Attention and neuroplasticity are studied as distinct processes. Attentional effects 

are transient and do not require lem·ning to take place. Attention enhances neural 

activity for a short period of time, whereas plasticity may enhm1ce or suppress activity 

consistently over a longer period of time, even when the monkey is not performing 

the behavior. In spite of their distinct roles, ACh plays a role in both attention and 

plasticity. While it is not beneficial for attention alone to cause plasticity, it has 

been proposed that ACh acts as an agent that enables plasticity. It is likely that the 

interaction of neurotransmitters such as NE, ACh, and DA is complex. 
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