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Developing a comprehensive understanding of how the brain learns remains one of the greatest challenges in science.  Although studies in invertebrates have established that relatively sophisticated behavior (including associative memory) can be implemented using simple synaptic plasticity rules (Glanzman, 1995), the operating principles that allow networks of millions of neurons to organize themselves and generate useful behavior remain poorly defined (Buonomano and Merzenich, 1998).  Recent experiments in mammalian sensory cortex suggest that cellular learning rules give rise to network-level rules that allow large populations of neurons to learn novel stimuli and adapt to changing situations.  Greater understanding of these network-level rules will provide insight into the neural basis of learning and memory, and lead to new treatment strategies for a variety of neurological and psychiatric disorders.  In this chapter I review a series of plasticity studies that explore the principles of cortical self-organization.

Self-Organization in the Cerebral Cortex

Studies of lesion-induced cortical map reorganization conducted nearly twenty years ago provided the first compelling evidence that populations of cortical neurons retain the potential for self-organization throughout adult life (Kaas, 1999).  Further studies have revealed that cortical plasticity is not simply a specialization to facilitate recovery from injury, but rather reflects the continual optimization of cortical circuitry to meet changing behavioral demands (Merzenich et al., 1990).  Behavioral experience alone is sufficient to substantially remodel the topographic maps in primary sensory cortex.  Tasks that activate a restricted region of the cortical map (i.e. a tap to a single digit or a pure tone) lead to expansion of that region of the map at the expense of neighboring areas (Jenkins et al., 1990, Recanzone et al., 1992, Recanzone et al., 1993).  The degree of map expansion is correlated with improvement in behavioral detection thresholds.  These results suggest that cortical plasticity facilitates learning by increasing the number of cortical neurons that represent behaviorally important stimuli.  This chapter evaluates and extends this hypothesis by focusing on two important questions:  1) How do neurons know which stimuli to learn? and 2) How do they know how to learn them?  

Mechanisms of Experience-Dependent Cortical Plasticity 

Most cellular plasticity mechanisms are controlled by neural activity.  Thus, it is possible that cortical map expansion is simply a consequence of the increased activity caused by the tens of thousands of stimuli delivered over the training period.  This explanation was elegantly tested by exposing two groups of animals to identical acoustic and tactile stimulation and requiring each group to respond only to information from one modality and to ignore the other (Recanzone et al., 1992, Recanzone et al., 1993).  In animals that attended to the acoustic stimuli, the auditory cortex map of frequency was reorganized, while the map of the body surface in somatosensory cortex was unchanged.  In animals that attended to the tactile inputs the opposite pattern developed.  These results demonstrate that cortical plasticity is determined by the features of the sensory environment and the cognitive state of the animal.  Clearly neurons in sensory cortex receive detailed information about the environment via their thalamic inputs, but how do neurons evaluate which stimuli are “important”?  

Cholinergic Contribution to Cortical Plasticity

Cholinergic neurons in nucleus basalis (NB) receive their inputs from the amygdala and other limbic structures and project diffusely from the basal forebrain to the entire cerebral cortex (Mesulam et al., 1983).  Recordings in awake animals have shown that NB neurons 1) respond vigorously to both aversive and rewarding stimuli, 2) learn to respond to stimuli that predict rewards, and 3) habituate when animals become satiated (Richardson and DeLong, 1991).  

Several lines of evidence suggest these neurons activate cortical plasticity mechanisms and allow the cortex to learn behaviorally important stimuli (Hasselmo, 1995).  Both cortical map plasticity and learning are disrupted in animals with NB lesions (Juliano et al., 1991, Webster et al., 1991a, McGaugh et al., 2000).  Pairing a sensory stimulus with electrical activation of NB neurons causes cortical receptive fields to shift towards the paired stimulus (Tremblay et al., 1990, Webster et al., 1991b, Howard and Simons, 1994, Hars et al., 1993, Edeline et al., 1994b, Edeline et al., 1994a, Bakin and Weinberger, 1996, Bjordahl et al., 1998, Kilgard and Merzenich, 1998a).  To determine more precisely how NB activity contributes to cortical map reorganization, we used electrical activation of NB neurons  paired with acoustic stimulation to mimic the cholinergic and sensory inputs engaged during behavioral training.  

Pairing electrical activation of the NB with a tone several hundred times per day for a month led to map reorganization that was 1) more extensive than reorganizations observed after many months of operant training, 2) specific to the tone frequency paired with NB activation, 3) progressive over the course of four weeks, and 4) measurable for more than 36 hours (Kilgard and Merzenich, 1998a) (Figure 1).  These results support the idea that NB neurons instruct cortical neurons what to learn by demarcating which of the thousands of stimuli encountered in a day are behaviorally important.  

Learning in Natural Settings 

Cortical map expansions allow the cortex to redistribute computational resources to focus on regions of the receptor surface that contain behaviorally relevant information.  For example, the cortical representation of the ventral body surface is expanded in nursing rats (Xerri et al., 1994).  Map expansions also occur in humans following extensive training in music or Braille reading (Elbert et al., 1995, Sterr et al., 1998).  

Adaptive Cortical Plasticity – Rattlesnake or Hummingbird? 

Despite these convincing demonstrations of cortical map reorganization, it is important to recognize that map expansion does not represent a general purpose learning strategy.  In most natural situations, relevant information is represented by the temporal pattern of events distributed across the cortical surface.  To explore how the cortex learns to represent spatiotemporal patterns, consider for a moment an animal’s first encounter with an angry rattlesnake (Figure 2a), and assume that either instinct or personal experience has provided this animal with an understanding that snakes can be dangerous (LeDoux, 1996).  

If the animal is to avoid rattlesnakes in the future, it must 1) associate the sensory experience of the rattle with danger, and 2) improve its ability to detect the sound of the rattle.  Spectral analysis reveals that the snake’s rattle is a rapidly modulated, narrow-band noise centered at six kHz (Figure 2b).  The simplest way to avoid rattlesnakes is to associate the repeated activation of auditory neurons tuned to six kilohertz with danger.  Unfortunately, even though the snake’s rattle activates a limited region of the cortical frequency map, the population of engaged neurons is by no means unique to the rattle.  The same population is also activated by the threats of the much less dangerous Rufous hummingbird (Figure 2c&d).  Confusion of these two warning sounds could lead to either needless panic or a dangerous lack of caution.  

To effectively learn a new stimulus class, cortical networks must minimize the potential for confusion.  It is becoming increasingly clear that multiple plasticity mechanisms contribute to modifications in cortical response properties that ensure a reliable depiction of the sensory world (Kilgard et al., 2001).  In the present example, improvements could be realized via 1) receptive field plasticity to more precisely match the bandwidth of the rattle, and/or 2) temporal plasticity to shift the maximum cortical following rate closer to the 15 Hz modulation rate of the rattle.  Although characteristics of the acoustic environment and similarity to previously learned sounds would determine which strategy would be most effective for coding the rattle, little is known about how the cortex determines what form of plasticity to adopt.  

Sensory Experience Directs Plasticity

Studies of cortical plasticity in adult monkeys have provided the clearest demonstration that the cortex can adopt dramatically different coding strategies depending on the stimulus to be identified. Although one might initially assume that narrow receptive fields provide the most precise cortical representation, in some situations larger receptive fields appear to be more effective.  Receptive fields were narrowed when New World monkeys were required to make behavioral judgments based on spectral cues (discriminating between tones of different frequency) (Recanzone et al., 1993), but were broadened when monkeys were required to make judgments about stimulus modulation rate (Recanzone et al., 1992).  The simplest interpretation of these opposite results is that temporal tasks favor the development of large receptive fields to improve the temporal fidelity of the cortical response by allowing more neurons to be engaged; while spectral tasks favor the development of smaller receptive fields that provide a more fine-grained representation of the receptor surface.  These results support the hypothesis that given sufficient arousal the form of cortical reorganization is largely determined by the spatial and temporal characteristics of the sensory input.  

Receptive Field Size

To explore in greater detail how sensory experience directs cortical plasticity, my colleagues and I evaluated receptive field size in seven groups of rats that received identical NB activation, but heard tonal stimuli with different spectral and temporal properties.  Electrical activation of the NB offers several important advantages over behavioral training:  1) Motivational variability over the training interval and across animals is reduced because animals in every group receive identical NB stimulation.  2) Sensory experience can be easily controlled by varying spectral and temporal features of the acoustic environment.  3) Lengthy periods of behavioral shaping are avoided.  4) Significant reorganization occurs more quickly because habituation of NB responsiveness does not occur.  Twenty-four hours after the last pairing session cortical reorganization was quantified by recording from 50 to 100 sites in each animal.  

In the first set of experiments, animals were exposed to one of two different stimulus sets.  Half of the animals heard two different randomly interleaved tones several hundred times per day paired with NB activation to simulate tone frequency discrimination training.  The second group heard a rapidly modulated (15 Hz) tone with a fixed carrier frequency (pitch) to simulate training on a modulation rate task.  In both groups NB activation resulted in profound changes in receptive field size (Kilgard and Merzenich, 1998a).  As in the monkey experiments, the stimuli that varied in pitch caused receptive fields to contract, while the temporally modulated stimulus caused receptive fields to expand (Figure 3a,g&h).  These results suggest that similar network-level rules exist across species to transform experience into adaptive changes in cortical response properties.  These rules appear to operate as “educated guesses” about what features of a novel stimulus contain relevant  information.  In this case, it appears that unmodulated, spectrally diverse stimuli are assumed to contain spectral information and receptive fields are narrowed to improve spectral precision.  In contrast, modulated, spectrally invariant stimuli are assumed to contain temporal information and receptive fields are enlarged to provide greater averaging across spectral channels.

To evaluate the hypothesis that spectral and temporal cues guide cortical plasticity, we paired sounds that were temporally modulated and spectrally diverse (i.e. different pitches) with identical NB activation (Kilgard et al., 2001).  This “intermediate” stimulus caused significantly less receptive field expansion than the spectrally invariant stimulus and supports the hypothesis of continuous network-level learning rules (Figure 3b).  

This model also predicts that tone trains with very slow repetition rate and random pitch would not broaden receptive fields because the interval between tones would be so long that they would be considered unmodulated and lead to activation of the “spectral” coding strategy.  To test this prediction, NB activation was paired with spectrally diverse tone trains that were modulated at two slower rates (5 and 7.5 Hz).  The degree of receptive field expansion was systematically related to repetition rate (Figure 3c&d).  These results confirm the hypothesis that receptive field size is systematically related to temporal and spectral acoustic features that co-occur with NB activity (Figure 3i). 

Background Stimuli

Although these results suggest that the cortex uses different receptive field strategies for certain classes of stimuli, the rattlesnake example reminds us that the optimal strategy for specific circumstances also depends upon the characteristics of background sounds in the environment.  To evaluate the effect of background stimuli, NB pairing experiments were conducted with and without additional sounds that were not paired with NB activation (CS–’s).  One group of animals heard one tone frequency paired with NB activation in a silent background.  The other group heard the same tone paired with the same NB stimulation, but also heard two other tone frequencies randomly interleaved with the paired tone, but not paired with NB activation.  The presence of tonal stimuli in the background prevented the increase in receptive size that normally follows tone pairing in a quiet background (Figure 3e&f).  This result suggests that pairing a single tone in a quiet background causes the cortex to adopt a strategy suitable for a simple detection task.  Increasing receptive field size would decrease neural noise in a quiet background by averaging across more peripheral receptors.  However, this strategy would not be adaptive in an environment filled with irrelevant tones.  These results indicate that specific features of the sensory environment (including CS+’s and CS–’s) control receptive field size and location. 

Temporal Plasticity

My colleagues and I next sought to determine 1) whether temporal properties of cortical neurons can be altered by sensory experience, and 2) what stimulus features influence the development of temporal plasticity.  In naïve rats, cortical neurons generally do not respond to individual stimuli presented at rates greater than 12 Hz (Kilgard and Merzenich, 1999a).  We tested whether the maximum cortical following rate could be increased by pairing tones modulated at 15 Hz with NB activation.  Pairing 9 kHz tone trains did not significantly alter the maximum following rate (Kilgard et al., 2001), despite dramatic receptive field plasticity (Figure 1c&d).  In striking contrast, the maximum following rate was increased by pairing NB stimulation with tone trains (15 Hz modulation rate) that each had a different pitch (Figure 4) (Kilgard and Merzenich, 1998b).  This result indicates that the temporal coding strategy used by the cortex is shaped by spectral features of the acoustic stimulus.  Specifically, it appears that the cortex adopts a map expansion strategy to better code the stimulus if tone frequency is constant, and changes its temporal characteristics only when this strategy is unavailable.  To demonstrate that the changes in maximum following rate were dependent on the repetition rate of the stimuli paired with NB stimulation, we exposed two additional groups of rats to 5 and 7.5 Hz trains of random carrier frequency paired with identical NB activation.  These experiments confirmed that the maximum cortical following rate could be increased or decreased depending on the sensory experience that was paired with NB activity (Figure 4).  

Collectively these results demonstrate that experience-dependent plasticity mechanisms can alter both receptive field structure and temporal processing in order to “fine-tune” cortical coding to match specific sensory environments.  For example, cortical neurons could be made to reliably distinguish between rattlesnakes and hummingbirds by precisely adjusting the spectral and temporal filter properties of cortical neurons.  It should be noted that even this “real-world” example is relatively simple in that the sounds, like our tone trains, are periodic.  Most naturally occurring stimuli are significantly more complex.  Our ability to learn any of the diverse human languages indicates that the brain must be able to faithfully represent any of the spectrotemporal patterns that signify phonemes and words in each language (Kuhl, 1999).    

Spectrotemporal Plasticity

In other species with rich acoustic experience, neurons have been found that are “tuned” for particular  spectrotemporal transitions in their vocalizations (Wollberg and Newman, 1972, Esser et al., 1997, Wang et al., 1995).  These neurons respond strongly to the complex sequence of sounds that make up these sounds, but respond much less strongly to each of the elements in isolation.  My colleagues and I have recently extended our work on simple periodic stimuli by exploring how cortical plasticity mechanisms improve the representation of transitions found in spectrotemporally complex stimuli (Kilgard and Merzenich, 1999b).  We chose to investigate how the cortex learns a rapid sequence of two tones followed by a noise burst because this sequence exhibits spectral transitions present in many natural sounds, but can be easily varied to probe the cortical representation of related sequences.  As in all the previous experiments, this stimulus sequence was repeatedly paired with NB activation several hundred times per day for four weeks.  After pairing, we found that a large proportion of cortical neurons developed response facilitation that was specific to the order of sequence elements paired with NB activation (Figure 5).  This result extends our previous work with simple stimuli by demonstrating that neurons in primary auditory cortex can develop responses that are specific to spectrotemporal transitions present in complex stimuli that co-occur with NB activation.

These and earlier results provide compelling evidence that the cortex plays an active role in memory formation and continually optimizes its circuitry to improve perceptual ability.  In addition, these results suggest that NB neurons instruct cortical neurons which stimuli are important, and network-level rules specify how to learn them.  

Changes in Arousal and Behavior Contribute to Self-Organization 

One limitation of the experimental approach I have described is that the acoustic stimuli and NB activation were held constant throughout several weeks of pairing.  In natural situations, learning modifies both arousal and perception making every experience unique.  To clarify the role that changes in arousal and behavior play in cortical self-organization, consider once again a hypothetical animal learning to discriminate between rattlesnake and hummingbird threats.  After the first encounter with a rattlesnake, the hummingbird vocalization would likely elicit a fear response (and NB activation) due to its physical similarity to the rattle.  As a result, in the early stages of learning both threats would be associated with NB activation.  As the cortical representation of the sounds is refined, the animal would be better able to distinguish the two threats and would eventually recognize that the hummingbird vocalization does not indicate a snake is near.  Gradually, the hummingbird threat would elicit less and less NB activation (Pepeu and Blandina, 1998).  In addition, an improved cortical representation of the rattle would allow the animal to detect the rattle at a greater distance and avoid dangerous close encounters.  Thus, in most natural circumstances cortical reorganization is self-limiting, and runaway plasticity is prevented by changes in perception and behavior (Figure 6).  

Maladaptive Cortical Plasticity – Rattlesnake or Garden Hose? 

Although the NB experiments described above were designed to explore how sensory experience controls the form of cortical plasticity, they also provide a model of the potential consequences of unregulated plasticity.  In several experiments, for example, NB-induced map expansion was so extensive that more than 90% of  A1 neurons responded to the paired tone (Figure 1) (Kilgard and Merzenich, 1998a).  The potential for such profound cortical reorganization indicates that cortical plasticity must be well-regulated to prevent one arousing stimulus from dominating cortical responsiveness.  

Pathological brain plasticity has been implicated in a number of neurological conditions, including motor abnormalities (e.g. focal dystonia and synkinesis) and sensory dysfunction (e.g. tinnitus and chronic pain), and may be involved in many others (Byl and Melnick, 1997, Friston, 1998).  To clarify how plasticity mechanisms that are normally adaptive can unbalance even a healthy brain, consider the challenge of discriminating rattlesnakes and garden hoses.  Whether in a primeval forest or our own backyard, one must be able to detect snakes to avoid them.  Detection is often complicated by the fact that snakes actively conceal themselves by hiding in shadows and tall grass.  One way to improve our chances of detecting a hidden snake is to increase the proportion of visual cortex neurons that respond to curved or coiled objects (i.e. more “snake” neurons).  There is every reason to believe that fear-induced NB activity, associated with each snake sighting, is sufficient to trigger the cortex to develop such responses. 

Although more “snake-sensitive” neurons would increase the likelihood of detecting a concealed snake, they would also increase the chances of finding concealed sticks and garden hoses that resemble snakes.  In the previous example, the two acoustic threats initially triggered the same fear response, but with more experience the two became separable as the sensory representation was refined.  This separability is possible because, although the two sounds are similar, there are reliable physical differences between them.  When sensory information is ambiguous or noisy, learning is less precise and overgeneralization can result.  As the visual system becomes more sensitive to snake-like objects, it will find more of them (especially in low contrast environments such as tall grass, dark alleys, and brush piles).  As a result, NB activation will be frequently paired with coiled garden hoses and curved sticks hidden in the grass and the representation of snake-like objects will be further expanded.  False alarms have the potential to trigger behavioral changes that may eventually contribute to the development of a full-blown phobia (Fyer, 1998).  The more time one spends scanning noisy, low-contrast areas looking for snakes, the more likely one is to find something that looks like a snake and to confirm the belief that snakes abound.  A lowered threshold for detecting the shape of a snake coupled with active searching and fear can lead to excessive plasticity and instability.  

 Although simplistic, this example illustrates that under certain circumstances the same mechanisms that regulate adaptive plasticity can lead to feedback interactions that destabilize the brain.  Figure 6 summarizes a working model of how feedback between perception, arousal, and behavior can contribute to either stability or instability.  Although the experiments described in this chapter used NB activation to approximate the “importance” signal, many other systems are likely to be involved including other projections from “higher” cortical zones and other ascending modulatory systems (Hasselmo, 1995, Ahissar and Hochstein, 1997).  

Conclusions 

By systematically varying the acoustic stimulus paired with electrical activation of NB neurons, my colleagues and I have documented that network-level rules operate in the cortex to transform sensory experiences into changes in cortical circuitry.  Despite the unnatural method for activating NB neurons, the plasticity generated with this paradigm closely parallels natural learning (Merzenich et al., 1990).  We have documented changes in map organization, receptive field size, and temporal response properties that varied systematically as spectral and temporal stimulus features were altered.  The observation that cortical neurons can develop response facilitation to specific spatiotemporal patterns provides evidence that cortical self-organization sharpens the sensory representation of complex stimuli by coordinating cellular plasticity mechanisms across the cortical surface.  

In addition to clarifying how networks of neurons contribute to learning and memory, a more complete understanding of the principles that guide cortical self-organization is essential to the development of treatment strategies for a variety of central nervous system disorders.  Recent imaging studies suggest that cortical map plasticity is involved in tinnitus and focal dystonia (Muhlnickel et al., 1998, Byl et al., 2000), while degraded temporal processing is commonly observed in dyslexia (Merzenich et al., 1996a, Wright et al., 1997).  Although we have seen that neurological disorders can lead to changes in perception and behavior that can maintain disordered states, there is every reason to believe that neural networks can be retrained and normal function restored (Byl and Melnick, 1997).  Extensive training on a variety of temporal tasks, for example, can produce marked improvement in speech recognition and language ability in dyslexic children (Merzenich et al., 1996b, Tallal et al., 1996).  New insight into the mechanisms of brain plasticity will undoubtedly lead to improvements in existing therapies and the development of new approaches to treating neurological and psychiatric disorders.
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Figure Legends

Figure 1. Topographic organization of tone frequency preference in rat primary auditory cortex.  A&B) Example of normal organization in naïve animals.  C&D) Example of the map reorganization following four weeks of NB stimulation paired with 9 kHz tone trains.  Each polygon represents one microelectrode penetration.  The color indicates the best frequency for each site.  The region of the map that responds selectively to 9 kHz is indicated by white hatching.  Scale bar = 0.25 mm.  B&D) Every A1 receptive field is shown to illustrate the increased receptive field size and shift toward 9 kHz in the experimental group.  Each line indicates the width of each receptive field 10dB above threshold.  The color dots represent the best frequency at each site. Receptive fields that include 9 kHz are colored in red. Adapted from “Cortical Map Reorganization Enabled by Nucleus Basalis Activity” (p. 1715) by M. P. Kilgard and M. M. Merzenich, 1998, Science, 279, 1714-1718. 

Figure 2. (A) Acoustics of Western Diamondback Rattlesnake and (B) Rufous Hummingbird threat displays.  The top panel in each section displays the acoustic wave form and the bottom panel displays the spectrogram.  The two sounds have similar acoustic features, but indicate the presence of very different animals.  These sounds demonstrate the potential to confuse natural sounds.  

Figure 3. Receptive field size (frequency bandwidth) of A1 neurons is influenced by specific features of the auditory stimulus paired with NB activation.  Mean bandwidth 10 dB above threshold with standard error (across sites) is shown. In agreement with training-induced plasticity in monkeys, receptive field size is increased by stimuli with a high degree of temporal modulation and little spectral variability (15 Hz trains of 9kHz tones) and reduced by stimuli with more spectral diversity and no temporal modulation (i.e. two different frequencies of unmodulated tones).  Pairing acoustic stimuli that share features of each resulted in intermediate results.  All experimental groups had statistically significant (p < 0.05) mean bandwidth compared to controls, except (F).  I)  The same results are replotted in schematic form to illustrate how spectral variability (y-axis) and temporal modulation (x-axis) contribute to receptive field size.  The length and direction of each arrow represents the change in receptive field size shown in (A-E & H).   The dotted line indicates stimuli that are predicted not to change receptive field size.  From “Sensory Input Directs Spatial and Temporal Plasticity in Primary Auditory Cortex” by M. P. Kilgard, P. K. Pandya, J. Vazquez, A. Gehi, C. E. Schreiner, and M. M. Merzenich (2001), Journal of Neurophysiology.

Figure 4. Sensory experience controls temporal plasticity.  Lines indicate mean normalized response  to tone trains of different rates.  Pairing NB stimulation with 15 Hz tone trains of different carrier frequencies increased the maximum cortical following rate of A1 neurons, while pairing 5 Hz tone trains decreased the maximum following rate compared to controls.  The response of each site was normalized using the number of spikes evoked by the first tone in each train.  Error bars indicate standard error.  The rates that were significantly different from controls are marked with dots (one-way ANOVA, Fisher’s PLSD, p<0.05). From “Plasticity of Temporal Information Processing in the Primary Auditory Cortex” (p. 729) by M. P. Kilgard and M. M. Merzenich, 1998, Nature Neuroscience, 1, 727-731. 

Figure 5. An example of the type of “combination sensitive” neurons that developed in A1 after pairing NB stimulation with a high-low-noise sequence (5 kHz – 12 kHz – noise burst, 100ms SOA). The colored lines under each response histogram (PSTH) indicate the sequence of stimuli presented.  The black numbers to the right indicate the mean number of spikes evoked by each stimulus element.  The response to the noise burst exhibited a facilitated response (42% facilitation, 2.2 vs. 1.5 spikes, p<0.001) only when part of the complete sequence that was paired with NB activation (see arrow).  

Figure 6.  Working model of the interactions between perception, arousal, behavior, and plasticity.  

REFERENCES

Ahissar, M. and Hochstein, S. (1997). Task difficulty and the specificity of perceptual learning. Nature, 387, 401-6.

Bakin, J. S. and Weinberger, N. M. (1996). Induction of a physiological memory in the cerebral cortex by stimulation of the nucleus basalis. Proc Natl Acad Sci U S A, 93, 11219-24.

Bjordahl, T. S., Dimyan, M. A. and Weinberger, N. M. (1998). Induction of long-term receptive field plasticity in the auditory cortex of the waking guinea pig by stimulation of the nucleus basalis. Behav Neurosci, 112, 467-479.

Buonomano, D. V. and Merzenich, M. M. (1998). Cortical plasticity: from synapses to maps. Annu Rev Neurosci, 21, 149-86.

Byl, N. N., McKenzie, A. and Nagarajan, S. S. (2000). Differences in somatosensory hand organization in a healthy flutist and a flutist with focal hand dystonia: a case report. J Hand Ther, 13, 302-9.

Byl, N. N. and Melnick, M. (1997). The neural consequences of repetition: clinical implications of a learning hypothesis. J Hand Ther, 10, 160-74.

Edeline, J. M., Hars, B., Maho, C. and Hennevin, E. (1994a). Transient and prolonged facilitation of tone-evoked responses induced by basal forebrain stimulations in the rat auditory cortex. Exp Brain Res, 97, 373-86.

Edeline, J. M., Maho, C., Hars, B. and Hennevin, E. (1994b). Non-awaking basal forebrain stimulation enhances auditory cortex responsiveness during slow-wave sleep. Brain Res, 636, 333-7.

Elbert, T., Pantev, C., Wienbruch, C., Rockstroh, B. and Taub, E. (1995). Increased cortical representation of the fingers of the left hand in string players. Science, 270, 305-7.

Esser, K. H., Condon, C. J., Suga, N. and Kanwal, J. S. (1997). Syntax processing by auditory cortical neurons in the FM-FM area of the mustached bat Pteronotus parnellii. Proc Natl Acad Sci U S A, 94, 14019-24.

Friston, K. J. (1998). The disconnection hypothesis. Schizophr Res, 30, 115-25.

Fyer, A. J. (1998). Current approaches to etiology and pathophysiology of specific phobia. Biol Psychiatry, 44, 1295-304.

Glanzman, D. L. (1995). The cellular basis of classical conditioning in Aplysia californica--it's less simple than you think. Trends Neurosci, 18, 30-6.

Hars, B., Maho, C., Edeline, J. M. and Hennevin, E. (1993). Basal forebrain stimulation facilitates tone-evoked responses in the auditory cortex of awake rat. Neuroscience, 56, 61-74.

Hasselmo, M. E. (1995). Neuromodulation and cortical function: modeling the physiological basis of behavior. Behav Brain Res, 67, 1-27.

Howard, M. A., 3rd and Simons, D. J. (1994). Physiologic effects of nucleus basalis magnocellularis stimulation on rat barrel cortex neurons. Exp Brain Res, 102, 21-33.

Jenkins, W. M., Merzenich, M. M., Ochs, M. T., Allard, T. and Guic-Robles, E. (1990). Functional reorganization of primary somatosensory cortex in adult owl monkeys after behaviorally controlled tactile stimulation. J Neurophysiol, 63, 82-104.

Juliano, S. L., Ma, W. and Eslin, D. (1991). Cholinergic depletion prevents expansion of topographic maps in somatosensory cortex. Proc Natl Acad Sci U S A, 88, 780-4.

Kaas, J. H. (1999). The Reorganization of Sensory and Motor Maps after Injury in Adult Mammals. In Gazzaniga, M. S. (Ed.), The New Cognitive Neurosciences (Ch. 15). Cambridge: MIT Press.

Kilgard, M. P. and Merzenich, M. M. (1998a). Cortical map reorganization enabled by nucleus basalis activity. Science, 279, 1714-8.

Kilgard, M. P. and Merzenich, M. M. (1998b). Plasticity of temporal information processing in the primary auditory cortex. Nature Neuroscience, 1, 727-731.

Kilgard, M. P. and Merzenich, M. M. (1999a). Distributed representation of spectral and temporal information in rat primary auditory cortex. Hear Res, 134, 16-28.

Kilgard, M. P. and Merzenich, M. M. (1999b). Order selective plasticity in the primary auditory cortex. In Society for Neuroscience Abstracts 25:391.
Kilgard, M. P., Pandya, P. K., Vazquez, J., Gehi, A., Schreiner, C. E. and Merzenich, M. M. (2001, in press). Sensory Input Directs Spatial and Temporal Plasticity in Primary Auditory Cortex. J Neurophysiol.

Kuhl, P. K. (1999). Language, Mind, and Brain: Experience Alters Perception. In Gazzaniga, M. S. (Ed.), The New Cognitive Neurosciences (Ch. 8). Cambridge: MIT Press.

LeDoux, J. E. (1996). The Emotional Brain. New York City: Simon and Schuster.

McGaughy, J., Everitt, B. J., Robbins, T. W. and Sarter, M. (2000). The role of cortical cholinergic afferent projections in cognition: impact of new selective immunotoxins. Behav Brain Res, 115, 251-63.

Merzenich, M., Wright, B., Jenkins, W., Xerri, C., Byl, N., Miller, S. and Tallal, P. (1996a). Cortical plasticity underlying perceptual, motor, and cognitive skill development: implications for neurorehabilitation. Cold Spring Harb Symp Quant Biol, 61, 1-8.

Merzenich, M. M., Jenkins, W. M., Johnston, P., Schreiner, C., Miller, S. L. and Tallal, P. (1996b). Temporal processing deficits of language-learning impaired children ameliorated by training. Science, 271, 77-81.

Merzenich, M. M., Recanzone, G. H., Jenkins, W. M. and Grajski, K. A. (1990). Adaptive mechanisms in cortical networks underlying cortical contributions to learning and nondeclarative memory. Cold Spring Harb Symp Quant Biol, 55, 873-87.

Mesulam, M. M., Mufson, E. J., Wainer, B. H. and Levey, A. I. (1983). Central cholinergic pathways in the rat: an overview based on an alternative nomenclature (Ch1-Ch6). Neuroscience, 10, 1185-201.

Muhlnickel, W., Elbert, T., Taub, E. and Flor, H. (1998). Reorganization of auditory cortex in tinnitus. Proc Natl Acad Sci U S A, 95, 10340-3.

Pepeu, G. and Blandina, P. (1998). The acetylcholine, GABA, glutamate triangle in the rat forebrain. J Physiol Paris, 92, 351-5.

Recanzone, G. H., Merzenich, M. M., Jenkins, W. M., Grajski, K. A. and Dinse, H. R. (1992). Topographic reorganization of the hand representation in cortical area 3b owl monkeys trained in a frequency-discrimination task. J Neurophysiol, 67, 1031-56.

Recanzone, G. H., Schreiner, C. E. and Merzenich, M. M. (1993). Plasticity in the frequency representation of primary auditory cortex following discrimination training in adult owl monkeys. J Neurosci, 13, 87-103.

Richardson, R. T. and DeLong, M. R. (1991). Electrophysiological studies of the functions of the nucleus basalis in primates. Adv Exp Med Biol, 295, 233-52.

Sterr, A., Muller, M. M., Elbert, T., Rockstroh, B., Pantev, C. and Taub, E. (1998). Changed perceptions in Braille readers. Nature, 391, 134-5.

Tallal, P., Miller, S. L., Bedi, G., Byma, G., Wang, X., Nagarajan, S. S., Schreiner, C., Jenkins, W. M. and Merzenich, M. M. (1996). Language comprehension in language-learning impaired children improved with acoustically modified speech. Science, 271, 81-4.

Tremblay, N., Warren, R. A. and Dykes, R. W. (1990). Electrophysiological studies of acetylcholine and the role of the basal forebrain in the somatosensory cortex of the cat. II. Cortical neurons excited by somatic stimuli. J Neurophysiol, 64, 1212-22.

Wang, X., Merzenich, M. M., Beitel, R. and Schreiner, C. E. (1995). Representation of a species-specific vocalization in the primary auditory cortex of the common marmoset: temporal and spectral characteristics. J Neurophysiol, 74, 2685-706.

Webster, H. H., Hanisch, U. K., Dykes, R. W. and Biesold, D. (1991a). Basal forebrain lesions with or without reserpine injection inhibit cortical reorganization in rat hindpaw primary somatosensory cortex following sciatic nerve section. Somatosens Mot Res, 8, 327-46.

Webster, H. H., Rasmusson, D. D., Dykes, R. W., Schliebs, R., Schober, W., Bruckner, G. and Biesold, D. (1991b). Long-term enhancement of evoked potentials in raccoon somatosensory cortex following co-activation of the nucleus basalis of Meynert complex and cutaneous receptors. Brain Res, 545, 292-6.

Wollberg, Z. and Newman, J. D. (1972). Auditory cortex of squirrel monkey: response patterns of single cells to species-specific vocalizations. Science, 175, 212-4.

Wright, B. A., Lombardino, L. J., King, W. M., Puranik, C. S., Leonard, C. M. and Merzenich, M. M. (1997). Deficits in auditory temporal and spectral resolution in language- impaired children. Nature, 387, 176-8.

Xerri, C., Stern, J. M. and Merzenich, M. M. (1994). Alterations of the cortical representation of the rat ventrum induced by nursing behavior. J Neurosci, 14, 1710-21.

[image: image1.png]Darsal

A) e rr

60

32

16

8

4

2

- 1

Best Freq (kHz)
Naive Rat Primary Auditory Cortex

1 2 4 8 16 32 64
Frequency (kHz)

Dorsal

ot

60
32
16

D) Best Freq (kHz)

After 9 kHz Train Paired w/ BF Stimulation
g 70
£ 50
230
210
w

1 2 4 8 16 32 64
Frequency (kHz)



Figure 1

[image: image2.png]


Figure 2

[image: image3.png](saAe)2Q)
ploysaay) 2a0qe gpo1 Yplapueg

o AN =

8 I & = o & aq
w0 - o 2 2 © = © o
:
ALY S |<— <=
g O =
e | =
3,:;3 .m
C
® ) g &
oy ® o,w.,?; A
PSRN =
L ] DU ur o
ST e /m <&
v(wf PR —
® P FET =
ge® .m el
ER -
b 4 RER ’ ey &
st B
w s
@ a1’ g™ R KL
R A **
N . @ [ s <
2 8
> oy Lot 2 a =~ —>
g ® —
B =
® V8
SHE N B B N Z s
sayd}l uaiajjll
(s[ouod jo o/) Yyoajid i Ha
— Jo Jaqunp

PIOYSIIY) 3A0qE FPOT YpLupueg =

Repetition Rate (Hz)



Figure 3

[image: image4.png]Figure 4

1.2
]
e 1
]
x
[«
o508
o
© == Control|:
=06
© 16 Hz
£
= e 1.5 HZ
S04F

—_ b Hz
02 T 1 1 1 1 1 1 1 ]
3 5 7 9 11 13 15 17

Repetition Rate (Hz)





[image: image5.png]=== High Tone
=== | Oow Tone
=== Noise Burst

Spikes per Element
1st 2nd 3rd
Reversed | 15 01 08
Sequence - A — LA ’ ’ ’
Sequence ‘ " T 11 01 22
Paired w/ BF | & — - - - +42%




Figure 5


Figure 6

Experience


or Instinct








Connectivity 


& Dynamics








External world





Plasticity





Behavioral Change





Neural Representation








Importance




























































