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3.11.1 Introduction
Cortical plasticity concerns the totality of nontransient changes in the structure and function of the
cerebral cortex at the levels of hemispheres, lobes,
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systems, circuits, cells, and molecules. Restricted to
the domain of learning and memory, its scope
remains colossal. This chapter focuses on a central
aspect of learning and memory – associative learning
and memory and neurophysiological plasticity at the
187
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levels of systems and cells in the primary sensory
cortical fields: auditory (A1), somatosensory (SI),
and visual (V1). For an earlier related account with
a somewhat difference emphasis, see Edeline (1999).
Space limitations preclude broad coverage of priming and related phenomena in humans (Schacter
et al., 2004; Grill-Spector et al., 2006) and of cellular
and molecular mechanisms of associative plasticity
(Buonomano and Merzenich, 1998; Palmer et al.,
1998; Rauschecker, 1999; Barth, 2002; Diamond
et al., 2003; Edeline, 2003; Metherate and Hsieh,
2004; Weinberger, 2004b).
3.11.1.1

Rationale

Why focus on primary sensory cortices (PSCs)?
There are several reasons. First, the primary sensory
cortices are the last regions of the cerebral cortex to
be included into the field of the neurobiology of
learning and memory. Of course, there can be found
no formal, and indeed only rarely a semiexplicit,
denial of their importance in learning and memory.
But PSCs have been largely ignored, particularly in
the case of associative learning.
Second, general conceptions about cortical organization for learning and memory should be informed
by the established, but still underappreciated, realization that primary sensory fields are not merely
sensory analyzers. Rather, their functions, as related
to intrinsic operations and integration of influences
from the thalamus, other cortical areas, and neuromodulatory systems, render them as important nodes
in the acquisition, representation, storage, and ultimate use of information in thought and action.
Third, beyond associative and mnemonic processes, PSCs are involved in a wide variety of
functions that are not strictly sensory, including
attention, motivation, the encoding of behavioral significance, motor acts, and higher cognitive functions
such as learning strategy, expectancy and preparatory set, cross-modal integration, category learning,
and concept formation. The emerging, broadened
view of PSCs challenges normative conceptions of
the structural/functional organization of the cerebral
cortex as largely hierarchically sensory, associational,
and motor and calls for a new cortical schema.
Fourth, but perhaps of paramount importance, is
the issue of the specificity of plasticity. The substrates of memory must contain information that is
sufficiently detailed to subserve cognitive processes
and behaviors that are dependent on that memory. It
is insufficient to merely identify structures that are

involved in memory because involvement is only the
first step. Without knowing the type of information
that such involved structures acquire and hold, one
cannot conclude that they actually do hold the type
and level of detail (i.e., the contents) of memory that
comprise the storage of experience.
Primary sensory cortices provide a convenient
entry point into the search for specificity, largely
because they contain systematic representations of
their respective sensory epithelia. Of course, primary
sensory cortices are not the sole sites of memories
but, rather, are parts of probably widely distributed
networks consisting of complex feedforward and
feedback connections. But the study of PSCs contributes a powerful set of experimental tools from the
field of sensory neurophysiology. Their application
provides a level of specificity of plasticity beyond
what can be obtained with standard approaches to
the neurophysiology of learning. Furthermore, they
permit the assessment of specificity for any learning
task. Moreover, when appropriately employed, the
use of sensory neurophysiological approaches yields
posttraining determination of the specificity of plasticity that is exempt from the usually unavoidable
influences of experimental extinction. In so doing,
consolidation and the course of long-term retention
can be studied without fear of contamination from
repeated measures.
3.11.1.2 Neurophysiological Plasticity
in Associative Learning and Memory
As used here, neurophysiological plasticity refers simply to any learning-related changes in the activity of
neurons, regardless of the method of recording:
electroencephalogram (EEG), evoked potentials, unit
discharges, metabolic activity, and so forth. As generally understood, the minimum duration of change that
is considered plasticity is on the order of minutes, to
distinguish it from purely sensory responses that may
last many seconds. This article concentrates on behaviorally validated cases of learning and memory rather
than demonstrations of plasticity that are alleged to
constitute learning. Conflating neural plasticity with
memory is experimentally confusing and conceptually
fallacious. Although learning and memory, which are
behavioral-level constructs, undoubtedly are caused
by neural plasticity, equating the two constitutes a
category error (Ryle, 1963).
The recording of neural activity in learning and
memory provides correlates of these processes and the
behaviors that experimenters use to infer learning and
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memory. Such correlates can gain importance for
inferences about causality if they are predictive of
later behavioral assessments of learning and memory.
For example, the amount of conditioned stimulus
(CS)-elicited gamma band activity in the EEG of A1
during training predicts the amount of specificity of
behavioral memory tested 24 h later (Weinberger
et al., 2006). Nonetheless, such predictive correlates
cannot establish that the neural plasticity so identified
is either necessary or sufficient for the learning or
memory in question. Their major advantage is in
identifying brain structures and systems that develop
learning-based neural plasticity. In so doing, the use of
neural correlates is perhaps the only way to find out
what the brain is doing while it is doing it. Indeed, the
discipline of sensory physiology is based essentially on
neural correlates, specifically, correlations between a
given stimulus and sensory system responses (Kiang,
1955). Such sensory physiology correlations have been
used to understand processes such as developmental
plasticity in PSCs (Weisel and Hubel, 1963).
The study of PSCs in learning and memory is
more reliant on neurophysiological approaches than
investigation of other structures, such as the amygdala and hippocampus, because lesions entail unique
difficulties of interpretation. Because, as will be
documented in the section titled ‘Specificity of associative plasticity in primary sensory cortices,’ PSCs
develop associative plasticity during learning, their
responses to sensory stimuli are governed not only by
the physical parameters (e.g., sound frequency, locus
of touch on the body surface) but also by the acquired
behavioral relevance of those stimuli. Therefore, if
lesions of a PSC disrupt learning, then resultant
deficits could have been caused either by impairment
of sensory/perceptual processing or by destruction of
information stored in the removed tissue or both.
One approach to circumvent this problem is to
apply a treatment to a primary sensory cortex (e.g.,
stimulate, inactivate) after the sensory stimulus has
ended but before a behavior dependent on the storage of that information is required (Harris et al.,
2002).Investigations of plasticity in learning and
memory in the primary sensory cortices vary greatly
with the type of learning studied. Thus, associative
learning, including classical and instrumental conditioning, has been investigated most extensively in the
primary auditory cortex. Priming and perceptual
learning have been most intensively examined in
the visual cortex. The somatosensory cortex is
becoming increasingly studied, particularly using
the vibrissal system of animals, which has the
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advantage of a one-to-one correspondence between
each whisker and its anatomically distinct recipient
primary somatosensory cortex. This chapter reflects
these characteristics of the literature.

3.11.2 What about Perceptual
Learning?
As stated in the introduction, this chapter concerns
associative learning. Where does that leave perceptual
learning? Perceptual learning refers to an increase in
sensory acuity within a stimulus dimension, usually as
a result of increasingly difficult discrimination training
(Kellman, 2002). Experiments of perceptual learning in
humans typically involve thousands of trials over many
days. For example, a recent study of human frequency
discrimination learning involved 4000–5000 trials
(Irvine et al., 2000), whereas a pitch discrimination
experiment used more than 10 000 trials (Demany
and Semal, 2002). Even when a single training session
is employed, the number of stimulus trials is typically
large. A study of learning of melodic patterns used
1200 different stimuli (Tervaniemi et al., 2001).
Animal neurophysiological studies of perceptual learning typically employ very extensive discrimination
training for each subject. For example, an investigation
of primary visual cortex used 130 000–325 000
trials (Schoups et al., 2001), and an experiment on
inferotemporal cortical visual processing employed
750 000–1 150 000 trials (Logothetis et al., 1995).
There are reports of perceptual learning in considerably fewer trials under specific circumstances (Hawkey
et al., 2004), but even so, specific plasticity in associative learning can develop in only five trials (Edeline
et al., 1993).
Aside from the rate of learning, why make a distinction between perceptual learning and associative
learning? One might expect that if any type of learning is characteristic of primary sensory cortices, then
it must be perceptual learning. In fact, the existence
of perceptual learning is often thought to subsume the
category of associative learning, so that all learninginduced plasticity in PSCs is regarded as perceptual
learning.
The distinction is actually critical. One might
simply ask, ‘‘After a bout of perceptual learning,
what is changed in a primary sensory cortex?’’ The
answer would seem to be, ‘‘After perceptual learning,
the machinery of the cortex has been altered to
enable greater acuity. The sensory cortical machine
now analyzes the same physical stimuli differently
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(e.g., at a finer grain).’’ This effect certainly constitutes a type of learning by any definition. But
interestingly, the study of perceptual learning does
not include perceptual memory. This situation probably reflects the fact that investigators of perceptual
learning are more concerned with sensory/perceptual processes than with learning and memory, and in
any event, subjects do not actually remember the
specific contents of their experience, that is, the particular stimuli or stimulus values given during certain
of their multitude of trials. Thus, although perceptual
learning alters the gateway to memory, increased
acuity by itself is not necessary for memory, as the
term is normally understood (i.e., as the contents of
experience). However, the extant level of acuity can
determine the precision with which the information
is analyzed and may then be encoded and stored.
Consideration of the stages of training in perceptual learning indicates that, actually, it may
be considered a subclass of associative learning.
Subjects must first learn an association between a
sensory stimulus and a reinforcer (simple classical
conditioning) and, second, must learn an association
between a specified response and a reinforcer contingent on whether a sensory stimulus is a CSþ
(rewarded) or CS (nonrewarded) (i.e., discriminative instrumental conditioning). After that, the
discriminations simply become increasingly difficult.
Because basic associative learning and its correlated
cortical plasticity develop first (often in a few trials),
understanding their substrates may help elucidate
mechanisms of perceptual learning. Given this consideration and space limitations, perceptual learning
is not reviewed. However, some brief comments will
help to place it in perspective.
A general summary, necessarily imperfect, is that
PSC plasticity is often (but not always) found after
perceptual learning and in many instances correlates
well with the type and amount of behavioral
perceptual improvement, thus providing a potential
explanation of the behavioral effects. For example,
monkeys trained to discriminate between frequencies
of vibration on a digit develop increased temporal
precision of evoked discharges in S1 (i.e., decreased
variance in the representation of each stimulus
cycle) that could account for behaviorally measured
frequency discrimination performance (correlation ¼
0.98) (Recanzone et al., 1992).
In addition, studies of perceptual learning can illuminate properties of PSC neurons because the
extensive training allows for training the same subjects
on multiple tasks. In a particularly noteworthy case,

Gilbert and colleagues trained monkeys to perform two
tasks using a single visual array consisting of five line
segments: a central line flanked by two parallel lines at
either end and either side. Subjects were trained to
switch between a line bisection and a vernier task.
The tuning properties of neurons in primary visual
cortex (V1) changed depending on the task. Most
importantly, an information theoretic analysis revealed
that neurons ‘‘carried more information about a stimulus attribute when the animals were performing a task
related to that attribute’’ (Li et al., 2004: 651). The
authors suggested that V1 as a whole is an adaptive
processing unit that performs different computations
depending on the current problem to be solved (i.e., the
behavioral context) (Li et al., 2004). These neuronal
characteristics are certainly in line with the associative
specificity obtained even in simple classical conditioning studies, as reviewed later.
A major issue concerns whether or not PSCs or
higher cortical areas are responsible for perceptual
improvement (Fahle, 2004). For example, in the case
of successful frequency discrimination, the primary
auditory cortex exhibits either extensive plasticity
(Recanzone et al., 1993), a lack of plasticity (Brown
et al., 2004), or partial plasticity (Witte and Kipke,
2005). There is no a priori reason why substrates of all
perceptual learning should involve PSCs. It is sufficient for our present purposes to note that there is
compelling evidence that some perceptual learning is
tightly linked to the development of neuronal plasticity in primary sensory cortices. It seems likely that
an adequate understanding of the neural bases of
perceptual learning will require determination of
precisely what has been learned in each study (e.g.,
absolute vs. relative discriminations). Interested readers should consult available reviews (Goldstone et al.,
1997; Gilbert et al., 2001; Calford, 2002; Pleger et al.,
2003; Ghose, 2004; Fahle, 2005; Skrandies, 2006).
However, there remains a pressing need for an integration of conceptions and findings in the still
separate disciplines of associative learning/memory
and perceptual learning.

3.11.3 The Enduring Influence of
Sensorimotor Conceptions of Cortical
Organization, or Campbell’s Ghost
Neurophysiological plasticity in PSCs is interesting
both in its own right and as a case study in the intersection of sensory neurophysiology and the neurobiology
of learning and memory, two fields that had developed

Cortical Plasticity in Associative Learning and Memory

separately and with little crossover until the latter part
of the last century. This is particularly remarkable
because these are the two disciplines in neuroscience
whose subject matter deeply involves the ‘fate’ of
environmental stimuli in the brain. The former has
traditionally been concerned with the coding and representation of the physical parameters of sensory stimuli.
The latter has focused on how a previously neutral
stimulus comes to influence cognition and behavior
through learning. Furthermore, this topic provides a
clear example of how assumptions constrained thought
and experiment for most of the twentieth century. This
is not merely of historical interest because the problem
is still present.
Attempts to understand sensory cortex (as well as
other brain systems and structures) began in the
nineteenth century within the framework of a
sensorimotor conception of the nervous system.
Some of the first structural–functional relationships
discovered concerned the spinal cord: The dorsal
roots are sensory, and the ventral roots are motor.
These seminal findings are attributed jointly to the
separate but largely simultaneous studies of Charles
Bell in England and Francois Magendie in France,
roughly in the period 1812–1840 (Fearing, 1970).
Although Bell can be given primacy for establishing
the major function of the ventral roots, historical
analysis has revealed that Magendie discovered
the sensory function of the dorsal roots (as well as
independently showing ventral root function), notwithstanding Bell’s subsequent falsification of the
record (Cranefield, 1974). After the discoveries of
Magendie and Bell, much of the research program
for the rest of the century concerned the extent to
which the entire neuraxis was organized on sensorimotor principles (Young, 1970). The last 30 years of
the nineteenth century witnessed the discovery of the
motor cortex by Fritsch and Hitzig and the approximate delineation of sensory cortices based on
modality specific sensory deficits following cortical
ablations (Ferrier, 1886).
Still, sensory and motor areas did not comprise the
entire neocortex. Could an overarching principle of
cortical organization be discovered? In 1901 Flechsig,
a neuroembryologist, reported that axons in different
parts of the human cortex became myelinated at different times (Flechsig, 1901). Sensory and motor
cortices exhibited myelination at birth, whereas other
areas could require as long as 1 postnatal month to
myelinate. Flechsig’s observations of fibers in the
internal capsule led him to the erroneous conclusion
that only the sensory and motor cortices had
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subcortical connections, the association areas were
thought to receive inputs only from other cortical
regions. In short, Flechsig’s schema was that the cortex
consisted of sensorimotor zones that were connected
to the thalamus and brainstem and were functional at
birth, and association cortices that were connected
only to other cortical regions and was not functional
until well after birth. The late Irving Diamond pointed
out that as association cortical areas myelinate later,
this sequence of myelination ‘‘is just what would
be expected if an infant sees sensory qualities such
as color and brightness before these impressions are
associated with another to form the perception of
objects.’’ (Diamond, 1979: 5). Thus, Flechsig had provided an anatomical basis for the distinction between
lower (i.e., sensorimotor) and higher psychological
functions.
It remained only to specify in greater detail, and
perhaps with a more authoritative voice, the nature
of these lower and higher functions. This was supplied by impressive cytoarchitectonic studies. In 1905
AW Campbell (Campbell, 1905) published a landmark monograph entitled Histological Studies on the
Localization of Cerebral Function. Campbell asserted
structural–functional relationships on the grounds
of cytoarchitecture. While perhaps not the first
worker to use the terms sensory and psychic cortex,
his influence has been profound. For example,
Campbell labeled the region now identified as V1
‘visual sensory,’ and called regions nearby (e.g., areas
17 and 18) ‘visual psychic.’ Similarly, the region now
known as A1 was termed ‘auditory sensory,’ whereas
adjacent areas, in modern parlance, auditory belt
areas (Kaas and Hackett, 2000), were auditory psychic. In this, Campbell intended to make a clear
distinction between cortical regions he considered
to be purely sensory from those he believed concerned the understanding of the meaning of stimuli.
His implicit assumption was one of strictly hierarchical cortical functional architecture, with what are
now referred to as cognitive functions dependent on
input from sensory structures (i.e., PSCs). Association
cortex has come to denote both some modality-specific regions (e.g., auditory association) and cortical
territory that lies between modality-dominated cortex, generally posterior to the central sulcus.
This conceptual schema of sensory-associationmotor cortex as the basis for understanding cortical
function has strong resonance today. Irving Diamond
held that Campbell’s monograph was instrumental in
removing learning and memory from primary sensory
cortices (Diamond, 1985). Although a less-sequential,
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more parallel thalamocortical structural organization,
championed by Diamond, is generally acknowledged,
its influence on beliefs about cortical functional organization seems minimal.
Within the field of learning and memory, Pavlov’s
theory of conditioned reflexes provided authoritative
support for the distinction between sensory fields
that analyze stimuli and association fields, in which
learning allegedly occurs. Pavlov’s proposed physiological mechanism, that learning was due to
spreading ripples of excitation from the cortical sensory fields of the CS and the unconditioned stimulus
(US) that met in intervening association cortex
(Pavlov, 1927), has long been superseded by action
potentials. But the fundamental assumed functional
architecture has not changed. The standard schema
based on sensory-to-association-to-motor cortex
fails to the extent that primary sensory cortices
are involved in associative learning and memory.
We now turn to a consideration of the relevant
literature.

3.11.4 Overview of Cortical Plasticity
in Associative Learning: 1935–1984
This section provides a brief summary of the 50-year
period (1935–1984) during which PSC plasticity in
associative learning was discovered and well characterized for training trials. The unspoken assumption
was that recording during training trials would be
sufficient to reveal the neural bases of learning. The
following section provides a more detailed account of
contemporary approaches that reveal the degree of
specificity of associative PSC plasticity.
Near the dawn of electroencephalography, a serendipitous discovery launched neurophysiological
studies of cortical plasticity in learning/memory. The
alpha rhythm, an oscillation of 8–12 Hz in the human
EEG prominent from occipital (i.e., visual cortical)
leads, was known to be consistently blocked by visual
stimulation. (The actual effect was a shift to higherfrequency, lower-amplitude waves (i.e., EEG desynchronization or activation). Durup and Fessard were
investigating alpha blocking when they found that it
occurred shortly before they turned on the flashing
light intended to disrupt alpha waves (Durup and
Fessard, 1935). Upon further consideration of this
paradoxical result, they realized that the blocking
was caused by the click sound made by the shutter of
their camera, which they activated immediately preceding the repeated presentation of flashes, so that

they could photograph alpha blocking displayed on
the screen of their oscilloscope. Durup and Fessard
had inadvertently been conducting a classical conditioning experiment, with the CS being the click and
the US being the flashing light. This stimulus–stimulus
(S–S) pairing produced conditioned blocking of the
alpha, the first demonstration of learning-induced cortical plasticity. The signal importance of this finding
was immediately recognized, and other laboratories
quickly replicated and expanded the finding of conditioned alpha blocking (Morrell, 1961). Thus, perhaps
ironically, primary visual cortex was the first discovered site of learning-induced cortical plasticity.
Studies of cortical plasticity, much of them involving further EEG studies, expanded greatly after the
end of World War II and were extended to
nonhuman animals (hereafter animals). Emphasis
was directed to understand classical conditioning
and the major focus was to find the locus of closure,
that is, the place(s) in the cortex of convergence of
input from the CS and US. The dominant finding,
across species and modalities and types of sensory
stimuli, was that EEG changes followed a particular
trajectory according to the stage of learning. First,
relaxed subjects exhibited widespread cortical activation to the US. Second, continued pairing of the CS
and US rapidly produced the first signs of associative
learning, consisting of widespread activation that was
now elicited by the previously ineffective CS. Third,
as learning progressed, the cortical domain of conditioned EEG desynchronization shrank, becoming
confined largely to the PSCs of the CS and US.
Various controls were used to establish that conditioned EEG activation was genuine, including the
use of unpaired or randomly presented CSs and
USs in control groups or the use of discrimination
paradigms in which a CSþ was paired with the US,
whereas a CS was not paired (Gluck and Rowland,
1959; Rowland and Gluck, 1960). The CSþ developed the ability to produce EEG activation while the
CS failed to do so (reviewed in John, 1961; Morrell,
1961; Thomas, 1962; Galeano, 1963).
That the CS developed the ability to elicit EEG
plasticity in its own primary sensory cortex was a
critical demonstration that PSCs were involved in
learning and memory. However, this fact received
little recognition. To the best of my knowledge,
there has been no historical analysis of these studies
in the context of the extant Zeitgeist. My guess is that
this finding was overshadowed by the disappointment
at the apparent failure to find the locus of closure.
According to Pavlov and the dominant thinking at

Cortical Plasticity in Associative Learning and Memory

that time, the CS and US should have converged in
association areas. But conditioned EEG effects were
not uniquely found in association cortex and in fact
soon disappeared from there during learning.
Experiments on sensory-evoked potentials overlapped with studies of the EEG and learning and
ultimately gained dominance. In an influential early
study, Robert Galambos and his colleagues performed
a seminal experiment in which cats were classically
conditioned by pairing an auditory (click) conditioned stimulus with a puff of air (US) to the face
(Galambos et al., 1956). Learning was validated by the
development of behavioral conditioned responses.
Evoked potentials in the primary auditory cortex
elicited by the CS became larger during conditioning.
This study also addressed the critical issue of stimulus
control. To show that inadvertent changes in CS
intensity (level) were not responsible, the authors
also tested subjects under neuromuscular blockade,
maintaining stimulus constancy at the periphery
while eliminating putative contractions of the middle
ear muscles. Interestingly, the authors failed to
include a nonassociative control, such as a group
that received the CS and US randomly. However,
subsequent investigations confirmed and extended
this basic finding, showing that facilitation of response
to the CS in A1 was associative (Marsh et al., 1961;
Majkowski and Sobieszek, 1975).
During the period from the late 1950s until the
1980s, an extensive literature also documented
associative learning effects in V1 both in classical and
instrumental conditioning in a variety of species. The
dominant finding was facilitation of responses to visual
conditioned stimuli (John and Killam, 1959, 1960;
Saunders, 1971; Peck and Lindsley, 1972; Buresova
and Bures, 1973; Suzuki et al., 1974; Sasaki and
Yoshii, 1984a,b). During this period of active research,
even evidence of evoked potential correlates of memory retrieval in V1 was reported (John et al., 1973;
Bartlett et al., 1975; John et al., 1975). Additionally, the
associative plasticity of V1 was emphasized by demonstrations that an experimenter-selected component of
evoked responses could be operantly conditioned to
change amplitude, contingent on the receipt of
rewarding intracranial stimulation in the rat (Hetzler
et al., 1977) and reward of liver and milk in the cat
(Rudell, 1977). In contrast, the use of somatosensory
conditioned stimuli was rarely, if ever, employed during this period.
Not surprisingly, as techniques were further developed for recording from behaving animals, research was
extended to multiple-unit and even single-unit studies
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of plasticity. Much of the evoked potential and unit
research used sounds as CSs because of convenience.
Numerous laboratories demonstrated that learningrelated increases in the amplitude of CS-elicited
evoked potentials and unit discharges in the primary
auditory cortex were indeed associative. For example,
multiple unit discharges in A1 increase to a sound
(CSþ) paired with shock, decrease in response to a
nonreinforced sound (CS), and exhibit reversal
when the CSþ and CS are reversed. Moreover, the
CSs come to elicit responses in the PSC of the unconditioned stimulus (i.e., S1), although with less specificity
with respect to reinforcement contingency than in A1
(Oleson et al., 1975). For a general review, see
Weinberger and Diamond (1987).
However, PSC plasticity in learning was generally
ignored both within the neurobiology of learning
and memory and also in the discipline of sensory
neurophysiology. Several factors may have contributed to this state of affairs. For example, within
learning and memory, the discovery of patient HM
understandably focused attention on structures that
appeared to be essential for memory, such as the
hippocampus. In animal conditioning, attention was
drawn to model systems, such as conditioned eyeblink and fear conditioning. Second, there was no
conceptual framework within which to incorporate
the findings of associative plasticity in sensory cortices, particularly as dominant assumptions of brain
function restricted sensory cortices to the status of
stimulus analyzers. Third, workers in learning and
memory had no vested interest in sensory systems
and therefore were not concerned that the research
initiated by Galambos and colleagues disproved the
view that sensory systems encoded only sensory
parameters, not psychological parameters, such as
the acquired behavioral significance of a stimulus.
The ghost of A.W. Campbell might have smiled.
Neglect from sensory neurophysiologists might
seen particularly unexpected because PSC plasticity
has major implications. Thus, that learning modifies
sensory cortical responses to physically constant
stimuli implies that such neural responses are inherently ambiguous. For example, an increase in stimuluselicited response magnitude might be due to an
increase in stimulus intensity, an increase in its behavioral significance, or both. But it seems likely that
sensory neurophysiology paid little heed to the learning findings both because of the dominance of the
Campbellian formulation and the impoverished stimulus set used by behavioral neurophysiologists (myself
included). Studies of associative learning typically
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employ a small number of different stimuli. For example, standard conditioning studies use a single acoustic
CS and discrimination studies use only two, a CSþ
and a CS. However, the concept of the receptive
field is fundamental to sensory physiology. No sensory
physiologist would attempt to describe the response
properties of a cell with such a limited stimulus set.
But even within the neurophysiology of learning,
a certain disquiet was growing. The EEG and
evoked potential findings seemed fairly easy to
interpret as either increased excitability or increased
response to a behaviorally important CS. But
single-unit studies invariability reported not simply
increased discharges to the CS but also many
instances of decreased discharges, even within the
same study (Gasanov and Galashina, 1976; Woody
et al., 1976; Weinberger et al., 1984b; Dumenko and
Sachenko, 1979a,b). Although such cortical plasticity
was shown to be associative, the findings of opposite
sign made little functional sense. Thus, although
recording in PSCs during training had provided
foundational information, this approach appeared
to be yielding diminishing returns after 50 years of
use.
New questions were being asked. Whereas most
prior studies had documented cortical plasticity during various phases of learning and in different
structures and diverse tasks, a critical aspect of the
functional significance of plasticity had not been
adequately addressed. Missing was information concerning the specificity of cortical plasticity. As noted
in the introduction, knowledge of the specificity of
plasticity transcends the detection of a structure or
group of neurons as being involved in learning and
memory. Rather, knowledge of the specific changes
in neural activity (i.e., not merely the fact of plasticity
but also the substance of plasticity) provides insights
into the type of information being processed and its
role in learning and memory.

3.11.5 Specificity of Associative
Plasticity in Primary Sensory Cortices:
The Overarching Importance of
Experimental Design
3.11.5.1

Introduction

What may reasonably be termed the contemporary
era began in the 1980s with the use of a new experimental paradigm. It involved two major departures
from prior research, in which neurophysiological

recordings had been obtained principally during
training trials. First, the new approach obtained
neuronal data either after training in between-groups
designs (Gonzalez-Lima and Scheich, 1984, 1986) or
before and after training for within-subjects designs
(Diamond and Weinberger, 1986; Weinberger et al.,
1984a). Assessing learning after training was not
unprecedented, as it had been standard in purely
behavioral studies of learning and memory. It just
hadn’t been much applied to the neurophysiology
of learning and memory.
Second, the new paradigm combined basic methods from sensory neurophysiology to determine the
effects of learning on neuronal tuning. This latter
method required the presentation of many different
stimuli (e.g., acoustic frequencies) to obtain receptive
fields and assess potential receptive field plasticity.
Obviously, there was nothing new about this approach
in neurophysiology. Neither was this method novel in
learning and memory. In fact, training with one (or a
few) stimuli but later assessing learning with many
stimulus values had been done starting with Pavlov;
it is the method of obtaining stimulus generalization
gradients in learning. Apparently, it had not been
applied to neurophysiological studies of learning and
memory.
Before proceeding directly to a review of major
findings in the study of specificity in PSCs, it will
prove helpful to take a short detour to consider
why recording during training is insufficient to
determine the specificity of plasticity and some
other critical factors about the new experimental
approaches.

3.11.5.2 Cortical Plasticity during Training
and Its Limitations
The standard approach to neural correlates of
learning consists of obtaining neurophysiological
recordings during training trials (the DUR design;
see the section titled ‘Primary auditory cortex (A1)
habituation’). This very logical approach, almost
universally used since the inception of research in
the 1930s, is not restricted to the study of cortical
plasticity but is applied to all brain structures (John,
1961; Thompson et al., 1972). However, obtaining
recordings during training trials has at least two
major limitations: (1) they can be influenced by
state factors, and (2) they do not permit assessment
of the degree of specificity of plasticity.
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3.11.5.3

State Factors

First, nonlearning factors are invariably present during training, due in part to the presence of positive or
negative reinforcement. These factors include, but
are not limited to, changes in attention, arousal
state, motivational level, and motor performance.
For example, arousal level and motivational state
alter evoked potentials and unit discharges in the
auditory cortex (Murata and Kameda, 1963; Teas
and Kiang, 1964; Wickelgren, 1968; Molnar et al.,
1988). Moreover, the degree of influence of performance factors can vary during training trials. It may
be high early in training, when subjects have not yet
solved whatever problem confronts them, and then
later decrease as solutions are found and as performance improves.
It must be emphasized that cortical plasticity
obtained during training trials is usually associative.
That factors such as motivational state are operative
in no way weakens the case for associativity, given
that the plasticity in question does not develop under
nonassociative circumstances, such as random CS–
US presentation. However, the associative plasticity
may be influenced by state and similar factors, so that
it is difficult to obtain pure associative effects.
Rescorla has emphasized the dangers of relying
on behavioral data obtained during training to infer
the strength of learning and those aspects of an
experience that enter into memory. Rather, these
attributes are best determined by appropriate posttraining assessments of behavior (Rescorla, 1985,
1988). This counsel is equally applicable to neurophysiological plasticity that develops during training
trials. Although such plasticity may constitute adequate evidence that associative learning has a neural
correlate (given controls for sensitization and pseudoconditioning), the form and magnitude of that
correlate are not necessarily a reflection of associative processes alone.

3.11.5.4

Specificity of Plasticity

Second, and probably of even greater importance,
recordings during training do not permit determination of the overall specificity of plasticity, because
training protocols necessarily employ a limited number of stimuli along a dimension. For example,
subjects may be trained with a visual stimulus, such
as a vertical line followed by food reinforcement. If
neurons in the primary visual cortex develop
increased responses to that stimulus during training,
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then one can conclude that V1 cells develop associative plasticity during the task. (Of course, this
assumes a control group that did not develop the
plasticity when the vertical line and food were presented randomly, or equivalent control.) However,
one cannot determine from such data alone if this
cortical plasticity reflects changes in the processing
and representation of line orientation per se. To
resolve this issue, it would be necessary to interrogate
the visual cortex with lines of many orientations after
training. This could be done in a posttraining extinction session, as is routinely done when investigators
obtain behavioral stimulus generalization gradients.
As seen later, it is quite easy to obtain such information about the overall specificity of cortical plasticity
in the absence of complications endemic to the use of
extinction training (i.e., new learning that inhibits the
prior learning).

3.11.5.5

Unified Experimental Designs

Both the potential problems of performance factors
and the determination of specificity of cortical plasticity can be overcome by expanding the experimental
designs to include assessment of plasticity by sensory
neurophysiological approaches (unified designs). We
describe the basic Pre-Post design and the Post design
approaches (Figure 1).
3.11.5.5.1
design

The Pre-Post training trials

The Pre-Post design allows the experimenter to
determine how PSC information processing changes
as a result of learning. This design involves a minimum of three stages: (1) pretraining recording, (2)
actual training or other designated controlled experience, and (3) posttraining recording. The Pre and
Post periods should present many sensory stimuli of
interest (e.g., different frequencies of tone bursts,
deflection of different whiskers, locations of targets
in different visual quadrants). This contrasts with the
standard presentation of a stimulus during a discrete
training trial. The effects of the experiential treatment, whether habituation, classical conditioning,
instrumental discrimination learning, or any other
task, are determined by comparing the Post data
with the Pre data. If the Pre and Post data are not
statistically different, then one can conclude that the
experience has had no effect on the processing or
representation of the particular information under
study. Conversely, significant differences between
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Figure 1 Schematic summary of experimental designs employed in the neurophysiological study of learning and the auditory
cortex. Depicted are four basic designs (1–4) and their treatments during three experimental periods, Pre (before training),
During (during training), and Post (after training). The DUR design is traditional, involving recording during training trials. Pre-Post
designs 2a and 2b illustrate the fact that any training paradigm can be used. 2a shows single-tone conditioning, and
2b illustrates two-tone discrimination conditioning. Designs 3a and 3b also illustrate the fact that any training paradigms can
be used with a Post design. 3a illustrates the case of single-tone conditioning, whereas 3b shows an example of two-tone
instrumental training, in which reward is contingent on the correct response (i.e., one response if the two tones – S1 and S2 – are
the same and another response if they are different) (responses not shown). The repeated vertical lines represent presentation of
tone bursts. The dotted lines in the Post period for designs 2 and 4 indicate that additional Post periods can be used to
determine long-term retention. In 3a, the x in the Post period signifies sacrifice of the animal for 2-deoxyglucose analysis
following repeated presentation of a conditioned stimulus stone. In design 4, the conditioned stimulus (CS)/unconditioned
stimulus (US) denotes that one of the frequencies in a series of tone bursts is designated as the CS and is paired with shock; the
serial order of tones is random from one sequence to another. The problems with this design are that the behavioral state is likely
to be different between the Post and Pre periods, and extinction is likely to occur in the Post periods (see text). Illustrations are
not to scale.

the two periods can be attributed to the intervening
experience (Figure 1(2a), (2b)).
It is essential that the test stimulus presentations
be identical during the Pre and Post periods.
Moreover, these data should be obtained in identical
experimental settings to eliminate any confounds due
to changes in the local environment context. No
reinforcement is present during these Pre and Post
tests, as that would defeat the goal of avoiding performance factors. However, despite the absence of a
reinforcer, extinction learning does not develop
during Post training assessment (see the section titled
‘The importance of context’).
It is also important to perform the training in a
separate experimental setting, such as a different
room with salient differences in visual and other
nonauditory cues (see next section). Of course, it is
important that the subjects be in the same state during the Pre and Post tests. This can be accomplished

by amply habituating them to the testing (Pre and
Post) situation, and this can be objectively assessed by
recording heart rate or other physiological measures.
Typically, heart rate is high when an animal is placed
in a novel situation, but such tachycardia habituates
fairly rapidly.
The Pre-Post design permits assessment of specificity while avoiding confounding performance factors
that are present during training trials. Another advantage is that posttraining tests can be presented at
desired intervals of hours to months, permitting detection of neural consolidation (i.e., increase in effect over
time without additional training) and long-term retention or forgetting. This design also is very flexible
because any desired training task can be used, yet
the assessment of receptive field plasticity can be
identical. This permits a direct comparison of the
effects of learning on sensory representation for as
many types of learning as may be of interest.
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3.11.5.5.2 The importance of context:
Elimination of performance factors and
extinction

At least two issues are raised by this design. First,
how does it eliminate or control for performance
factors? Second, how does it avoid experimental
extinction? (See also Diamond and Weinberger,
1989; Weinberger, 1998.)
Performance factors are reduced, if not eliminated, by minimizing similarities between the
training context and the testing circumstances. The
purpose of this maneuver is to reduce or eliminate
any generalization from the training environment to
the testing environment. For example, if an animal
receives food or shock during training, it will also
associate the location (context) of the training with
these reinforcers. If tested in the same place, its
arousal level and expectations could be affected.
Perhaps the most salient difference is the absence
of a reinforcer in the Post period, which also reduces
and can even eliminate changes in state (see the
section titled ‘The Post training trials design
(POST)’). The Pre-Post design also permits sensory
stimuli to be presented with several parameters that
differ from the training session. Thus, training can
consist of standard, discrete conditioning trials with
standard parameters (e.g., an individual CS tone with
a duration of 5s, a long intertrial interval of 1–2 min,
and a stimulus level that is well above threshold
(80 db SPL)). In contrast, determination of receptive
fields can be accomplished with completely different
parameters randomly presenting many tones to cover
the frequency spectrum (e.g., 24 tones at quarteroctave intervals, 100 ms duration, intertone intervals
of 400 ms, at stimulus levels of 0–80 dB SPL to cover
the audible range). In short, the acoustic context of
RF determination can be, and indeed must be, different from that during conditioning trials.
This difference in context has proven to be sufficient to eliminate any behavioral or arousal response
to the CS frequency when it is embedded as a brief
tone in a series of test tones. Objective measures
indicate that subjects do not regard the CS frequency
as a conditioned stimulus during determination of
receptive fields (Diamond and Weinberger, 1989).
In addition to the lack of performance confounds,
elimination of potential effects of arousal to the CS
frequency or any other tone can be accomplished by
training subjects while they are awake (of course) but
obtaining receptive fields while they are under general anesthesia (Weinberger et al., 1993).
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Responses to the training stimulus during discrete
trial presentation can, of course, be recorded, as long as
the likely confound of performance factors is kept in
mind. In such cases, it is beneficial to compare plasticity to a CS tone during training trials with plasticity
in receptive fields as seen after training. Such a study
revealed that there was little correspondence between
changes to the CS during training with responses to
that same frequency when it was presented as one of a
series of rapidly presented frequencies in the Post
period. In many cases, the sign of change was opposite
(e.g., a decrement in response to the CS tone but a
specific increase in response to that frequency during
RF determination) when tuning might shift toward or
to the frequency of the conditioned stimulus
(Diamond and Weinberger, 1989).
The problem of experimental extinction is also
eliminated by the Pre-Post design. As subjects do
not regard the presentation of the frequency used as
a CS as an actual CS, they neither respond to it nor
extinguish during posttraining determination of
receptive fields (Diamond and Weinberger, 1989).
A negative case illustrates the importance of appreciating the unified design (Ohl and Scheich, 1996,
1997, 2005). The authors failed to appreciate the difference between plasticity observed during training
trials from plasticity observed in Post-training assessments. They used a tone-shock discrimination protocol
in which a single CSþ tone was randomly intermixed
with 11–30 different CS (no shock) frequencies in
a single training session. The same frequencies
were presented before, during, and after training
without break, so the presence of an occasional
shock during training provided the only information
that training was underway (Figure 1(4)). Relative to
pretraining, the posttraining period exhibited a specific decrease in response to the CS frequency in A1.
Unfortunately, no behavioral data were obtained, so
there was no substantiation for the assumption that
the animals had learned this unique, difficult discrimination. However, if learning had occurred, then the
posttraining period would have constituted a period
of extinction, due to the elimination of shock. Thus,
the posttraining period undoubtedly differed from
the pretraining period in the subjects’ state of arousal
and fear due to the anticipation of shock, and in the
new extinction learning that shock was no longer
forthcoming. Therefore, the findings might document a decrease in response to a CS frequency due
to experimental extinction. The authors’ claim that
the behavioral importance of the CS is represented
by a specific decrease in response seems unsupported.
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3.11.5.5.3
(POST)

The Post training trials design

The POST design has been used extensively in sensory
neuroscience to determine the effects of peripheral
sensory denervation or central insult (stroke) on the
organization of primary auditory (Robertson and
Irvine, 1989; Mount et al., 1991; Kaltenbach et al.,
1992; Harrison et al., 1993), somatosensory (Kelahan
et al., 1981; Rasmusson, 1982; Wall et al., 1986; Calford
and Tweedale, 1988), and visual (Weisel and Hubel,
1963; Rauschecker et al., 1987; Heinen and Skavenski,
1991; Pettet et al., 1992) cortices.
Review of resultant plasticity is beyond the scope
of this chapter, but a general conclusion is that peripheral denervation produces an expanded cortical
representation of intact neighbors on the receptor
epithelia: in the cochlea, on the body surface, and
in the retina. However, these conclusions are necessarily oversimplifications, and the original sources
should be consulted. What these sorts of studies do
demonstrate is that adult PSCs are capable of considerable reorganization as a function of experience.
Whether such experiences constitute genuine learning is unknown. Learning may well develop in
animals and humans who find themselves with deficits in peripheral sensory capabilities. Of interest,
prior learning can be necessary for adjustment or
recalibration of a sensory system following peripheral
impairment. Ferrets can relearn to localize sounds
after reversible blocking of one ear, but only if they
had been trained previously to use the relevant spatial cues (Kacelnik et al., 2006).
The considerations necessitating the Pre-Post
design, and the advantages thereof, also apply to the
POST design. Simply put, this design consists of
recording only after the designated learning experience. Because of the absence of pretraining data, at
least two groups are needed, one that receives the
learning experience and a control group that either is
not trained or preferably undergoes a different learning protocol (e.g., sensitization). The POST design
has often been used when data can be obtained only
once from a subject (e.g., in detailed terminal studies
of cortical organization) (Figure 1(3a), (3b)).

3.11.6 Specificity of Associative
Plasticity: Contemporary Approaches
The following sections review associative plasticity
in the primary auditory, somatosensory, and visual
cortices since 1985. The coverage is extensive but not

exhaustive, as the goal is merely to establish PSC
plasticity in learning and memory.
3.11.6.1

Primary Auditory Cortex (A1)

3.11.6.1.1

Habituation
Studies of habituation that used the DUR design had
documented that repeated presentation of sounds
results in a progressive response decrement in A1
(Marsh and Worden, 1964; Wickelgren, 1968).
Specificity of habituation with control for state of
arousal was first studied (before 1985) using a preliminary version of the Pre-Post design (Westenberg
and Weinberger, 1976; Westenberg et al., 1976).
Evoked potential was recorded in A1 of the waking
cat. Two frequencies (A and B) were presented as
alternating brief tone bursts (prehabituation). In the
next stage, one tone (A) was presented repeatedly.
Finally, the posttest was performed; the tones were
again presented in an alternating pattern identical to
the prehabituation phase. Average evoked potentials
for each tone were determined separately for the preand posthabituation periods and compared. Because
the Pre and Post tones alternated, the average
responses were obtained for both A and B when
the subjects were in the same state; hence, any
differences between responses to the tones could be
attributed to the effects of the intervening repeated
stimulation with one frequency. The Post responses
to the repeated tone (A) were significantly smaller
than the Pre responses to this tone, but there
was no difference for the nonrepeated (B) tone.
Counterbalancing using repetitive presentation of B
also yielded frequency specific decrements. These
findings demonstrate that repeated acoustic stimulation produces frequency specific habituation.
The Pre-Post design has been expanded to determine the entire frequency receptive field (RF, tuning
curves) of auditory cortical neurons in waking guinea
pigs (Condon and Weinberger, 1991). After researchers determined the tuning of unit clusters and
ensured their stability, subjects received single tone
pips at the rate of 1.25 Hz for 5–7 min. Habituation
produced a decreased response that was specific to
the frequency that had been repeatedly presented;
frequencies 0.125 octaves from the habituated frequency exhibited little or no response decrement.
Consolidation, in the form of continued increased
development of specific decrements, was often
observed for periods as long as an hour. This attribute
links frequency-specific habituation to other forms of
memory.
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3.11.6.1.2

Conditioning
In this section we consider studies of the specificity of
plasticity in A1 induced by associative learning.
Research to date has focused on classical and instrumental conditioning, with the implication that
investigation of these heavily studied forms of learning is an appropriate entry point into the issue of
specificity.
Gonzalez-Lima and Scheich (1984, 1986) investigated the specificity of plasticity by determining the
effects of conditioning on the uptake of 2-deoxyglucose (2-DG) after training. As this necessitated a
terminal treatment of the subjects, the authors used
a between-groups POST design. (The use of metabolic measures permits investigation of specificity
without using many different stimuli when the
locus of stimulus representation in a PSC map is
known.) Gerbils received tone paired with strong
aversive electrical stimulation of the mesencephalic
reticular formation or a control treatment (e.g., CS–
US unpaired, CS alone, US alone). The paired group
alone developed the behavioral index of learning,
conditioned bradycardia. All groups received continual presentation of the CS alone during an injection
of 2-DG in a posttraining session. As this treatment
may involve some experimental extinction, the associative findings might be considered somewhat
weakened. Nonetheless, analysis of patterns of 2DG uptake in A1 revealed a CS-specific increase in
metabolic activity for the cortical area that represented the CS frequency. The absence of similar
effects in the other groups showed that the CSspecific plasticity was associative.
The first use of the Pre-Post design with receptive
field (RF) analysis involved single units in two
nonprimary auditory fields, secondary (AII) and
ventral ectosylvian (VE) cortices (Diamond and
Weinberger, 1986, 1989; Weinberger et al., 1984a).
Cats were trained in a single, brief (20–45 trials)
session of tone-shock pairing. Behavioral learning
was validated by the formation of the pupillary
dilation conditioned response. CS-specific plasticity
was found in the paired group, but not when tone
and shock were unpaired. Some cells developed
a CS-specific increase, whereas others developed a
CS-specific decrease. Extinction produced loss of the
RF plasticity. The findings received little notice,
probably because these auditory fields were not
well understood.
Similar studies were then undertaken in A1 of the
guinea pig with behavioral validation of associative
learning (e.g., conditioned bradycardia). Following
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determination of frequency receptive fields, the frequency to be used as the CS was then selected to not
be the best frequency (BF, peak of the tuning curve)
to determine whether conditioning caused shifts of
tuning toward the CS frequency. Animals then
received a single session (30–45 trials) of tone paired
with shock. A comparison of posttraining with pretraining RFs revealed a dominance of CS-specific
increased responses. Moreover, responses to the pretraining BF and other frequencies tended to decrease.
These opposing changes were often sufficiently large
to produce frank shifts of tuning toward, and even to,
the frequency of the CS, which could become the
new BF (Bakin and Weinberger, 1990) (Figure 2(a)).
RF plasticity was found to be associative, as it
required stimulus pairing; sensitization training produced only a general increase in response to all
frequencies across the RF (Bakin and Weinberger,
1990; Bakin et al., 1992).
CS-specific increased responses in RFs also can
develop when tuning curves are complex and even
nonexistent. Figure 2(b) shows an example of a pretraining double-peaked frequency RF. The CS
frequency was selected to be in the valley between
the peaks. Posttraining, the maximum change was an
increase in response at the CS frequency. Figure 2(c)
illustrates a case in which there was no response to
any frequency before conditioning. Nonetheless,
postconditioning observations revealed a clear excitatory response to the previously ineffective CS
frequency, alone.
Several other attributes of RF plasticity make it an
attractive candidate for a process that operates in
normal concert with sensory coding processes to
subserve the storage of behaviorally relevant auditory information. First, RF plasticity is highly specific
to the CS frequency; responses to frequencies a small
fraction of an octave away are attenuated. Second, it
exhibits generality across different types of training
(e.g., instrumental avoidance conditioning) (Bakin
et al., 1996), two-tone classical discrimination training (i.e., increased responses to the CSþ frequency
but decreased responses to the CS, BF, and other
frequencies) (Edeline and Weinberger, 1993; Edeline
et al., 1990), and discriminative instrumental avoidance conditioning (Bakin et al., 1996). Third, RF
plasticity develops very rapidly, after only five training trials, as rapidly as the first behavioral (e.g.,
cardiac) signs of association (Edeline et al., 1993).
Fourth, RF plasticity exhibits long-term retention,
enduring for the longest periods tested, up to 8
weeks after a single 30-trial conditioning session
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Figure 2 Classical conditioning produces conditioned stimulus (CS)-specific facilitation and tuning shifts. (a) An example of
a complete shift of frequency tuning of a single cell in A1 of the guinea pig, from a pretraining best frequency (BF) of 0.75 kHz
to the CS frequency of 2.5 kHz after 30 trials of conditioning. Inset shows pre- and posttraining poststimulus time histograms
(PSTHs) for the pretraining BF and the CS frequencies. (b) Double-peaked tuning, with pretraining BFs at 5.0 and 8.0 kHz. The
CS was selected to be 6.0 kHz, a low point. After conditioning (30 trials), responses to the CS frequency increased to become
the peak of tuning. (c) A cell that exhibited minimal or no response to tones before tuning developed tuning specifically to the
CS frequency after conditioning (30 trials).

(Weinberger et al., 1993). Fifth, RF plasticity exhibits
consolidation (i.e., continues to develop increased
responses to the frequency of the CS vs. decreased
responses to other frequencies in the absence of further
training over hours) (Edeline and Weinberger, 1993)
and days (Weinberger et al., 1993; Galvan and
Weinberger, 2002).

CS-specific associative tuning shifts develop in the
primary auditory cortex of diverse taxa. Thus, studies
of fear conditioning (tone, shock) in the big brown bat
demonstrate not only that learning induces tuning
shifts but that these can develop with small absolute
differences in frequency in these echolocating animals
(Gao and Suga, 1998, 2000; Ji et al., 2001; Ji and Suga,
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2003; Suga and Ma, 2003). Nonassociative controls did
not develop tuning shifts. In these studies, leg flexion
was used to validate associative learning, but the use of
a fixed (30-s) intertrial interval does not rule out
possible effects of temporal conditioning.
Kisley and Gerstein questioned whether tuning
shifts are caused by learning because they observed
tuning changes over days in the absence of training
(Kisley and Gerstein, 1999). This concern was rather
curious because spontaneous shifts had previously
been eliminated as tuning shifts are directional
(toward the CS), associative, and discriminative,
that is, toward the CSþ, not the CS– (Bakin and
Weinberger, 1990; Bakin et al., 1992; Edeline and
Weinberger, 1993).
The authors next studied classical conditioning,
pairing a tone with intracranial self-stimulation
(Olds, 1962). In so doing, they extended inquiry to
another species, the rat, and another type of motivation, reward (Kisley and Gerstein, 2001). Animals
underwent a single 30-trial session of classical conditioning. Subjects were studied under light ketamine
anesthesia throughout, rather than in an undrugged
waking state (see also Edeline, 1990). Behavioral evidence of conditioning to the tone was nonetheless
obtained. The authors did find that conditioning produced CS-specific plasticity, including shifts of tuning
toward or to the frequency of the CS. Also in agreement with prior studies, this RF plasticity was
associative because it required CS–US pairing. The
learning effects were above and beyond any spontaneous changes, which were indexed by reduced dayto-day correlation coefficients actually between
entire tuning curves. However, the authors did not
actually measure tuning by tracking the best frequency over days. The reduced correlations reflect
the fact that responses to all frequencies within a
tuning curve received equal weighting in the statistical analysis. Thus, decreased correlations might well
be caused by loss of weak responses to frequencies
distant from the BF (i.e., at the lower and upper limits
of the tuning curves). The stability of tuning has been
established over periods of 2–4 weeks, during which
time there were no drifts of the best frequency
(Galvan et al., 2001).
As RF plasticity is not an artifact of spontaneous
changes in tuning, neither is it an artifact of state.
As noted earlier, whereas animals exhibit arousal
and related responses to sustained (e.g., 2–5 s) CS
frequencies during training trials, they do not exhibit
any behavioral responses to the frequency of the
CS when it is presented as one of a number of
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rapidly presented, brief (e.g., 200-ms) sequential
tone pips during RF determination (Diamond and
Weinberger, 1989). Moreover, animals trained in
the waking state exhibit RF plasticity when tested
under deep general anesthesia (Lennartz and
Weinberger, 1992b; Weinberger et al., 1993).
Learning induced tuning plasticity is not limited
to animals. The same paradigm of classical conditioning (tone paired with a mildly noxious stimulus)
produces concordant CS-specific associative changes
in the primary auditory cortex of humans (Molchan
et al., 1994; Schreurs et al., 1997; Morris et al., 1998).
In summary, RF plasticity has major characteristics of associative memory. It is not only associative
but is also highly specific, discriminative, rapidly
acquired, retained at least for many weeks, develops
consolidation over hours and days, and exhibits generality across training tasks, types of motivation, and
species. Thus, RF plasticity in the auditory cortex
reflects the learned importance of experiences.
Figure 3 summarizes changes in tuning for conditioning, sensitization, and habituation.
The associative specificity of tuning for acoustic
frequency raises the issue of whether the observed
effects indicate a special type of adaptation for frequency or are exemplars of a general neural strategy
for the processing, representation, and storage of
experience. Recent studies have addressed this issue
by determining the effects of associative processes on
parameters other than acoustic frequency.
Bao and colleagues (2004) trained rats in a sound
maze in which food reward was contingent on successful navigation using only auditory cues. In this
task, the repetition rate of noise pulses increased as
the distance between the rat and target location
decreased. After subjects had learned this maze, the
responses of neurons in A1 were investigated in a
terminal posttraining session. A1 cells exhibited
enhanced responses to high-rate noise pulses and
stronger phase-locking of responses to the stimuli.
The effects were due to learning because controls
that had received identical sound stimulation, but
were given free access to food, failed to exhibit such
plasticity of temporal processing and, in fact, were
not different from naive subjects. Thus, learning produced a shift in tuning to high repetition rates (i.e.,
the stimulus feature that was most closely associated
with procurement of food).
The plasticity of sound intensity (level) processing has been investigated in A1 (Polley et al., 2004b).
Rats were trained to move to a place in a small arena
at which sound levels to ongoing sound bursts

202 Cortical Plasticity in Associative Learning and Memory

Percent change (post minus pre)

(a)

Conditioning
100
80
60
40
20
0
–20
–40
–60
–80
–100
–1.50 –1.00 –0.50 0.00 0.50 1.00 1.50
Distance from CS frequency (octaves)

(b)

Sensitization
100
80
60
40
20
0
–20
–40
–60
–1.5

(c)

Auditory sensitization
Visual sensitization
–1.0 –0.5
0.0
0.5
1.0
1.5
Distance from best frequency (octaves)

Habituation
40
20
0
–20
–40
–60
–80
–100
–1.75 –1.25 –0.75 –0.25 0.25 0.75 1.25 1.75
Distance from REP frequency (octaves)

Figure 3 Summary of the effects of conditioning,
sensitization, and habituation on frequency receptive fields in
the primary auditory cortex of the guinea pig. Data are
normalized to octave distance from (a) the conditioned
stimulus (CS) frequency, (b) the presensitization best
frequency, or (c) the repeated frequency. Note that
conditioning produces a CS-specific increased response,
whereas sensitization (tone–shock or light–shock unpaired)
produces general increases across the spectrum. Habituation
produces frequency-specific decreased response.

became maximal. They were guided by having stimulus levels increase as the subject moved closer to the
otherwise unidentified locus, and contrary, levels
were reduced as the rats moved farther away.

Yoked controls received the same acoustic experience, which was not linked to their behavior. In
trained animals only, A1 responses became selective
to more restricted ranges of sound intensities. The
findings indicated that associative processes can
selectively modify the representation of stimulus
magnitude.

3.11.6.2 Primary Somatosensory
Cortex (S1)
Stimulation (deflection) of the mystacial vibrissae of
the rat has often been the conditioned stimulus of
choice in the study of associative plasticity in S1,
specifically in the posteromedial barrel subfield
(PMBSF, hereafter whisker barrel field) (Welker,
1976; Simons, 1978). Early studies simply paired the
deflection of a vibrissa that elicited little response at a
particular barrel recording site with that of a subsequent deflection of a whisker that did elicit an
excitatory response; a typical CS–US interval was
500 ms. In many cases, pairing produced an increased
response to the CS (Delacour et al., 1987, 1990a,b).
When a whisker is stimulated alone continuously, the
response in S1 declines, probably due to habituation,
whereas subsequent pairing with shock enhances
response amplitude (Kublik, 2004). Such studies
were not concerned with the specificity of plasticity
and included neither nonassociative controls nor behavioral evidence of learning. However, the findings
attested to the malleability of the vibrissal system in
the adult, waking animal.
The specificity of plasticity, with nonassociative
controls, has been studied in this system. The findings appear to be generally concordant with studies
of auditory cortex. That is, tactile stimuli that gain
behavioral significance as signals for reinforcement
appear to gain cortical territory. For example, pairing
the deflection of a row of mystacial vibrissae (CS)
with a tail shock (US) in mice produces behavioral
evidence of conditioning (e.g., postural changes and/
or CS-elicited bradycardia). The following day, S1
was analyzed using with 2-DG mapping of functional
activity. Conditioning sessions produced an increase
of the functional representation in somatosensory
cortex of the specific CS row of the whiskers
stimulated during the training. The effect is associative, as it did not develop in pseudoconditioned mice
or in animals that received only the CS. When training was discontinued, the enlargement of vibrissal
representation returned to baseline. This loss of
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specific associative plasticity could be accelerated
by extinction training (CS alone) (Siucinska and
Kossut, 1996).
As in the case of the auditory cortex, CS-specific
increased representation is not limited to aversive
reinforcement. Mice received pairing of whisker
stimulation with a drop of sweet water. Cortical
representations of rows of whiskers were mapped by
2-DG autoradiography after 3 days or 2 months of
training. No quantified behavior was obtained,
although the authors noted increased activity to the
CS. In any event, conditioning resulted in enlargement of the cortical representation of vibrissae
comprising the CS, compared with the contralateral
representation of a row of whiskers that were not
stimulated. Interestingly, the duration of training
affects laminar plasticity. Three sessions increased
the width of the 2-DG activity in supra (II/III) and
infragranular (V/VI) layers, whereas the effects of 2
months of training were confined to layer IV. The
changes were not observed in animals that received
whisker stimulation alone or unpaired stimuli
(Siucinska and Kossut, 2004).
Recently, Disterhoft and colleagues have used the
well-studied conditioned eyeblink response to study
associative changes in the representation of vibrissae
in S1 (Galvez et al., 2006). Rabbits received deflection of a single row of whiskers (CS), followed by
corneal air puff after a 500-ms trace period. Trace
conditioning is known to require an intact hippocampus in contrast to delay conditioning (i.e., no
intervening trace period) (Solomon et al., 1986; see
also Beylin et al., 2001; Bangasser et al., 2006). The
subjects developed conditioned responses over a
period of 7–9 days, in contrast to pseudoconditioned
rabbits. Barrels were identified by cytochrome oxidase
staining and confirmed by single-unit electrophysiology. The authors found a specific expansion in the
representation of the CS row of whiskers, compared
both to the control animals and to the nontrained
hemisphere, showing specific associative plasticity.
Matthew Diamond and coworkers have argued
that, ‘‘if memories are stored within topographically
organized sensory cortical areas, then access to those
memories should be topographically distributed’’
(Harris et al., 2001b: 316). In one study, rats were
trained on a gap-crossing task using the only whisker
that had not be trimmed. After successful learning,
the trained whisker was clipped and a prosthetic
whisker attached to a different whisker stub.
Transfer was tested by the rate of new learning,
which was inversely related to the distance between
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the original and new whisker. Electrophysiological
recordings revealed that the degree of overlap
between cortical response patterns of two whiskers
could account for the degree of transfer (r ¼ 0.98)
(Harris et al., 1999).
They also trained humans to use one fingertip to
discriminate between two stimuli in the submodalities of vibration, punctate pressure, and roughness.
Tests of posttraining generalization (transfer) to
digits on the trained and untrained hands revealed
no transfer for vibration but positive transfer for
pressure and roughness discrimination as a function
of topographic distance from the trained fingertip.
The authors concluded that ‘‘tactile learning is organized within a somatotopic framework’’ (Harris et al.,
2001a: 1056). Interestingly, Pavlov had predicted the
existence of somatotopic cortical organization on the
basis of similar training and generalization tests in
dogs (Pavlov, 1927).
3.11.6.3

Primary Visual Cortex (V1)

In contrast to the primary auditory and somatosensory cortices, there appear to be no studies of the
specificity of associative processes in the primary
visual cortex. This is curious in light of the previous
extensive investigation of V1 in classical and instrumental conditioning in animals during the period of
1935–1984. As noted earlier, most subsequent studies
of V1 have focused on perceptual learning. Recent
reports of classical conditioning in humans may indicate a resurrection of interest in associative learning.
Functional magnetic resonance imaging (fMRI) has
been used to investigate Pavlovian delay fear conditioning, using a blinking red light as the CS and shock
as the US (Knight et al., 1999). Paired subjects exhibited a larger amount of active tissue in V1 compared
to controls that received light and shock unpaired.
However, the individual group effects were a
decrease in response in the controls and no change
in the paired group, suggesting that associative processes prevented habituation in this case. The
absence of a behavioral measure of learning limits
interpretations as well.
A further study of both delay and trace (10 s)
conditioning has been more revealing. Using a discrimination protocol in which the three conditioned
stimuli (CSþ, CSþ trace, and CS) were different
colored shapes, the authors found significant behavioral learning and discrimination (development of
conditioned galvanic skin responses, GSR) for both
delay and trace protocols. Functional MRI responses
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were larger to the CSþ versus CS in delay conditioning and also larger to the CSþ trace versus the
CS in trace conditioning.
Perhaps similar studies will be conducted in animals using a stimulus dimension (e.g., line tilt) that
could determine receptive field plasticity and thus
reveal the extent of specificity of associative processes in V1. Given the earlier EEG and evoked
potential studies, as well as the recent fMRI experiments, there is reason to expect that, like A1 and S1,
V1 is specifically involved in associative learning and
memory.

3.11.7 Do Lesions of PSCs Impair
or Prevent Learning and Memory?
A frequently asked question (which I paraphrase) is,
‘‘As associative plasticity develops in PSCs, shouldn’t
lesions of PSCs impair or prevent conditioning? If
not, why be interested in plasticity that would appear
to be epiphenomenal?’’ The answer to the first question is based on studies of A1, for which the relevant
findings are known. The simple answer is ‘‘No.’’ It has
long been known that simple (i.e., single-tone, nondiscriminative) classical conditioned responses can
develop after ablation of A1 alone or as part of
extensive cortical destruction (DiCara et al., 1970;
Berntson et al., 1983; Romanski and LeDoux, 1992).
However, these questions are based on certain
assumptions, which include (1) neurophysiological
studies of conditioning seek stimulus–response (S-R)
circuitry, (2) the memory trace formed is localized,
(3) neurophysiological plasticity that develops is the
substrate of the CR, and (4) destruction of the site of
such plasticity should disrupt the CR (see Ohl and
Scheich, 2004, vs. Weinberger, 2004a).
These assumptions may be relevant to learning a
single, specific S-R relationship, such as learning to
produce a conditioned eyeblink to a tone paired with
air puff (Christian and Thompson, 2005). However,
they do not apply to the vast majority of associative
learning, which involves stimulus–stimulus (CS–US)
links. First, classical conditioning transcends stimulus–response associations. Even S-R conditioning
involves prior stimulus–stimulus (CS–US) associations. Moreover, other associations are invariably
formed, such as between a stimulus and the location
or general context within which learning occurs.
Second, CS–US associations are known to develop
rapidly, in a few trials, preceding CS–CR associations
(Lavond et al., 1984), and therefore are likely be

involved in the development of S–R links
(Schlosberg, 1937; Mowrer, 1947; Konorski, 1967;
Lennartz and Weinberger, 1992a). Third, multiple
behavioral CRs develop during rapid CS–US learning (e.g., changes in heart rate, respiration, blood
pressure, pupillary diameter, skin resistance, behavioral freezing), any one of which can be used to verify
that a CS–US association has developed (of course,
given appropriate nonassociative controls). Fourth,
although its components may be localized, the total
memory for a given event is almost certainly distributed across the cortex and other brain regions,
including relevant sensory systems. Fifth, although
circuitry for an association can be completely subcortical, the cerebral cortex also can store information in parallel with subcortical systems. Sixth, the
cerebral cortex has access to a much greater range
of information than the subcortex. It undoubtedly
stores information that can be used in a highly flexible manner to subserve adaptive behaviors in an
unknown future. For example, although simple auditory conditioning is not destroyed by lesions of A1,
as soon as two-tone discrimination is demanded, A1
is required (Teich et al., 1988). A1 is also obligatory
to achieve experimental extinction (Teich et al.,
1989).
Thus, in response to the question posed at
the outset of this section, PSCs can be profitably
studied to determine the cortical fate of stimuli that
enter into associations. In short, such studies of neurophysiological plasticity can be directed to issues of
the representation of stimuli and the transformations,
which they may develop during learning, without
any reference to particular behaviors that index
the establishment of stimulus–stimulus associations.

3.11.8 Memory and Retrieval
in Primary Sensory Cortices
As primary sensory cortices develop highly specific
representational plasticity in learning, they may be
expected to exhibit memory. One such case has
already been mentioned, that of a 2-month retention
of CS-specific tuning shifts in A1 (Weinberger et al.,
1993). Further, memory codes in PSCs have been
proposed. Memory codes specify the relationship
between an experience and the nature of its neural
storage (e.g., the memory code for the acquired
behavioral importance of a stimulus might be the
number of cells that become tuned to that stimulus)
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(Weinberger, 2001). We now summarize additional
evidence of mnemonic processes in A1, S1, and V1.
3.11.8.1

Working and Reference Memory

If PSCs store at least some contents of memory, then
they should hold that information for a period of time
following presentation of a stimulus. There is evidence that the primary somatosensory cortex is
involved in working memory. Monkeys trained in a
haptic delayed matching to sample (DMTS) task
(two different objects), with an 18-s delay period,
exhibit sustained changes in activity of neurons in
S1 (Koch and Fuster, 1989). Similar effects were also
found in a haptic DMTS study in which objects were
identical in shape but differed in surface features
(Zhou and Fuster, 1996). Patterns of spike trains,
not merely changes in unit firing, also are correlates
of working memory in S1 (Bodner et al., 1998;
Bodner et al., 2005).
Disruption of working memory in S1 also has been
found. Humans were trained to discriminate the frequencies of two vibrations presented at an interval of
1500 ms. A pulse of transcranial magnetic stimulation
(TMS) applied to the contralateral S1 early in the
retention period of the first vibratory stimulus
(600 ms or less) impaired discrimination performance. There was no effect when TMS was applied
to the ipsilateral S1. The authors concluded that S1
serves as a temporary site of information storage
(Harris et al., 2002).
Sakurai’s laboratory has documented neural correlates of working memory and also long-term
storage (reference memory) in A1. Rats were trained
in a continuous nonmatching-to-sample working
memory task to remember whether or not the current
tone frequency was the same or different from the
preceding tone. About 20% of single units in A1 (and
the medial geniculate as well) developed sustained
differential activity during the delay period after
exposure to the sample tone, leading the authors to
conclude that the thalamocortical auditory system
retains auditory information in working memory
(Sakurai, 1990). The task was then modified so that
either working memory (WM) or reference memory
(RM) could be tested in alternating fashion within a
single session (Sakurai, 1992). Unit recordings were
obtained from hippocampus CA1, CA3, dentate
gyrus, and A1. Only the auditory cortex showed
differential responses to the physical characteristics
of the stimuli, low and high tones, respectively, in
both WM and RM tasks. This itself is not surprising.
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Cells in the hippocampal formation exhibited
changes in firing related to either WM or RM but
not both. In contrast, neurons in A1 could exhibit
increased activity for both the WM and RM tasks,
indicating the flexible involvement of A1 in both
working and reference memory (Sakurai, 1994).
Further research using cross-correlations between
pairs of neurons to detect cell assemblies revealed
that most correlated pairs in the hippocampal formation occurred during WM, whereas correlated cells
in A1 could participate equally in WM and RM
(Sakurai, 1998). The results highlight the flexibility
of the same cells in PSCs to participate in multiple
functional networks.

3.11.8.2

Procedural Memory

There is at least one report that links PSC neural
plasticity to procedural memory. Rabbits trained in
eyeblink conditioning (tone/corneal air puff) developed tone-elicited neural responses in primary
somatosensory cortex together with conditioned eyeblink responses. However on trials of CR failure,
there was also an absence of S1 responses to the
acoustic CS. It might be thought that both omissions
were due to a failure to process the CS, perhaps in the
lower auditory system. However, on such failure
trials, the unconditioned response was still modulated by the CS, as indexed by more vigorous
unconditioned responses, compared to unconditioned response–alone trials. Another explanation
might be that the response in S1 represented sensory
feedback from CRs, but its latency preceded CRs.
The authors concluded that the response of S1 to the
acoustic CS reflects the efferent copy of the memory
of the response that was elicited by the CS from the
cerebellum, which they view as a procedural memory
trace (Wikgren et al., 2003).

3.11.8.3

Imagery

If cortical networks involved in memory storage and
retrieval include PSCs, then they should reveal
themselves in the absence of relevant sensory stimulation. That is, neural activation should occur when
the prior sensory experiences are recalled. Although
probably less widely accepted than some other
approaches, studies of imagery in humans support
such involvement. Imagery often is considered to be
a higher cognitive function, but it seems most relevant to retrieval in the present context. Bearing in
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mind caveats concerning precise localization and the
need to validate the presumptive imagery behaviorally, there is evidence for the involvement of PSCs.
For example, imaging studies have detected activation of V1 after subjects studied novel visual stimuli
while they had to make decisions about visual details
with their eyes closed. Further, the extent of activation of V1 was proportional to the size of the stimulus
feature being remembered, supporting the view that
imagery was taking place within the retinotopic map
(Kosslyn et al., 1995, 1999).
Somatosensory imagery effects also have been
reported. S1 was imaged in humans during the tapping
of a finger. When subjects later imagined tapping the
finger, the same region of S1 was activated (Porro
et al., 1996). One cannot rule out undetected kinesthetic stimuli or subthreshold motor contributions to
these findings, however. Studies of musical imagery
are less subject to such problems. For example, imagery for musical timbre activates the primary auditory
cortex with some right-side asymmetry, also present
for timbre perception (Halpern et al., 2004; see also
Halpern and Zatorre, 1999; Halpern, 2001; Zatorre
and Halpern, 2005).

3.11.9 Nonsensory and Higher
Cognitive Functions
In addition to associative processes, PSCs are also
involved in nonsensory and higher cognitive processes. These are summarized alphabetically.
3.11.9.1

Attention

Attention has long been known to modulate sensory
cortices. Although many effects are seen in higher
areas, PSCs are also subject to selective
attention, such as auditory (Alho, 1992), somatosensory (Johansen-Berg and Lloyd, 2000), and visual
(Sengpiel and Hubener, 1999). However until
recently, studies of attention had not been able to
demonstrate the extreme specificity of rapid attentive modulation in PSCs. Fritz, Shamma, and
colleagues devised a clever and sensitive method of
obtaining spectrotemporal receptive fields (STRFs)
while ferrets waited to detect a previously learned
tone to avoid shock. They found that attention modulates primary auditory cortex by facilitating
responses to the target frequency while suppressing
responses to other frequencies (Fritz et al., 2003).
When trained in both frequency detection and

frequency discrimination tasks, the reinforced and
target frequencies were enhanced, as might be
expected, but because the target during tone detection (CSþ) could be the nonreinforced (CS)
frequency during discrimination, the authors were
able to show that responses to the same physical
stimulus could be facilitated or suppressed depending on the task (Fritz et al., 2005b). In a third
study, ferrets learned both tone detection and gap
detection tasks. As expected, tone detection had the
same target-specific enhancement. Additionally, during gap detection, the STRF was changed along the
temporal dimension, specifically, the temporal
dynamics of discharge were sharpened (Fritz et al.,
2005a). In all the studies, the effects could last for
hours in some cases, suggesting an involvement in
memory as well as in selective attention. Overall,
the findings demonstrate that attention has a strong
influence on A1. At least some of this plasticity is due
to top-down processes because switching tasks, and
therefore the significance of a particular frequency,
differentially affects responses to the same physical
stimulus. The findings also highlight the ability of the
same cells to participate in multiple adaptive networks. Of course, RF shifts in learning could be the
result of top-down, bottom-up, or a combination of
these influences.
3.11.9.2 Category Learning and Concept
Formation
Perceptual category formation involves grouping sensory stimuli by abstract relationships based on some
aspect of similar physical attributes. Ohl et al. (2001)
trained rats to form the categories of rising and falling
frequency modulation of tones (i.e., independent of
their absolute frequencies). They detected category
learning by a sudden change in learning strategy.
Recordings from A1 revealed that the transition to
category formation was correlated with the emergence of patterns of stimulus representation in the
EEG in which frequency-modulated tones are distinguished into the categories of rising and falling
modulation. The authors believe that the electrographic plasticity reflects the abstraction that defines
these categories (Ohl et al., 2001). Categorical effects
have also been observed in monkeys trained for more
than 2 years to classify steps in acoustic frequency
(Selezneva et al., 2006). The authors found that phasic
activity of cells in A1 indicates the direction of frequency steps, whereas slow changes in activity are
tied to procedures involved in solving the task.
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A recent related experiment extends the involvement of auditory cortex to humans. Subjects were
required to classify sound on the basis of either the
direction of change (rising or falling frequency
modulation) or the duration of stimulation (short or
long). fMRI revealed activation in the right auditory
cortex for categorization by direction of change,
whereas categorization by duration of stimulation
activated the left auditory cortex (Brechmann and
Scheich, 2005). The hemispheric specializations for
the two types of stimulus parameters are consistent
with prior studies of the human auditory cortex, but
the linkage of the findings to categorization, rather
than to the physical parameters of the stimuli per se,
demonstrates that the human auditory cortex is
involved in higher cognitive processes.
3.11.9.3

Cross-Modality Effects

Associative involvement of PSCs is also evident in
cross-modal effects, consisting of a stimulus in one
sensory modality being able to elicit responses in the
PSC of another sensory modality. Indeed, cross-modality effects are so numerous that their significance
is generally overlooked. They began with the EEG
studies of conditioning. For example, the development of the ability of the click of a camera shutter to
block alpha waves in the human occipital cortex
when it preceded a flashing light US is evidence for
cross-modal effects, although in this serendipitous
seminal study, the authors could not have detected
actual auditory evoked responses in visual cortex
(Durup and Fessard, 1935). In animal studies of conditioning, the ability of the CS to elicit EEG
activation in the PSC of the US is similarly an example of cross-modality effects. Beyond EEG findings,
direct studies of evoked sensory responses consistently documented the development of CS-elicited
responses in the PSC of the US (Oleson et al., 1975).
Recent studies reinforce these earlier findings. For
example, studies in which primates are cued to perform a tactile discrimination by an auditory or visual
stimulus found the development of responses to the
auditory (Zhou and Fuster, 2004) and visual cues
(Zhou and Fuster, 1997, 2000), respectively, in the
primary somatosensory cortex. The reverse relationships also exist. For example, monkeys were
trained to perform a complex auditory discrimination. Following presentation of a cue light, they could
initiate a sequence of tones by pressing a bar. Many
neurons in A1 developed responses elicited by the
bar press, of course, prior to the presentation of the
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sounds. And given the prevalence of cross-modality
neural responses, one would predict that presentation
of the cue light also would elicit responses in A1, and
this also was observed (Brosch et al., 2004).
Similar effects are reported in A1 of humans.
Several studies have linked the primary auditory
cortex of humans to speech in the absence of sound.
Thus, the presentation of visual stimuli associated
with language sounds, whether the sight of a letter
or of silent speech, elicits neural activity in the primary auditory cortex (Sams et al., 1991; van Atteveldt
et al., 2004; Pekkola et al., 2005; Ruytjens et al., 2006).
This cross-modal effect might derive from earlier
associative learning, as the sight of a face, especially
the lips, during speech is highly correlated with hearing the emitted speech. Some effects are not limited
to putative associations. Visual stimuli can be transformed into a phonological code. Apparently, the left
primary auditory cortex is activated during such
recoding (Suchan et al., 2006).
A recent anatomical study in the gerbil may provide an anatomical basis for some cross-modality
effects. The authors found a surprisingly large number of inputs to A1 from nonauditory regions of both
the cortex and the thalamus. They argue against the
view that primary sensory cortices are unimodal
(Budinger et al., 2006).
3.11.9.4

Expectancy, Preparatory Set

Subjects previously trained on a task form expectancies or preparatory sets that are based on the
probability that a certain stimulus or event is likely
to occur. Although generally regarded as a higher
cognitive function, they are manifest in PSCs. In
one such case, rats were trained in a visual reaction
time task with a very brief (10-ms) warning tone, 1.4 s
preceding the light stimulus. A subset of single neurons in A1 developed a significant sustained increase
in discharge rate during the warning period that did
not occur when the same warning stimulus was given
by itself. The authors suggested that this activity
constitutes a substrate of preparatory set (Shinba
et al., 1995). A phasic increase in arousal might have
been responsible for increased cellular activity, as
preparatory set and expectancy often involves
increased arousal. Direct measures of arousal level
and recordings taken in arousing situations outside
the task would help resolve this issue.
A more detailed study by Villa and coworkers
provides compelling evidence for an expectancy
function in A1 (Villa et al., 1998). They obtained
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simultaneous single-unit spike trains while rats performed a complex cognitive task, specifically a twochoice task (Go/NoGo) with a two-component
(pitch and location) auditory stimulus lasting 500 ms.
They observed that functional interactions (crosscorrelations) are dynamically modified in the waiting
period preceding the onset of auditory stimulation.
Further, they found spatiotemporal firing patterns
both within and across spike trains several seconds
before the actual stimulus delivery. These patterns
have a very precise repetition of spike discharges
separated by long intervals (up to several hundreds
of milliseconds) in the absence of a change in mean
rate. The authors suggested that network activity in
A1 reflects ‘‘participation of recurrent neuronal networks in processes anticipating the expected sensory
input’’ (Villa et al., 1998: 269).

3.11.9.5

Motivation, Behavioral Importance

Several studies have found plasticity in PSCs based
on motivational level or the acquired behavioral
importance of sensory stimuli. In a complex appetitive instrumental task, rats were trained in three
phases, and the amount of c-Fos expression was
determined in different subgroups at the end of
each phase: (1) tone–food association, (2) two-tone
discrimination, and (3) two-tone discrimination contingent on location of the sound source. Auditory
stimuli were bursts of complex sounds lasting
500 ms. Compared to various control groups, successful animals exhibited no difference in phase 1 but
had significantly greater cFos activity in primary
auditory cortex during the next two phases. No subcortical auditory structures (cochlea through medial
geniculate) differed from controls (Carretta et al.,
1999). The authors concluded that auditory cortex
is involved in the coding of stimulus significance. Of
note, their failure to find an effect after simple tone–
food association suggests that not all associative
learning involves PSC plasticity. Moreover, it is
clear that more complex learning (i.e., discrimination
problems) is more likely to engage a PSC.
Although the previous study neither manipulated
the level of motivation nor determined specificity of
plasticity, a recent experiment addressed these issues
directly. Rats were trained to bar press for water
contingent on the presence of a tone (6.0 kHz), each
at different levels of water deprivation. Terminal
mapping of A1 revealed a specific increase in area
of representation of the CS frequency in the

tonotopic map. More importantly, the amount of area
was directly proportional to the level of correct
performance, itself controlled by the level of motivation for water (Figure 4) (Rutkowski and Weinberger,
2005). These findings were predicted by the memory
code hypothesis that the level of behavioral significance of a stimulus is encoded by the increase in the
number of cells that become tuned to that stimulus
(Weinberger, 2001).
The primary visual cortex has been studied during associative learning only rarely during the past 30
years. However, V1 has now been linked to reward
processes. Rats wearing goggles that provided controlled stimulation to either eye were trained to
associate whole-field illumination with water reward.
Many neurons in V1 that originally responded only
to the visual stimuli developed discharges that accurately predicted the timing of the reward (Shuler and
Bear, 2006).
There is evidence of motivational effects in the
barrel field of S1. Rats were studied under conditions
of (1) searching for an object with their vibrissae for a
food reward, (2) whisking in the air for the goal of
returning to the home cage, or (3) whisking in the
absence of reward (Ganguly and Kleinfeld, 2004).
The amount of phase-locking of neurons in S1 was
greatly increased when whisking resulted in reward
compared to whisking without reward.
3.11.9.6

Learning Strategy

The strategies used to solve problems are significant
factors in human cognition. However, the role of
learning strategy has been neglected in studies of
learning and brain plasticity. A recent study reveals
that learning strategy can be decisive in the development of specific plasticity in the primary auditory
cortex. Two groups of animals were trained to solve
the same problem, achieve the same asymptotic level
of performance, and exhibit the same degree of
learning about absolute frequency, but accomplish
these goals using two different learning strategies.
Specifically, adult male rats were trained to barpress for water contingent on the presence of a
5.0-kHz tone. A bar-press response made during the
silent intertrial interval resulted in a time out (i.e.,
3–7 s lengthening of time to the next trial) signaled
by a flashing cue light. This apparently simple problem can be solved two ways: ‘bar-press during tone
presence’ (‘tone duration strategy’) or ‘bar-press from
tone onset until receiving the error signal’ (‘onseterror strategy’). However, these alternatives cannot
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Figure 4 Motivational effects on area of frequency representation in tonotopic map of A1. Trained rats received water
reward for bar-presses in the presence of a 6.0-kHz tone. (a). The tonotopic maps of a naive rat. (b). Quantification of the
percent of total area for each six octave bands for the map above. (c). The tonotopic map of a subject that attained over 90%
correct performance. (d). The corresponding quantification. Note that the band containing the CS frequency is much greater
(50% vs. 10% in the naive). (e). Evidence of a memory code for the acquired behavioral importance of sound. Level of tone
importance was controlled by the motivation for water (amount of water deprivation). Asymptotic performance was
significantly correlated with motivation level. The area of representation of the frequency band containing the 6.0-kHz tone
signal increases as a direct function of the level of behavioral importance of the tone, as operationally indexed by the level of
correct performance. For details, see Rutkowski RG, and Weinberger NM (2005) Encoding of learned importance of sound by
magnitude of representational area in primary auditory cortex. Proc. Natl. Acad. Sci. USA 102: 12664–13669.
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be distinguished because error signals are always given
for responses made starting immediately after tone
offset. Therefore, although one group was trained in
the standard manner, a second group was given a 2-s
grace period starting at tone offset, during which barpresses did not produce the error signal (or water
reward). Evidence for the ‘onset-error strategy’ would
be continued bar-pressing after tone-offset during the
grace period.
Both groups achieved the same high levels of
correct performance, and both groups revealed
equivalent learning of absolute frequency during
training. Analysis of behavior showed that the second
group did indeed use the ‘onset-error strategy.’
Posttraining ‘mapping’ of the auditory cortex
revealed that this group alone developed specific
plasticity. Threshold was decreased 10 dB, and tuning bandwidth was narrowed by 0.7 octaves.
Moreover, this plasticity was restricted to the frequency band of the 5.0-kHz tone cue. The findings
show both that auditory learning can develop without plasticity in threshold or bandwidth and, perhaps
more important, that learning strategy – not learning
performance – can determine cortical plasticity
(Berlau and Weinberger, 2008).
3.11.9.7

Motor Processes

It might seem most unlikely that primary sensory
cortices could be intimately linked to motor
functions, but there is clear evidence of motor involvement. Within A1, patterns of neuronal activity
constituted predictive neural correlates of later
motor behavior. Rats were trained in a Go/NoGo
task to distinguish combinations of two frequencymodulated sounds (based on low- [3.0 kHz] or high[12.0 kHz] base frequencies) and two speaker
locations (left or right). They were rewarded for
correct Go and NoGo behavior (e.g., Go to low
tone on left, NoGo to high tones simultaneously
from left and right). Single-unit discharges were
recorded simultaneously from up to 15 neurons
while animals waited for the auditory cues. Using a
pattern-detection algorithm, the authors detected
235 reliable spatiotemporal patterns of activity,
55% of which were significantly related to the type
of response that the animal made several seconds
later. Patterns predictive of Go and NoGo behaviors
were about equal in number. Note that the predictive
correlates were not elicited by the acoustic stimuli,
which were delivered after the waiting period (by
definition). Of particular interest, mean discharge

rates did not vary, emphasizing the importance of
the analysis of temporal parameters of cellular discharge. The patterns in A1 might be parts of motor
programs that are engaged in auditory tasks (Villa
et al., 1999).

3.11.10 Concerning the Direction
of Plasticity
Heretofore, we have not focused on the direction or
sign of changes in the magnitude of PSC plasticity.
(Plasticity of temporal aspects of cellular discharge
may be equally important but has not yet been studied extensively in PSCs during learning; see Edeline,
1999.) The dominant, almost exclusive, finding in
conditioning has been that stimuli that gain behavioral importance become facilitated, as indexed by
the fact that they come to elicit increased magnitude
of response. (Of course, memory in habituation is
indexed by a decrease in response magnitude.)
Larger responses could be advantageous by increasing the signal-to-noise ratio when the task at hand is
stimulus detection. In many cases, increased response
involves CS-specific tuning shifts and increased area
of representation, indicative of the recruitment of
more cells to the CS or other important stimulus.
As noted previously, the amount of increased area
of representation is directly proportional to the level
of behavioral importance of a tone (Rutkowski and
Weinberger, 2005). More cells could also increase the
probability of attention to stimuli whose behavioral
significance has increased due to learning. The
strength of memory might be an increasing function
of the number of cells that preferentially involved the
sensory experience. The favored processing of important stimuli by more cells could also increase the
probability of complete processing in an unknown
future, including one of neuropathology. In the latter
case, more cells could serve the function of a safety
net. Thus, increased response magnitude would seem
to make good functional sense. If associative processes produced decreased responses or reduced the
number of cells tuned to an important stimulus, in the
limit to zero, then the stimulus in question would
seem to decrease, or lose, its ability to be stored and
to guide current and future behavior.
But increased magnitude of response is undoubtedly only part of the complete story of PSC plasticity.
Observations from studies involving naturalistic environmental situations indicate that specific decreased
responses are the likely outcome of at least some
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experiences (for review, see Frostig, 2006). For example,
many formulations of PSC plasticity are based on a
competition model, in which stimuli that produce
more afferent input win (i.e., elicit larger responses
and/or gain control of more cells). This outcome is
prevalent in the whisker barrel field of S1 for surviving
whiskers when others are clipped (Armstrong-James
et al., 1994; Diamond et al., 1993). However, when the
vibrissae are not altered, the representation of a whisker
is smaller during active exploratory whisking than during quiet wakefulness (Fanselow and Nicolelis, 1999).
Spared whiskers exhibit reduced representation when
rats are permitted to explore for brief periods outside
their home cages (Polley et al., 1999), and the same
occurs for the intact vibrissal system when animals
live for weeks in a naturalistic habitat, including tunneling, which makes increased demands on the use of
whiskers (Polley et al., 2004a). Behavioral arousal,
expected during active whisking, produces reduced
representation coupled with increased synchronization
of firing, resulting in sharper receptive fields that could
subserve increased discrimination (Castro-Alamancos,
2004).
These studies did not involve explicit associative
learning. However, one cannot discount the possibility
of associative learning during naturalistic whisking.
That is, an episode of whisking involves numerous
instances of stimulus–stimulus relationships (e.g.,
successive tactile stimuli constituting within-modality
sensory preconditioning). However, naturalistic situations are not optimal for determining fine-grain stimulus
relationships. The trade-offs between increased
ecological relevance in field or fieldlike studies and
decreased manipulation of stimulus relationships are
well known.
Exploratory whisking may also be related to .perceptual learning, as animals have had uncountable
trials of experience, discriminating objects by use
of their vibrissae. The possibility that decreased
responses reflect mechanisms underlying perceptual
learning is supported by a recent study of frequency
discrimination in A1 of the cat. Decreased responses
were found for frequencies between the CSþ and
CS, during extended tonal perceptual learning.
The authors suggest that such plasticity may facilitate
the classification of stimuli with different behavioral
outcomes by reducing similarity between reinforced
and nonreinforced stimuli (Witte and Kipke, 2005).
This finding contrasts with rapid two-tone discriminative learning (i.e., a single training session), in which
responses to the CSþ are increased while responses to
the CS, pretraining BF, and other frequencies are
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reduced, the effects becoming even more pronounced
during a subsequent silent period of consolidation
(Edeline and Weinberger, 1993).
In summary, rapid associative learning appears to
be dominated at present by findings of increased
responses to behaviorally important stimuli. In contrast, extensive discrimination learning, particularly
formal learning of increasingly difficult discriminations (i.e., perceptual learning), may involve reduced
response magnitude with concomitant increased precision of receptive fields. However, a comprehensive
understanding of the sign of plasticity must await
further research of the relationships between the
direction of PSC plasticity and its functional and
behavioral significance.

3.11.11 Implications
The primary auditory, somatosensory, and visual cortices develop associative plasticity during behaviorally
validated learning. They exhibit evidence of the storage of memory, including procedural, working, and
reference memory, the latter validated for an indefinite
period of at least months after training. Recent studies
have revealed a high degree of specificity of plasticity
in A1 and S1 (appropriate studies of V1 have not been
conducted), including a remodeling of cortical processing that emphasizes responses to signal stimuli of
acquired behavioral importance and indicative of the
storage of discrete details of experience. Moreover, A1,
S1, and V1 are clearly involved in a number of higher
processes including attention, expectancy/preparatory
set, category learning/concept formation, cross-modality interactions, imagery, learning strategy, motivation,
and the degree of acquired behavioral importance of
stimuli and motor actions.
This range of involved functions amply documents
the extensive engagement of PSCs in adaptive cognitive and behavioral processes that far transcend their
presumptive normative sensory functions. Space permits brief consideration of four implications.
First, primary sensory cortex, as commonly functionally understood, does not exist. There is probably
no region of the cerebral cortex that is devoted only to
the analysis of sensory stimuli; certainly, A1, S1, and
V1 are not so limited. It follows that the responses of
all neurons in these PSCs are almost certainly affected
both by nonsensory processes (such as the acquired
meaning of a stimulus) and the physical parameters of
modality-specific stimuli as commonly studied in sensory neurophysiology. The caveat is that the cell type
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that generates each type of neural response cannot yet
be known, a task that may require many years to
complete. So it is possible that some types of PSC
cells respond only to the physical parameters of stimuli but so far have escaped detection.
Second, the developing concept that information
is stored where it is processed, which attributes mnemonic functions to PSCs (as well as myriad other
cerebral structures) may be correct but highly incomplete. For example, concept and category formation
deal with abstract properties of stimuli, not merely
their root physical parameters. Therefore, PSCs
appear to serve supra-stimulus functions.
Third, and a related point, because the degree of
plasticity reflects the level of acquired behavioral
importance (Rutkowski and Weinberger, 2005), motivational information that is presumably not assessed in
PSCs is nonetheless represented therein (see also
Shuler and Bear, 2006). Therefore, PSCs appear to
serve extrastimulus functions.
Fourth, normative concepts of cortical organization
need to be revised. Because of specific, associative
plasticity in PSCs, they cannot be distinguished from
other cortical regions on the basis of sensory versus
associative functions. Campbell was wrong, and all
theories based on such a distinction are obsolete.
Formulation of new, testable organizational principles
is perhaps the major task facing the integrative neurobiology of the cerebral cortex.

3.11.12 Toward a New Functional
Architecture of the Cerebral Cortex
Kuhn’s analysis of scientific revolutions holds that
extant but outmoded paradigms are not discarded
until a new paradigm accounts both for old facts and
newer, inharmonious findings (Kuhn, 1970). The
issue of new principles for the functional organization
of the cerebral cortex is far beyond the capabilities of
this chapter. However, as its major point has been to
show that primary sensory cortices are involved much
more broadly in learning, memory, cognition, and
adaptive behavior than generally recognized, one
approach to thinking anew about cortical organization
is to consider PSCs from a different point of view.
With that in mind, I suggest the following.
First, the sensory specialization of each PSC must
be retained. Regardless of cross-modality influences,
V1 is specialized for vision, S1 for somatic sensation,
and A1 for audition. But if they are not purely sensory, then what are they?

Second, I propose that PSCs deal with their modality-specific information in the context of solving
whatever problem, challenge, or opportunity faces
the organism. We may regard them as continually
assembling components to form situational functional
systems (see also Anokhin, 1974).
Thus, PSCs are reconceptualized as having three
types of function: (1) modality-specific sensory, (2)
learning/memory, and (3) broadly integrative with
respect to modality-dominated problem solving.
For example, if a specific motor act is required
with respect to acoustic stimulation, then the auditory cortex integrates (unknown aspects of ) motor
function with the analysis, acquisition, and storage of
information about the relevant sound. The result
would not be confined to auditory information but,
rather, auditory information combined with relevant
motor and spatial information for the situation in
question. This may explain why selective lesions of
frequency bands within the tonotopic map of A1 in
the cat produce selective impairment of locomotion
to the source of the corresponding sound frequency
( Jenkins and Merzenich, 1984).
In no case would A1, S1, or V1 execute the requisite behavioral act. Nor would they assess or
determine the motivational state or determine the
nature goal object, such as food, water, or opportunity for sex. Nonetheless, they would be major sites
in which the relevant information is brought
together. PSCs would not be the only sensory cortical
sites because belt and higher sensory regions would
be involved as well. In fact, the manner in which all
PSCs and their related higher fields work together,
with both feedforward and feedback interactions,
remains a central problem for cortical function.
As animals face many problems, including gathering information without the need for immediate
effector action (overt behavior), it follows that their
PSCs must be able both to store a multiplicity of
relevant modality-specific information while also
being able to rapidly organize and mobilize the
appropriate information as environmental situations,
challenges, and opportunities appear – often rapidly.
The available data do indicate that the same PSC
cells not only participate in multiple behaviorally
relevant networks but also can rapidly switch mode
as the task changes (Sakurai, 1994, 1998; Fritz et al.,
2005a,b; see also Gilbert et al., 2001).
We currently have little information about multifunctional aspects of PSCs because the issue has
seldom been broached and so few appropriate experiments have been conducted. Fortunately, their
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involvement in learning and memory is now on such
solid ground that it can provide a foundation for
further inquiry about other cognitive processes.
Although learning-induced plasticity is now widely
accepted, it is often contrasted with much greater
plasticity during development, the adult animal
being regarded as retaining some developmental
plasticity. However, instead of regarding associative
plasticity as an add-on to sensory processing, the
default position probably should be that PSCs store
information as a normal part of their functions.
Clearly, this liberalized view of PSCs is preliminary
and really little more than an outline of an idea.
However, even in its nascent state, it offers an alternative to the traditional sensory role of primary auditory,
somatosensory, and visual cortices. If it does nothing
more than provoke thought and reaction, it will have
served a beneficial purpose. However, I believe that
although further characterization of PSCs is needed, it
is now time to seek the functional principles governing
the involvement of A1, S1, and V1 in learning, memory,
and a multiplicity of nonsensory processes.
We may currently be as explorers in a strange
land, approaching a barely discernible, yet clearly
existing, mountain range. At present, details cannot
be seen, and perhaps different peaks can barely be
distinguished, but by continuing the journey, the
detailed topography will be discovered eventually,
as well as the inner geology. Perhaps we truly have
only a dim view of the functional principles of the
cerebral cortex. The next steps should be revealing,
but they require a willingness to travel from the
comfort of the conceptually comfortable to the
extreme discomfort of a landscape fraught with
unknown and perhaps strange hazards.

Acknowledgments
This chapter was supported by research grants from
the National Institutes of Health/National Institute
on Deafness and Other Communication Disorders
(NIDCD), DC-02938 and DC-05592 to N.M.W.

References
Alho K (1992) Selective attention in auditory processing as
reflected by event-related brain potentials.
Psychophysiology 29: 247–263.
Anokhin PK (1974) Biology and Neurophysiology of the
Conditioned Reflex and Its Role in Adaptive Behavior. New
York: Pergamon Press.

213

Armstrong-James M, Diamond ME, and Ebner FF (1994)
An innocuous bias in whisker use in adult rats modifies
receptive fields of barrel cortex neurons. J. Neurosci. 14:
6978–6991.
Bakin JS and Weinberger NM (1990) Classical conditioning
induces CS-specific receptive field plasticity in the auditory
cortex of the guinea pig. Brain Res. 536: 271–286.
Bakin JS, Lepan B, and Weinberger NM (1992) Sensitization
induced receptive field plasticity in the auditory cortex is
independent of CS-modality. Brain Res. 577: 226–235.
Bakin JS, South DA, and Weinberger NM (1996) Induction of
receptive field plasticity in the auditory cortex of the guinea
pig during instrumental avoidance conditioning. Behav.
Neurosci. 110: 905–913.
Bangasser DA, Waxler DE, Santollo J, and Shors TJ (2006)
Trace conditioning and the hippocampus: The importance of
contiguity. J. Neurosci. 26: 8702–8706.
Bao S, Chang EF, Woods J, and Merzenich MM (2004)
Temporal plasticity in the primary auditory cortex induced by
operant perceptual learning. Nat. Neurosci. 7: 974–981.
Barth AL (2002) Differential plasticity in neocortical networks.
Physiol. Behav. 77: 545–550.
Bartlett F, John ER, Shimokochi M, and Kleinman D (1975)
Electrophysiological signs of readout from memory. II
Computer classification of single evoked potential
waveshapes. Behav. Biol. 14: 409–446.
Berlau KM and Weinberger NM (2008) Learning strategy
determines auditory cortical plasticity. Neurobiol. Learn.
Mem. 89: 153–166.
Berntson GG, Tuber DS, Ronca AE, and Bachman DS (1983)
The decerebrate human: Associative learning. Exp. Neurol.
81: 77–88.
Beylin AV, Gandhi CC, Wood GE, Talk AC, Matzel LD, and
Shors TJ (2001) The role of the hippocampus in trace
conditioning: Temporal discontinuity or task difficulty?
Neurobiol. Learn. Mem. 76: 447–461.
Bodner M, Zhou YD, and Fuster JM (1998) High-frequency
transitions in cortical spike trains related to short-term
memory. Neuroscience 86: 1083–1087.
Bodner M, Shafi M, Zhou YD, and Fuster JM (2005) Patterned
firing of parietal cells in a haptic working memory task. Eur. J.
Neurosci. 21: 2538–2546.
Brechmann A and Scheich H (2005) Hemispheric shifts of sound
representation in auditory cortex with conceptual listening.
Cereb. Cortex 15: 578–587.
Brosch M, Selezneva E, Bucks C, and Scheich H (2004)
Macaque monkeys discriminate pitch relationships.
Cognition 91: 259–272.
Brown M, Irvine DR, and Park VN (2004) Perceptual learning on
an auditory frequency discrimination task by cats:
Association with changes in primary auditory cortex. Cereb.
Cortex 14: 952–965.
Budinger E, Heil P, Hess A, and Scheich H (2006) Multisensory
processing via early cortical stages: Connections of the
primary auditory cortical field with other sensory systems.
Neuroscience 143: 1065–1083.
Buonomano DV and Merzenich MM (1998) Cortical plasticity:
From synapses to maps. Annu. Rev. Neurosci. 21: 149–186.
Buresova O and Bures J (1973) Modification of cortical evoked
responses during classically conditioned visual
discrimination in the rabbit. Physiol. Bohemoslov. 22:
581–587.
Calford MB (2002) Dynamic representational plasticity in
sensory cortex. Neuroscience 111: 709–738.
Calford MB and Tweedale R (1988) Immediate and chronic
changes in responses of somatosensory cortex is bilateral.
Nature 332: 446–448.
Campbell AW (1905) Histological Studies on the Localization of
Cerebral Function. Cambridge: Cambridge University Press.

214 Cortical Plasticity in Associative Learning and Memory
Carretta D, Herve-Minvielle A, Bajo VM, Villa AE, and Rouiller
EM (1999) c-Fos expression in the auditory pathways related
to the significance of acoustic signals in rats performing a
sensory-motor task. Brain Res. 841: 170–183.
Castro-Alamancos MA (2004) Dynamics of sensory
thalamocortical synaptic networks during information
processing states. Prog. Neurobiol. 74: 213–247.
Christian KM and Thompson RF (2005) long-term storage of an
associative memory trace in the cerebellum. Behav.
Neurosci. 119: 526–537.
Condon CD and Weinberger NM (1991) Habituation produces
frequency-specific plasticity of receptive fields in the
auditory cortex. Behav. Neurosci. 105: 416–430.
Cranefield PF (1974) The Way In and the Way Out. Mt. Kisco,
NY: Futura, Inc.
Delacour J, Houcine O, and Talbi B (1987) ‘‘Learned’’ changes
in the responses of the rat barrel field neurons. Neuroscience
23: 63–71.
Delacour J, Houcine O, and Costa JC (1990a) Evidence for a
cholinergic mechanism of ‘‘learned’’ changes in the
responses of barrel field neurons of the awake and
undrugged rat. Neuroscience 34: 1–8.
Delacour J, Houcine O, and Costa JC (1990b) Modifications of
the responses of barrel field neurons to vibrissal stimulation
during theta in the awake and undrugged rat. Neuroscience
37: 237–243.
Demany L and Semal C (2002) Learning to perceive pitch
differences. J. Acoust. Soc. Am. 111: 1377–1388.
Diamond DM and Weinberger NM (1986) Classical conditioning
rapidly induces specific changes in frequency receptive
fields of single neurons in secondary and ventral ectosylvian
auditory cortical fields. Brain Res. 372: 357–360.
Diamond DM and Weinberger NM (1989) Role of context in the
expression of learning-induced plasticity of single neurons in
auditory cortex. Behav. Neurosci. 103: 471–494.
Diamond IT (1979) The subdivisions of the neocortex: A
proposal to revise the traditional view of sensory, motor, and
associational areas. In: Sprague JM and Epstein AN (eds.)
Progress in Psychobiology and Physiological Psychology,
vol. 8, pp. 1–43. New York: Academic Press.
Diamond IT (1985) A history of the study of the cortex: Changes in
the concept of the sensory pathway. In: Kimble GA and
Schlesinger K (eds.), Topics in the History of Psychology, vol.
1, pp. 305–387. Hillsdale, NJ: Lawrence Erlbaum Associates.
Diamond ME, Armstrong-James M, and Ebner FF (1993)
Experience-dependent plasticity in adult rat barrel cortex.
Proc. Natl. Acad. Sci. USA 90: 2082–2086.
Diamond ME, Petersen RS, Harris JA, and Panzeri S (2003)
Investigations into the organization of information in sensory
cortex. J. Physiol. Paris 97: 529–536.
DiCara LV, Braun JJ, and Pappas BA (1970) Classical
conditioning and instrumental learning of cardiac and
gastrointestinal responses following removal of neocortex in
the rat. J. Comp. Physiol. Psychol. 73: 208–216.
Dumenko VN and Sachenko VV (1979a) Spontaneous activity
of auditory cortical neurons of waking cats at rest and
during defensive conditioning. Neurosci. Behav. Physiol.
150–168.
Dumenko VN and Sachenko VV (1979b) Unit responses of the
auditory cortex of waking cats at rest and after defensive
conditioning. Neurosci. Behav. Physiol. 17–23.
Durup G and Fessard A (1935) L’ectroencephalogramme de
l’homme. Ann. Psychol. 36: 266–281.
Edeline J-M, Pham P, and Weinberger NM (1993) Rapid
development of learning-induced receptive field plasticity in
the auditory cortex. Behav. Neurosci. 107: 539–557.
Edeline JM (1990) Frequency-specific plasticity of single unit
discharges in the rat medial geniculate body. Brain Res. 529:
109–119.

Edeline JM (1999) Learning-induced physiological plasticity in
the thalamo-cortical sensory systems: A critical evaluation of
receptive field plasticity, map changes and their potential
mechanisms. Prog. Neurobiol. 57: 165–224.
Edeline JM (2003) The thalamo-cortical auditory receptive
fields: Regulation by the states of vigilance, learning and the
neuromodulatory systems. Exp. Brain Res. 153: 554–572.
Edeline JM and Weinberger NM (1993) Receptive field plasticity
in the auditory cortex during frequency discrimination
training: selective retuning independent of task difficulty.
Behav. Neurosci. 107: 82–103.
Edeline JM, Neuenschwander-el Massioui N, and Dutrieux G
(1990) Discriminative long-term retention of rapidly induced
multiunit changes in the hippocampus, medial geniculate
and auditory cortex. Behav. Brain Res. 39: 145–155.
Fahle M (2004) Perceptual learning: a case for early selection. J.
Vis. 4: 879–890.
Fahle M (2005) Perceptual learning: specificity versus
generalization. Curr. Opin. Neurobiol. 15: 154–160.
Fanselow EE and Nicolelis MA (1999) Behavioral modulation of
tactile responses in the rat somatosensory system. J.
Neurosci. 19: 7603–7616.
Fearing F (1970) Reflex Action: A Study in the History of
Physiology. Cambridge, MA: MIT Press.
Ferrier D (1886) The Functions of the Brain. London: Smith,
Elder, & Co.
Fleshsig P (1901) Developmental (myelogenetic) localization of
the cerebral cortex in the human subject. Lancet 2:
1027–1029.
Fritz J, Elhilali M, and Shamma S (2005a) Active listening: taskdependent plasticity of spectrotemporal receptive fields in
primary auditory cortex. Hear. Res. 206: 159–176.
Fritz J, Shamma S, Elhilali M, and Klein D (2003) Rapid taskrelated plasticity of spectrotemporal receptive fields in
primary auditory cortex. Nat. Neurosci. 6: 1216–1223.
Fritz JB, Elhilali M, and Shamma SA (2005b) Differential
dynamic plasticity of A1 receptive fields during multiple
spectral tasks. J. Neurosci. 25: 7623–7635.
Frostig RD (2006) Functional organization and plasticity in the
adult rat barrel cortex: Moving out-of-the-box. Curr. Opin.
Neurobiol. 16: 445–450.
Galambos R, Sheatz G, and Vernier V (1956)
Electrophysiological correlates of a conditioned response in
cats. Science 123: 376–377.
Galeano C (1963) Electrophysiological aspects of brain activity
during conditioning. A review. Acta. Neurol. Latinoamer. 9:
395–413.
Galvan VV and Weinberger NM (2002) Long-term consolidation
and retention of learning-induced tuning plasticity in the
auditory cortex of the guinea pig. Neurobiol. Learn. Mem. 77:
78–108.
Galvan VV, Chen J, and Weinberger NM (2001) Long-term
frequency tuning of local field potentials in the auditory
cortex of the waking guinea pig. J. Assoc. Res. Otolaryngol.
2: 199–215.
Galvez R, Weiss C, Weible AP, and Disterhoft JF (2006) Vibrissasignaled eyeblink conditioning induces somatosensory
cortical plasticity. J. Neurosci. 26: 6062–6068.
Ganguly K and Kleinfeld D (2004) Goal-directed whisking
increases phase-locking between vibrissa movement and
electrical activity in primary sensory cortex in rat. Proc. Natl.
Acad. Sci. USA 101: 12348–12353.
Gao E and Suga N (1998) Experience-dependent corticofugal
adjustment of midbrain frequency map in bat auditory
system. Proc. Natl. Acad. Sci. USA 95: 12663–12670.
Gao E and Suga N (2000) Experience-dependent plasticity in
the auditory cortex and the inferior colliculus of bats: role of
the corticofugal system. Proc. Natl. Acad. Sci. USA 97:
8081–8086.

Cortical Plasticity in Associative Learning and Memory
Gasanov UG and Galashina AG (1976) Study of plastic changes
in cortical interneuronal connections. Pavlov. J. Higher Nerv.
Act. 26: 820–827.
Ghose GM (2004) Learning in mammalian sensory cortex. Curr.
Opin. Neurobiol. 14: 513–518.
Gilbert CD, Sigman M, and Crist RE (2001) The neural basis of
perceptual learning. Neuron 31: 681–697.
Gluck H and Rowland V (1959) Defensive conditioning of
electrographic arousal with delayed and differentiated auditory
stimuli. Electroencep. Clin. Neurophysiol. 11: 485–491.
Goldstone RL, Schyns PG, and Medin DL (1997) Perceptual
Learning. San Diego, CA: Academic Press.
Gonzalez-Lima F and Scheich H (1984) Neural substrates for
tone-conditioned bradycardia demonstrated with 2deoxyglucose I activation of auditory nuclei. Behav. Brain
Res. 14: 213–233.
Gonzalez-Lima F and Scheich H (1986) Neural substrates for
tone-conditioned bradycardia demonstration with 2
deoxyglucose, II. Auditory cortex plasticity. Behav. Brain
Res. 20: 281–293.
Grill-Spector K, Henson R, and Martin A (2006) Repetition and
the brain: Neural models of stimulus-specific effects. Trends
Cogn. Sci. 10: 14–23.
Halpern AR (2001) Cerebral substrates of musical imagery.
In: Zatorre RJ and Peretz I (eds.) The Biological Foundations
of Music. Annals of the New York Academy Sciences, vol.
930, pp. 179–192. New York: New York Academy of
Sciences.
Halpern AR and Zatorre RJ (1999) When that tune runs through
your head: A PET investigation of auditory imagery for
familiar melodies. Cereb. Cortex 9: 697–704.
Halpern AR, Zatorre RJ, Bouffard M, and Johnson JA (2004)
Behavioral and neural correlates of perceived and imagined
musical timbre. Neuropsychologia 42: 1281–1292.
Harris JA, Petersen RS, and Diamond ME (1999) Distribution of
tactile learning and its neural basis. Proc. Natl. Acad. Sci. U S
A 96: 7587–7591.
Harris JA, Harris IM, and Diamond ME (2001a) The topography
of tactile learning in humans. J Neurosci. 21: 1056–1061.
Harris JA, Petersen RS, and Diamond ME (2001b) The cortical
distribution of sensory memories. Neuron 30: 315–318.
Harris JA, Miniussi C, Harris IM, and Diamond ME (2002)
Transient storage of a tactile memory trace in primary
somatosensory cortex. J. Neurosci. 22: 8720–8725.
Harrison RV, Stanton SG, Nagasawa A, Ibrahim D, and Mount
RJ (1993) The effects of long-term cochlear hearing loss on
the functional organization of central auditory pathways. J.
Otolaryngol. 22: 4–11.
Hawkey DJ, Amitay S, and Moore DR (2004) Early and rapid
perceptual learning. Nat. Neurosci. 7: 1055–1056.
Heinen SJ and Skavenski AA (1991) Recovery of visual
responses in foveal V1 neurons following bilateral foveal
lesions in adult monkey. Exp. Brain Res. 83: 670–674.
Hetzler BE, Rosenfeld JP, Birkel PA, and Antoinetti DN (1977)
Characteristics of operant control of centrally evoked
potentials in rats. Physiol. Behav. 19: 527–534.
Irvine DR, Martin RL, Klimkeit E, and Smith R (2000) Specificity
of perceptual learning in a frequency discrimination task. J.
Acoust. Soc. Am. 108: 2964–2968.
Jenkins WM and Merzenich MM (1984) Role of cat primary
auditory cortex for sound localization behavior. J.
Neurophysiol. 53: 819–847.
Ji W and Suga N (2003) Development of reorganization of the
auditory cortex caused by fear conditioning: effect of
atropine. J. Neurophysiol. 90: 1904–1909.
Ji W, Gao E, and Suga N (2001) Effects of acetylcholine
and atropine on plasticity of central auditory neurons
caused by conditioning in bats. J. Neurophysiol. 86:
211–225.

215

Johansen-Berg H and Lloyd DM (2000) The physiology and
psychology of selective attention to touch. Front. Biosci. 5:
D894–904.
John ER (1961) High nervous functions: Brain functions and
learning. Annu. Rev. Physiol. 23: 451–484.
John ER and Killam KF (1959) Electrophysiological correlates of
avoidance conditioning in the cat. J. Pharm. Exp. Ther. 125:
252–274.
John ER and Killam KF (1960) Electrophysiological correlates of
differential approach-avoidance conditioning in cats. J.
Nerv. Ment. Dis. 131: 183–201.
John ER, Bartlett F, Shimokochi M, and Kleinman D (1973)
Neural readout from memory. J. Neurophysiol. 36: 893–924.
John ER, Bartlett R, Shimokochi M, and Kleinman D (1975)
Electrophysiological signs of the readout from memory. I.
Raw data observations. Behav. Biol. 14: 247–282.
Kaas JH and Hackett TA (2000) Subdivisions of auditory cortex
and processing streams in primates. Proc. Natl. Acad. Sci.
USA 97: 11793–11799.
Kacelnik O, Nodal FR, Parsons CH, and King AJ (2006) Traininginduced plasticity of auditory localization in adult mammals.
PLoS Biol. 4: e71.
Kaltenbach JA, Czaja JM, and Kaplan CR (1992) Changes in the
tonotopic map of the dorsal cochlear nucleus following
induction of cochlear lesions by exposure to intense sound.
Hear. Res. 59: 213–223.
Kelahan AM, Ray RH, Carson LV, Massey CE, and Doetsch GS
(1981) Functional reorganization of adult raccoon
somatosensory cerebral cortex following neonatal digit
amputation. Brain Res. 223: 152–159.
Kellman PJ (2002) Perceptual learning. In: Pashler H and
Gallistel R (eds.) Learning, Motivation and Emotion, vol. 3,
3rd ed., pp. 259–299. Hoboken, NJ: John Wiley & Sons.
Kiang N (1955) Organization of auditory cortex in the cat. Am. J.
Physiol. 183: 3.
Kisley MA and Gerstein GL (1999) Trial-to-trial variability and
state-dependent modulation of auditory-evoked responses
in cortex. J. Neurosci. 19: 10451–10460.
Kisley MA and Gerstein GL (2001) Daily variation and appetitive
conditioning-induced plasticity of auditory cortex receptive
fields. Eur. J. Neurosci. 13: 1993–2003.
Knight DC, Smith CN, Stein EA, and Helmstetter FJ (1999)
Functional MRI of human Pavlovian fear conditioning:
Patterns of activation as a function of learning. Neuroreport
10: 3665–3670.
Koch KW and Fuster JM (1989) Unit activity in monkey parietal
cortex related to haptic perception and temporary memory.
Exp. Brain Res. 76: 292–306.
Konorski J (1967) Integrative Activity of the Brain: An Interdisciplinary
Approach. Chicago: University of Chicago Press.
Kosslyn SM, Thompson WL, Kim IJ, and Alpert NM (1995)
Topographical representations of mental images in primary
visual cortex. Nature 378: 496–498.
Kosslyn SM, Pascual-Leone A, Felician O, et al. (1999) The role
of area 17 in visual imagery: Convergent evidence from PET
and rTMS. Science 284: 167–170.
Kublik E (2004) Contextual impact on sensory processing at the
barrel cortex of awake rat. Acta. Neurobiol. Exp. (Wars) 64:
229–238.
Kuhn TS (1970) The Structure of Scientific Revolutions.
Chicago: University of Chicago Press.
Lavond DG, Lincoln JS, McCormick DA, and Thompson RF
(1984) Effects of bilateral lesions of the dentate and
interpositus cerebellar nuclei on conditioning of heart-rate
and nictitating membrane-eyelid responses in the rabbit.
Brain Res. 305: 323–330.
Lennartz RC and Weinberger NM (1992a) Analysis of response
systems in Pavlovian conditioning reveals rapidly vs slowly
acquired conditioned responses: Support for two factors

216 Cortical Plasticity in Associative Learning and Memory
and implications for neurobiology. Psychobiology 20:
93–119.
Lennartz RC and Weinberger NM (1992b) Frequency-specific
receptive field plasticity in the medial geniculate body
induced by Pavlovian fear conditioning is expressed in the
anesthetized brain. Behav. Neurosci. 106: 484–497.
Li W, Piech V, and Gilbert CD (2004) Perceptual learning and
top-down influences in primary visual cortex. Nat. Neurosci.
7: 651–657.
Logothetis NK, Pauls J, and Poggio T (1995) Shape
representation in the inferior temporal cortex of monkeys.
Curr. Biol. 5: 552–563.
Majkowski J and Sobieszek A (1975) Evolution of average
evoked potentials in cats during conditioning before and
after tegmental lesions. Physiol. Behav. 14: 123–131.
Marsh JT and Worden FG (1964) Auditory potential during
acoustic habituation: Cochlear nucleus, cerebellum, and
auditory cortex. Electroencep. Clin. Neurophysiol. 17:
685–692.
Marsh JT, McCarthy DA, Sheatz G, and Galambos R (1961)
Amplitude changes in evoked auditory potentials during
habituation and conditioning. Electroencep. Clin.
Neurophysiol. 13: 224–234.
Metherate R and Hsieh CY (2004) Synaptic mechanisms and
cholinergic regulation in auditory cortex. Prog. Brain Res.
145: 143–156.
Molchan SE, Sunderland T, McIntosh AR, Herscovitch P, and
Schreurs BG (1994) A functional anatomical study of
associative learning in humans. Proc. Natl. Acad. Sci. USA
91: 8122–8126.
Molnar M, Karmos G, Csepe V, and Winkler I (1988) Intracortical
auditory evoked potentials during classical aversive
conditioning in cats. Biol. Psychol. 26: 339–350.
Morrell F (1961) Electrophysiological contributions to the neural
basis of learning. Physiol. Rev. 41: 443–494.
Morris JS, Friston KJ, and Dolan RJ (1998) Experiencedependent modulation of tonotopic neural responses in
human auditory cortex. Proc. R. Soc. Lond. B. Biol. Sci. 265:
649–657.
Mount RJ, Harrison RV, Stanton SG, and Nagasawa A (1991)
Correlation of cochlear pathology with auditory brainstem
and cortical responses in cats with high frequency hearing
loss. Scanning Microsc. 5: 1105–1112; discussion
1112–1113.
Mowrer OH (1947) On the dual nature of learning-A reinterpretation of ‘‘conditioning’’ and ‘‘problem-solving.’’
Harvard Educ. Rev. 17: 102–148.
Murata K and Kameda K (1963) The activity of single cortical
neurones of unrestrained cats during sleep and wakefulness.
Arch. Ital. Biol. 101: 306–331.
Ohl FW and Scheich H (1996) Differential frequency
conditioning enhances spectral contrast sensitivity of units in
auditory cortex (field Al) of the alert Mongolian gerbil. Eur. J.
Neurosci. 8: 1001–1017.
Ohl FW and Scheich H (1997) Learning-induced dynamic
receptive field changes in primary auditory cortex of the
unanaesthetized Mongolian gerbil. J. Comp. Physiol. [A] 181:
685–696.
Ohl FW and Scheich H (2004) Fallacies in behavioural
interpretation of auditory cortex plasticity, Nat. Rev.
Neurosci. Online correspondence: Published online
November 20, 2004 at http://www.nature.com/nrn/journal/
v5/n4/corres/nrn1366_fs.html.
Ohl FW and Scheich H (2005) Learning-induced plasticity in
animal and human auditory cortex. Curr. Opin. Neurobiol. 15:
470–477.
Ohl FW, Scheich H, and Freeman WJ (2001) Change in pattern
of ongoing cortical activity with auditory category learning.
Nature 412: 733–736.

Olds J (1962) Hypothalamic substrates of reward. Physiol. Rev.
42: 554–604.
Oleson TD, Ashe JH, and Weinberger NM (1975) Modification of
auditory and somatosensory system activity during pupillary
conditioning in the paralyzed cat. J. Neurophysiol. 38:
1114–1139.
Palmer CV, Nelson CT, and Lindley GAT (1998) The functionally
and physiologically plastic adult auditory system. J. Acoust.
Soc. Am. 103: 1705–1721.
Pavlov IP (1927) Conditioned Reflexes. New York: Dover
Publications.
Peck CK and Lindsley DB (1972) Average evoked potential
correlates of two-flash perceptual discrimination in cats.
Vision Res. 12: 641–652.
Pekkola J, Ojanen V, Autti T, et al. (2005) Primary auditory
cortex activation by visual speech: An fMRI study at 3 T.
Neuroreport 16: 125–128.
Pettet MW and Gilbert CD (1992) Dynamic changes in
receptive-field size in cat primary visual cortex. Proc. Natl.
Acad. Sci. USA 89: 8366–8370.
Pleger B, Foerster AF, Ragert P, et al. (2003) Functional imaging
of perceptual learning in human primary and secondary
somatosensory cortex. Neuron 40: 643–653.
Polley DB, Chen-Bee CH, and Frostig RD (1999) Two directions
of plasticity in the sensory-deprived adult cortex. Neuron 24:
623–637.
Polley DB, Kvasnak E, and Frostig RD (2004a) Naturalistic
experience transforms sensory maps in the adult cortex of
caged animals. Nature 429: 67–71.
Polley DB, Heiser MA, Blake DT, Schreiner CE, and Merzenich
MM (2004b) Associative learning shapes the neural code for
stimulus magnitude in primary auditory cortex. Proc. Natl.
Acad. Sci. USA 101: 16351–16356.
Porro CA, Francescato MP, Cettolo V, et al. (1996) Primary
motor and sensory cortex activation during motor
performance and motor imagery: A functional magnetic
resonance imaging study. J. Neurosci. 16: 7688–7698.
Rasmusson DD (1982) Reorganization of raccoon
somatosensory cortex following removal of the fifth digit. J.
Comp. Neurol. 205: 313–326.
Rauschecker JP (1999) Auditory cortical plasticity: A
comparison with other sensory systems. Trends Neurosci.
22: 74–80.
Rauschecker JP, Schrader W, and von Grunau MW (1987)
Rapid recovery from monocular deprivation in kittens after
specific visual training: A comparison of visually evoked
potentials and single unit responses. Clinical Vision Sci. 1:
257–268.
Recanzone GH, Merzenich MM, and Schreiner CE (1992)
Changes in the distributed temporal response properties of
SI cortical neurons reflect improvements in performance on
a temporally based tactile discrimination task. J.
Neurophysiol. 67: 1071–1091.
Recanzone GH, Schreiner CE, and Merzenich MM (1993)
Plasticity in the frequency representation of primary auditory
cortex following discrimination training in adult owl monkeys.
J. Neurosci. 13: 87–103.
Rescorla R (1985) Associative learning: Some consequences of
contiguity. In: Weinberger NM, McGaugh JL, and Lynch GL
(eds.) Memory Systems of the Brain: Animal and Human
Cognitive Processes, pp. 211–230. New York: Guilford Press.
Rescorla RA (1988) Behavioral studies of Pavlovian
conditioning. Annu. Rev. Neurosci. 11: 329–352.
Robertson D and Irvine DR (1989) Plasticity of frequency
organization in auditory cortex of guinea pigs with partial
unilateral deafness. J. Comp. Neurol. 282: 456–471.
Romanski LM and LeDoux JE (1992) Equipotentiality of
thalamo-amygdala and thalamo-cortico-amygdala circuits in
auditory fear conditioning. J. Neurosci. 12: 4501–4509.

Cortical Plasticity in Associative Learning and Memory
Rowland V and Gluck H (1960) Electrographic arousal and its
inhibition as studied by auditory conditioning. Rec. Adv. Biol.
Psychiat. 96–105.
Rudell AP (1977) Operant conditioning of short latency
components evoked by electrical stimulation of optic
radiation fibers. Brain Res. 123: 373–377.
Rutkowski RG and Weinberger NM (2005) Encoding of learned
importance of sound by magnitude of representational area
in primary auditory cortex. Proc. Natl. Acad. Sci. USA 102:
12664–13669.
Ruytjens L, Albers F, van Dijk P, Wit H, and Willemsen A (2006)
Neural responses to silent lipreading in normal hearing male
and female subjects. Eur. J. Neurosci. 24: 1835–1844.
Ryle G (1963) The Concept of Mind. London: Hutchinson.
Sakurai Y (1990) Cells in the rat auditory system have sensorydelay correlates during the performance of an auditory
working memory task. Behav. Neurosci. 104: 856–868.
Sakurai Y (1992) Auditory working and reference memory can
be tested in a single situation of stimuli for the rat. Behav.
Brain Res. 50: 193–195.
Sakurai Y (1994) Involvement of auditory cortical and
hippocampal neurons in auditory working memory and
reference memory in the rat. J. Neurosci. 14: 2606–2623.
Sakurai Y (1998) The search for cell assemblies in the working
brain. Behav. Brain Res. 91: 1–13.
Sams M, Aulanko R, Hamalainen M, et al. (1991) Seeing
speech: Visual information from lip movements modifies
activity in the human auditory cortex. Neurosci. Lett. 127:
141–145.
Sasaki H and Yoshii N (1984a) Conditioned responses in the
visual cortex of dogs. II. During sleep. Electroencephalogr.
Clin. Neurophysiol. 58: 448–456.
Sasaki H and Yoshii N (1984b) Conditioned responses in the
visual cortex of dogs. I. During wakefulness.
Electroencephalogr. Clin. Neurophysiol. 58: 438–447.
Saunders JG (1971) Selective facilitation and inhibition of
auditory and visual evoked responses during avoidance
conditioning in cats. J. Comp. Physiol. Psychol. 76: 15–25.
Schacter DL, Dobbins IG, and Schnyer DM (2004) Specificity of
priming: A cognitive neuroscience perspective. Nat. Rev.
Neurosci. 5: 853–862.
Schlosberg H (1937) The relationship between success and the
laws of conditioning. Psychol. Rev. 44: 379–394.
Schoups A, Vogels R, Qian N, and Orban G (2001) Practising
orientation identification improves orientation coding in V1
neurons. Nature 412: 549–553.
Schreurs BG, McIntosh AR, Bahro M, Herscovitch P,
Sunderland T, and Molchan SE (1997) Lateralization and
behavioral correlation of changes in regional cerebral blood
flow with classical conditioning of the human eyeblink
response. J. Neurophysiol. 77: 2153–2163.
Selezneva E, Scheich H, and Brosch M (2006) Dual time scales
for categorical decision making in auditory cortex. Curr. Biol.
16: 2428–2433.
Sengpiel F and Hubener M (1999) Visual attention: spotlight on
the primary visual cortex. Curr. Biol. 9: R318–321.
Shinba T, Sumi M, Iwanami A, Ozawa N, and Yamamoto K (1995)
Increased neuronal firing in the rat auditory cortex associated
with preparatory set. Brain Res. Bull. 37: 199–204.
Shuler MG and Bear MF (2006) Reward timing in the primary
visual cortex. Science 311: 1606–1609.
Simons DJ (1978) Response properties of vibrissa units in rat SI
somatosensory neocortex. J. Neurophysiol. 41: 798–820.
Siucinska E and Kossut M (1996) Short-lasting classical
conditioning induces reversible changes of representational
maps of vibrissae in mouse SI cortex – a 2DG study. Cereb.
Cortex 6: 506–513.
Siucinska E and Kossut M (2004) Experience-dependent
changes in cortical whisker representation in the adult

217

mouse: A 2-deoxyglucose study. Neuroscience 127:
961–971.
Skrandies W (2006) Psychophysics and electrophysiology of
human perceptual learning: A summary. Suppl. Clin.
Neurophysiol. 59: 81–87.
Solomon PR, Vander Schaaf ER, Thompson RF, and Weisz DJ
(1986) Hippocampus and trace conditioning of the rabbit’s
classically conditioned nictitating membrane response.
Behav. Neurosci. 100: 729–744.
Suchan B, Linnewerth B, Koster O, Daum I, and Schmid G
(2006) Cross-modal processing in auditory and visual
working memory. Neuroimage 29: 853–858.
Suga N and Ma X (2003) Multiparametric corticofugal
modulation and plasticity in the auditory system. Nat. Rev.
Neurosci. 4: 783–794.
Suzuki H, Kobayashi N, and Azuma M (1974) Excitability
changes of the visual cortex during discrimination behavior
in the cat. Physiol. Behav. 12: 931–937.
Teas DC and Kiang S-Y. (1964) Evoked responses from the
auditory cortex. Exp. Neurol. 10: 91–119.
Teich AH, McCabe PM, Gentile CG, et al. (1988) Role of auditory
cortex in the acquisition of differential heart rate
conditioning. Physiol. Behav. 44: 405–412.
Teich AH, McCabe PM, Gentile CC, et al. (1989) Auditory cortex
lesions prevent the extinction of Pavlovian differential heart
rate conditioning to tonal stimuli in rabbits. Brain Res. 480:
210–218.
Tervaniemi M, Rytkonen M, Schroger E, Ilmoniemi RJ, and
Naatanen R (2001) Superior formation of cortical memory
traces for melodic patterns in musicians. Learn. Mem. 8:
295–300.
Thomas GJ (1962) Neurophysiology of learning. Ann. Rev.
Psychol. 13: 71–106.
Thompson RF, Patterson MM, and Teyler TJ (1972) The
neurophysiology of learning. Ann. Rev. Psychol. 23: 73–104.
van Atteveldt N, Formisano E, Goebel R, and Blomert L (2004)
Integration of letters and speech sounds in the human brain.
Neuron 43: 271–282.
Villa AE, Hyland B, Tetko IV, and Najem A (1998) Dynamical cell
assemblies in the rat auditory cortex in a reaction-time task.
Biosystems 48: 269–277.
Villa AE, Tetko IV, Hyland B, and Najem A (1999) Spatiotemporal
activity patterns of rat cortical neurons predict responses in
a conditioned task. Proc. Natl. Acad. Sci. USA 96:
1106–1111.
Wall JT, Kaas JH, Sur M, Nelson RJ, Felleman DJ, and
Merzenich MM (1986) Functional reorganization in
somatosensory cortical areas 3b and 1 of adult monkeys
after median nerve repair: Possible relationships to sensory
recovery in humans. J. Neurosci. 6: 218–233.
Weinberger NM (1998) Physiological memory in primary
auditory cortex: Characteristics and mechanisms.
Neurobiol. Learn. Mem. 70: 226–251.
Weinberger NM (2001) Memory codes: a new concept for an old
problem. In: Gold PE and Greenough WT (eds.) Memory
Consolidation: Essays in Honor of James L. McGaugh,
pp. 321–342. Washington, DC: American Psychological
Association.
Weinberger NM (2004a) Correcting misconceptions of tuning
shifts in auditory cortex. Nat. Rev. Neurosci. Published
November 20, 2004, at http://www.nature.com/nrn/journal/
v5/n4/corres/nrn1366_fs.html.
Weinberger NM (2004b) Specific long-term memory traces in
primary auditory cortex. Nat. Rev. Neurosci. 5: 279–290.
Weinberger NM and Diamond DM (1987) Physiological
plasticity in auditory cortex: Rapid induction by learning.
Prog. Neurobiol. 29: 1–55.
Weinberger NM, Diamond DM, and McKenna TM (1984a) Initial
events in conditioning: Plasticity in the pupillomotor and

218 Cortical Plasticity in Associative Learning and Memory
auditory system. In: Lynch G, McGaugh J, and Weinberger
NM (eds.) Neurobiology of Learning and Memory,
pp. 197–227. New York: The Guilford Press.
Weinberger NM, Hopkins W, and Diamond DM (1984b)
Physiological plasticity of single neurons in auditory
cortex of the cat during acquisition of the pupillary
conditioned response: I. Primary field (AI). Behav. Neurosci.
98: 171–188.
Weinberger NM, Javid R, and Lepan B (1993) Long-term
retention of learning-induced receptive-field plasticity in
the auditory cortex. Proc. Natl. Acad. Sci. USA 90:
2394–2398.
Weinberger NM, Miasnikov AA, and Chen JC (2006) The level of
cholinergic nucleus basalis activation controls the specificity
of auditory associative memory. Neurobiol. Learn. Mem. 86:
270–285.
Weisel TN and Hubel DH (1963) Single cell responses in striate
cortex of kittens deprived of vision in one eye. J.
Neurophysiol. 26: 1003–1017.
Welker C (1976) Receptive fields of barrels in the
somatosensory neocortex of the rat. J. Comp. Neurol. 166:
173–189.
Westenberg IS and Weinberger NM (1976a) Evoked potential
decrements in auditory cortex. II: Critical test for habituation.
Electroencep. Clin. Neurophysiol. 40: 356–369.
Westenberg IS, Paige G, Golub B, and Weinberger NM (1976b)
Evoked potential decrements in auditory cortex: I. Discretetrial and continual stimulation. Electroencep. Clin.
Neurophysiol. 40: 337–355.

Wickelgren WO (1968) Effect of acoustic habituation on clickevoked responses in cats. J. Neurophysiol. 31: 777–785.
Wikgren J, Ruusuvirta T, and Korhonen T (2003) Activity in the
rabbit somatosensory cortex reflects the active procedural
memory trace of a classically conditioned eyeblink response.
Neurosci. Lett. 341: 119–122.
Witte RS and Kipke DR (2005) Enhanced contrast sensitivity in
auditory cortex as cats learn to discriminate sound
frequencies. Brain Res. Cogn. Brain Res. 23: 171–184.
Woody CD, Knispel JD, Crow TJ, and Black-Cleworth PA (1976)
Activity and excitability to electrical current of cortical
auditory receptive neurons of awake cats as affected by
stimulus association. J. Neurophysiol. 39: 1045–1061.
Young RM (1970) Mind Brain and Adaptation in the Nineteenth
Century. Oxford: Clarendon Press.
Zatorre RJ and Halpern AR (2005) Mental concerts: Musical
imagery and auditory cortex. Neuron 47: 9–12.
Zhou YD and Fuster JM (1996) Mnemonic neuronal activity in
somatosensory cortex. Proc. Natl. Acad. Sci. USA 93:
10533–10537.
Zhou YD and Fuster JM (1997) Neuronal activity of
somatosensory cortex in a cross-modal (visuo-haptic)
memory task. Exp. Brain Res. 116: 551–555.
Zhou YD and Fuster JM (2000) Visuo-tactile cross-modal
associations in cortical somatosensory cells. Proc. Natl.
Acad. Sci. USA 97: 9777–9782.
Zhou YD and Fuster JM (2004) Somatosensory cell response to
an auditory cue in a haptic memory task. Behav. Brain Res.
153: 573–578.

