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Nucleus Basalis Activity Enables Spatial and

Temporal Plasticity in Rat Auditory Cortex

by Michael P. Kilgard

ABSTRACT

The mammalian brain is a sophisticated self-organizing system. The cholinergic
nucleus basalis (NB) may facilitate learning by allowing the cortex to differentiate
behaviorally important stimuli from the tens of thousands of behaviorally irrelevant
stimuli encountered each day. To explore the role of NB in long-term cortical
plasticity, [ developed a simple paradigm using electrical activation of NB and
confirmed that activity of cholinergic NB neurons paired with sensory stimuli is
sufficient to generate enduring reorganizations of cortical circuitry.

A chronic stimulating electrode was used to pair activation of NB with the
presentation of an auditory stimulus several hundred times daily. Stimulation was
delivered to adult rats that were awake and unrestrained. After four weeks of such
pairing, a detailed map of the response properties of primary auditory cortex neurons
was reconstructed from up to one hundred microelectrode penetrations. The
reorganizations that resulted were among the largest recorded in primary sensory cortex
and confirm the hypothesis that NB plays an active instructional role in representational

plasticity.
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Several classes of tonal stimuli were used to investigate the rules that relate
sensory experience to changes in cortical response properties. The plasticity observed
was specific to the stimulus paired with NB stimulation. For example, the region of the
Al map representing the paired tone frequency was selectively expanded, while stimuli
presented as often but without NB activation did not result in cortical reorganization.
Receptive field sizes (frequency selectivity) were narrowed, broadened or left unaltered
depending on specific parameters of the acoustic stimulus paired with NB stimulation.
This result parallels the differential receptive field remodeling that accompanied
extended training of monkeys on tasks involving similar stimuli (Jenkins et al., 1590;
Recanzone et al., 1993; Recanzone et al., 1992d). Temporal response properties were
also altered by NB stimulation. The maximum following rates of cortical neurons were
significantly increased after repeated pairing of NB activation with stimuli modulated at
15 Hz, and significantly decreased after pairing with 5 Hz stimuli.

These results substantiate the hypothesis that NB activity marks important stimuli
and allows simple cortical rules to improve the representation of features likely to be

useful based on the statistics of input.
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CHAPTER ONE:

Introduction




Primary sensory cortices for sight, sound and touch each represent their
respective sensory epithelium in a topographic manner. For example, in somatosensory
cortex neighboring locations in the cortex respond to inputs arising from neighboring
locations on the body surface. Such local order results in a compiete map of the body
surface laid out on the cortical surface. Similar topography (retinotopic and tonotopic)
exists in visual and auditory cortex. Despite their high degree of order, these maps
have been shown to be dynamic constructs that are capable of substantial plasticity
(Buonomano and Merzenich, 1998). Over the last twenty-five years experiments
conducted in many laboratories have shown that primary sensory topography can be
substantially reorganized, even in adults, by peripheral manipulations (such as digit
amputation) (Kaas et al., 1983; Kaas, 1991; Merzenich et al., 1983a; Merzenich et al.,
1984; Merzenich et al., 1990; Merzenich and Jenkins, 1993; Merzenich and
Sameshima, 1993). For example, rapid reorganization of the somatotopic map in
cortical field 3b and later progressive refinement were observed following median
nerve transection and resulted in an expanded representation of hand inputs from the
spared ulnar nerve (Merzenich et al., 1983b). Amputation of the *“middle finger” of an
adult owl monkey resulted in expansion of the cortical regions that respond to inputs
from the neighboring “index” and “ring” fingers (Merzenich et al., 1984). Similar
reorganizations have been observed in visual and auditory cortex following restricted
retinal and cochlear lesions (Darian-Smith and Gilbert, 1995; Chino et al., 1995;
Robertson and Irvine, 1989; Rajan et al., 1993).

Hebbian plasticity has been implicated in both cortical development and adult

cortical reorganization. Hebbian mechanisms are correlation-based and maintain local



topography because neighboring receptor locations are more highly correlated than
distant sites. To test this hypothesis, surgical connection of two digits (snydactyly) was
used to alter the correlation statistics across the hand. Several months after digit
fusion, the normally sharp border between the two digits had disappeared and many
recorded neurons developed two-digit receptive fields (Clark et al.. 1988; Allard et al.,
1991) .

Recent experiments have demonstrated that the processes that underlie these
plasticity effects operate continuously to allow important experiences to remodel
cortical representations. Jenkins, Recanzone and colleagues observed map
reorganizations as a result of extended training on behavioral tasks that engage a limited
sector of primary sensory cortex (Jenkins et al., 1990; Recanzone et al., 1992d;
Recanzone et al., 1992b; Recanzone et al., 1993). The expanded cortical
representations of the behaviorally important sensory input were well correlated with
improved task performance. Cortical maps can also be substantiaily altered during
natural activities such as nursing. Xerri and colleagues observed a two-fold increase in
the region of the somatotopic map representing the nipple-bearing region of the rat
ventrum in lactating rats compared to controls (Xerri et al., 1994).

Weinberger and colleagues have demonstrated that classical conditioning results
in significant plasticity of frequency tuning in auditory cortex of adult rodents. Cortical
responses to the tone frequency associated with footshock were reliable increased and
shown to persist for several weeks. The conditioned neural response could still be

measured while the animal was anesthetized and thus was not due to behavioral arousal.



The experiments described in this thesis were initially inspired by the elegant
experiments of Gregg Recanzone and colleagues at UCSF, and Ehud Ahissar and
colleagues at Hebrew University. Both groups demonstrated that cortical plasticity is
not determined by sensory input alone. Recanzone and colleagues trained new-world
monkeys on a simple limited-hold task. Two groups of monkeys received identical
auditory and tactile stimuiation. One group released when the tactile stimulus changed
and ignored the auditory stimuli, while the other group attended to the auditory stimuli
and ignored the tactile stimuli. Detailed maps of auditory and somatosensory cortex
were constructed after several weeks of training. Cortical map reorganization was
consistently documented in the cortical field corresponding to the attended modality
and not in the map of the unattended modality (Recanzone et al., 1992d; Recanzone et
al., 1992b). Ahissar and colleagues increased the correlation between auditory cortex
neurons by generating stimuli that activated one neuron triggered on the firing of
another. While little plasticity was observed when the auditory stimulus was ignored
(not used in any behavioral task), the “functional connection” between the neural pairs
was strengthened when monkeys attended to the stimulus as part of a simple behavioral
task (Ahissar et al., 1992). These experiments strongly suggest that attention gates the
correlation-based rules that modify connection strengths and network dynamics in the
adult cortex.

Several features of the central cholinergic system support the hypothesis that
acetylcholine is critically important for modulating plasticity. Nucleus basalis (NB) is
located in the basal forebrain and is the source of extrinsic cholinergic input to the

neocortex. Cholinergic antagonists and NB lesions have been shown to block plasticity



in different cortical fields in both young and adult animals of several species. (Bear and
Singer, 1986; Gu and Singer, 1993; Juliano et al., 1991; Webster et al., 1991a; Sachdev
et al., 1998; Baskerville et al., 1997; Zhu and Waite, 1998). These experiments provide
strong evidence that acetylcholine is required for cortical map reorganizations. The
cholinergic system is also important in a variety of learning and memory tasks in humans
and rats (Hasselmo, 1995; Steckler et al., 1995; Riekkinen et al., 1992; Winkler et al.,
1995; Butt and Hodge, 1995).

Single-unit recordings and microdialysis studies have shown that NB neurons are
activated and acetylcholine is released in the cortex in response to novel and behaviorally
arousing stimuli (Orsetti et al., 1996; Acquas et al., 1996; Pirch, 1993; Richardson and
DeLong, 1991; Whalen et al., 1994). Pairing of electrical stimulation of NB or
iontophoresis of acetylcholine with sensory stimuli is sufficient to generate cortical
plasticity (Hars et al., 1993; Edeline et al., 1994b; Edeline et al., 1994a; Bakin and
Weinberger, 1996; Metherate and Weinberger, 1990; Metherate and Weinberger, 1989;
McKennaet al., 1989; Tremblay et al., 1990; Webster et al., 1991b; Howard and Simoas,
1994). All of these properties support the hypothesis that acetylcholine released by NB
neurons serves as a reinforcement signal to guide cortical plasticity (Singer, 1986;
Weinberger, 1993).

My thesis work has extended the above experiments in several important ways.
First, I quantified plasticity guided by NB activity at the level of the cortical map by
recording from up to 100 locations in a single animal. Second, I recorded complete
frequency-intensity tuning curves at every site and repetition rate transfer functions at

most sites. Third, I demonstrated that the recorded plasticity was progressive over the



course of several weeks and endured for at least twenty-four hours after ending NB
stimulation. Fourth, I immunolesioned NB to demonstrate that the cholinergic neurons
of the NB were required for NB stimulation-induced plasticity. Fifth, I paired seven
different classes of stimuli with NB activation to explore how the statistics of the sensory

input determine the nature, degree, and direction of cortical reorganization.



CHAPTER TWO:
Distributed Representation of Spectral and Temporal Information

in Rat Primary Auditory Cortex




ABSTRACT

Modulations of amplitude and frequency are common features of natural sounds,
and are prominent in behaviorally important communication sounds. The mammalian
auditory cortex is known to contain representations of these important stimulus
parameters (e.g. Gaese and Ostwald, 1995). This study describes the distributed
representations of tone frequency and modulation rate in the rat primary auditory cortex.
Detailed maps of auditory cortex responses to single tones and tone trains were
constructed from recordings from fifty to sixty microelectrode penetrations introduced
into primary auditory cortex (A-1) in each of nine barbiturate-anesthetized rats.

Recorded data demonstrated that the cortex uses a distributed coding strategy to represent
both spectral and temporal information in the rat, as in other species (Langner, 1992).
Just as spectral information is encoded in the firing patterns of neurons tuned to different
frequencies, temporal information appears to be encoded using a set of filters covering a
range of behaviorally important repetition rates. Although the average A-1 repetition
rate transfer function (RRTF) was low-pass, with a sharp drop-off in evoked spikes per
tone above 9 pulses per second (pps), individual RRTF’s exhibited significant structure
between 4 and 10 Hz, including substantial facilitation or depression to tones presented at

specific rates. No organized topography of these temporal filters could be determined.






