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Previous studies have demonstrated that a rich, stimulating environment results in both anatomic
and physiologic changes in the cerebral cortex. In addition to generalized sensory experience,
training on perceptual learning tasks also alters neurophysiologic responses in sensory and motor
cortex. The effects of both enrichment and training on responses from auditory cortex neurons
are examined in this dissertation. Although there is a vast literature spanning almost three
decades on the anatomic and morphologic effects of enrichment, comparatively fewer studies
have focused on the neurophysiologic consequences of enrichment. For example,
neurophysiclogic effects of enrichment have been demonstrated in visual (Beaulieu and Cynader
19903, b) and somatosensory (Cog and Xerri 1998) cortex. In these studies, enrichment
sharpened orientation tuning in visual cortex and increased the area of forepaw representation in
somatosensory cortex. The effects of enrichment on the processing of auditory cortex neurons
are not known. In the first part of my dissertation, the effects of enrichment on the auditory
cortex are documented. Changes in spectral and temporal responses from primary auditory
cortex (A1) neurons of enriched rats were compared to responses from rats in standard

conditions using multi-unit recordings. Enrichment dramatically enhanced cortical responses



across Al, increased frequency selectivity and sensitivity and altered temporal processing
without affecting cortical map reorganization (Engineer et al. 2004). The next study was
designed to document the effects of auditory discrimination training on responses from auditory
cortex neurons. Both animals and humans get better at discrimination tasks with practice. More
recently, these studies have been combined with electrophysioiogical recordings (unit recording,
evoked potentials, IMRI) to probe task specific effects on cortical responses. The second part of
this dissertation documents the neurophysiologic consequences of auditory sequence learning on
rat Al neurons.

The results of these and earlier studies indicate that exposure to a rich, stimulating environments
or training on percéptuai learning tasks can significantly alter sensory information processing of
cortical neurons. Although the exact consequences of plasticity on cortical development or
recovery from injury are not clear, numerous studies suggest that environmental enrichment
and/or behavioral training may be useful remediation strategies in promoting recovery from

neurological disability.
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CHAPTER |
INTRODUCTION

Cortical maps and receptive fields are dynamic (Diamond et al. 1999). The initial
emergence of primitive maps during development depends on molecular cues (Goodman and
Shatz 1993) and spontancous activity (Meister et al. 1991). Further refinement of cortical maps
and receptive fields is activity-dependent and modulated by sensory experience (Katz and Shatz
1996). Although refinement of cortical maps and receptive fields are typical features of
developmental plasticity, they are not restricted to developing neural circuits. Plastic changes in
adult sensory cortex can result from peripheral and central lesions and from modifications
induced by environmental enrichment or behavioral training. Many of the early studies on
cortical plasticity were studied by inducing lesions of the sensory receptor surface. For example,
when a specific region of the cochlea was destroyed, the deprived cortex increased the
representation of the functional neighboring cortical areas (Robertson and Irvine 1989). Soon, it
was established that environmental enrichment and behavioral training could also result in
topographic reorganization and receptive field alterations in primary sensory cortex.

Exposure to enriched environments stimulates dendritic growth, increases the number of
synapses, dendritic branching and stimulates neurogenesis in adult cortex. Many of these
anatomic and morphologic changes reflect changes in the underlying functional architecture of

cortical circuits such as changes in synaptic efficacy. Focused behavioral training on tactile,



visual and auditory tasks also alters responses, temporal processing and sensory maps in cortical
networks, For instance, the region of the cortex engaged in a tactile discrimination task shows
increased representation of the trained digit and narrow receptive fields after weeks of training
{Recanzone et al. 1992a).

During early post-natal development the cortex is sensitive o passive stimulus exposure
while adult cortex is more resilient to passive exposure. Exposure to a variety of acoustic
environments during development alters the tonotopic map and frequency tuning in primary
auditory cortex (A1) neurons. Experiments with young rats (during the critical period for
auditory cortex maturation) demonstrated that environmental exposure to sounds during a critical
period can result in map and receptive field plasticity that persist into adulthood (Zhang et al.
2002, 2001). Moreover, the same study also demonstrated that adult cortical maps are resilient to
passive acoustic exposure. These results demonstrated that appropriate acoustic input patterns
during development are important for normal maturation of auditory cortical circuitry and that
the same passive manipulations do not alter cortical neurons in adults. The role of attentive
versus passive sound exposure in adult cortex will also be addressed in this dissertation.

The body of this dissertation is divided into two parts. The first part (Chapter 3)
documents the effects of generalized enrichment of responses from auditory cortex neurons and
compares them to responses from standard housed rats. The results from this experiment have
been published in the Journal of Neurophysiology (Engineer et al. 2004). The latter half (Chapter

4} describes the effects of sequence discrimination training on responses from Al neurons.




CHAPTER 2
RATIONALE FOR RESEARCH

Enrichment-induced plasticity (Chapter 3)

Alm #1: To document the effects of enriched environments on responses of primary auditory

COFiex Neurons.
Over the last three decades, numerous studies have shown that rearing animals in enriched
conditions alters brain anatomy and neuron morphology. Some of these alterations include
increased dendritic length and branching, increase synaptic density, neurogenesis of
hippocampal neurons. The neurophysiologic consequences of enriched environments have
been documented in visual and somatosensory cortex including narrow receptive field and
cortical map reorganization (Beaulieu and Cynader 1990a, b; Coq and Xerri 1998). The effects
of generalized enrichment on auditory cortex neurons have not been studied. In the auditory
cortex of young rats, cortical topography and receptive field development can be disrupied by
abnormal sensory input (e.g. pulsed noise bursts) and these changes persist into adulthood.
These developmental studies highlight the importance of patierned input during normal
development and that any environmental manipulation or insult during cortical maturation
results in abnormal cortical tonotopy, disrupted receptive fields and altered temporal
processing. These studies also demonstrated that in contrast to developing cortex, adult
auditory cortex is resilient to these manipulations. This led to support for the existence of a
‘critical period’ for auditory cortex maturation and appears to be about 4 weeks after birth. We

asked the question if generalized environmental enrichment could alter neurophysiologic



responses of auditory cortex neurons well bevond their critical period for auditory cortex
maturation.

Adult rats were reared in enriched and standard conditions at 4 weeks of age for 2 months
after which extracellular recording techniques were used to document changes in cortical maps,
receptive fields and temporal response characteristics from primary auditory cortex neurons. Our
hypothesis was the enrichment would increase response strength of cortical neurons compared to
rats reared in standard conditions. Based on earlier studies in visual and somatosensory cortex,
enrichment will narrow receptive fields of Al neurons. This decrease in receptive field size
would not be specific for a frequency region of the A1 map because rats would be exposed to a
variety of simple and complex sounds that would span the frequency spectrum of the rat hearing
range. Finally, enrichment was expected to increase the cortical processing rate of auditory
neurons compared to standard housed rats.

Training-induced plasticity (Chapter 4)

More than a decade ago, studies by Weinberger, Recanzone and others demonstrated that
the cortical topography, receptive fields and temporal processing can be modified after animals
train on a perceptual learning task (Recanzone et al. 1992a; Recanzone et al. 1993; Weinberger
1993). Practice on tactile and auditory fmquéncy discrimination tasks improved performance
with practice (Recanzone et al. 1992a; Recanzone et al. 1993). Training restricted to one section
of the finger or to one region of the acoustic spectrum resulted in 2 3-4 fold increase in the
cortical representation of the trained area, narrow receptive field and altered temporal responses
{Recanzone et al. 199Za; Recanzone et al. 1993}, Neurons that responded to the trained digit
showed increased coherence with the trained stimulus. Some, but not all of these plasticity

effects were correlated with improved behavioral performance. From these experiments, it




became apparent that cortical reorganization and temporal processing can be induced simply by
training an anirmal on a perceptual learning task. Although studies have reported the neural
consequences of perceptual learning in the primary visual cortex of animais (Crist et al. 2001,
Ghose et al. 2002; Schoups et al. 2001), relatively fewer studies have looked at the
psychophysical and neurophysiologic consequences of complex sound discrimination training in
primary auditory cortex.

The second motivational factor for this study was previous work that employed an
“unnatural” form of inducing cortical plasticity, namely cholinergic nucieus basalis stimulation.
Cholinergic projections from the nucleus basalis (NB) to the cortex have been implicated in
learning and memory. Lesions of the cholinergic NB have been shown to prevent cortical
reorganization (Baskerville et al. 1997). In this paradigm, pairing a tone with nucleus basalis
stimulation resulted in a specific reorganization of the paired tone representation (Kilgard and
Merzenich 1998). It was later demonstrated that the specific spatio-temporal parameters of the
paired acoustic stimulus were critical for driving cortical changes (Kilgard et al. 2001). This
form of unnatural stimulation induced cortical plasticity without attention or reinforcement in the
natural (behavioral) sense. When a tone-tone-noise sequence was paired with NB stimulation,
neurons in Al became combination-sensitive to the sequence elements (Kilgard and Merzenich
2002). The discrimination experiments in the present study were designed to test the hypothesis
that perceptual learning on auditory tasks could also drive cortical changes in a task-dependent
manmer.

Aim #2: To document the effects of easy fo difficult sequence discrimination training on

responses of primary auditory cortex neurons.



The temporal pattern of acoustic input is critical for processing complex sounds including
speech. In primary auditory cortex neurons of many species, the response of certain sound
components can be either facilitated or suppressed by preceding stimuli (Brosch and Schreiner
2000; Brosch et al. 1999). The effects of sequence discrimination training on responses of
cortical neurons are not known. In this series of experiments, we were interested in two aspects
of auditory perceptual learning: sequence learning and task difficuity.

In many specialized species, sounds {e.g. vocalizations) that have ecological value will
drive auditory neurons only if presented in a certain order. Neurons exhibit a selective response
to the behaviorally relevant sequence and a degraded or absent response to individual
components of the sequence or if the sequence order is changed. In rats, leamning to discriminate
a sound sequence from other sequences could increase the behavioral relevance of that sound and
consequently improve cortical processing.

Task difficulty plays an important role in determining the nature of the neural response.
Many studies have documented the effects of task difficulty on responses of visual cortex
neurons. For example, neurons responded differently in a difficult task compared to an easy task
{Ahissar and Hochstein 1997; Spitzer et al. 1988; Spitzer and Richmond 1991). In the present
study, rats were trained to discriminate 2 sound sequence from other sound sequences. In some
cases, the task was easy (frequency discrimination) whereas in others it was very difficult
(reverse order discrimination).

Hypothesis: On easy tasks, rats will learn to discriminate sound sequences and their performance
will improve over the course of training. The reverse order discrimination is more difficult and
rats may not learn the task. Frequency discrimination fraining may result in an increase in the

area of representation of the CS+ sequence and show narrow receptive fields as seen in the
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Recanzone study with monkeys. More recently however, contrasting results obtained in cats
trained on a frequency discrimination task (Brown et al. 2004} makes it difficult to predict the
outcome of the present study. Species differences, task differences and/or experimental design
could contribute to these differences. Training will increase the response strength of A1 neurons
and decrease latency responses. Neurons may become combination-sensitive to the TS+
sequence if rats are able to learn the sequence and show no combination-sensitivity if they fail to

learn the task or if simply exposed to the sequence.




CHAPTER3

ENRICHMENT-INDUCED PLASTICITY IN THE
AUDITORY CORTEX

Introduction

Environmental enrichment results in morphologic, molecular and physiologic changes in
sensory and motor cortices of young and adult animals (van Praag et al. 2000). Rats raised in
enriched conditions exhibited increases in cortical thickness, gene expression,
acetylcholinesterase levels, oligodendrocyte to neuron ratio, dendritic branching, and number of
synapses per neuron compared to animals raised in standard conditions (Bennett et al. 1966;
Diamond et al. 1966; Diamond et al. 1972; Globus et al. 1973; Greenough and Volkmar 1973,
Greenough et al. 1973; Rampon et al. 2000; Sirevaag and Greenough 1987; Staiger et al. 2002;
Volkmar and Greenough 1972).

Neurophysiologic responses can also be altered by experience. Cats raised in enriched
conditions had sharper orientation tuning in primary visual cortex and were able to resolve
higher spatial frequencies compared to cats raised in standard conditions (Beaulieu and Cynader
1990a). Enrichment narrowed receptive fields and sharpened the topographic organization of
adult rat primary somatosensory cortex {(Coq and Xerri 1998). Experience-dependent remodeling
of receptive fields and topographic organization of auditory cortex has also been observed in
behaviorally trained animals (Ahissar and Ahissar 1994; Edeline 1999; Weinberger and Bakin
1998). Practice on frequency discrimination improved behavioral performance, narrowed

receptive fields, and expanded the region of Al responding to the trained frequency (Recanzone




et al. 1993). The effects of more generalized enrichment have not been reported in auditory
Ccoriex.

In the present study, our aims were to document the consequences of environmental
enrichment on response properties of auditory cortex neurons. Extracellular recordings from
anesthetized rats show significant changes in response strength, receptive field characteristics
and temporal response properties.

Methods
Environmenial Conditions

Sixteen female Sprague-Dawley rats were used in this study. Rats were randomly
assigned to either the enriched environment (n=8} or the standard condition (n=8). The enriched
rats were raised 4 per cage (in two sessions), while rats in the standard condition were raised 2
per cage (Figure 1 A). Rats in the enriched environment (Figure 1B) were housed together in a
single large cage in a separate room from the main rat colony at the University of Texas at
Dallas. All protocols and recording procedures conformed to the Ethical Treatment of Animals
(NIH) and were approved by the University Comamittee on Animal Research at the University of
Texas at Dallas.

The enriched environment consisted of a large cage (45 L x 76 W x 90 H cm) of four
levels connected by ramps. Touch plates at the bottom of two ramps triggered different tones
(2100 or 4000 Hz) when the rat stepped on the plates. In addition, chains, wind chimes, or bells
were hung across the entrance of each ramp so that a unique sound was elicited when rats passed
from one level to the next. A motion detector emitted an electronic chime each time a rat crossed
the infrared beam in front of the water source. An exercise wheel emitted a ﬁcoﬁe (3000 Hz Piezo

Spesker) and activated a small green light emitting diode with each rotation. Each movement-
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triggered sound had unique spectral and temporal characteristics that provided behaviorally
meaningful information about the location and activity of other rats in the cage.

The power spectrum of these sounds spanned the entire hearing range of the rat (1-45 kHz). All
sound intensities were less than 75 dB SPL.

A CD player presented randomly selected sounds every 2 to 60 seconds. These sounds
included simple tones, amplitude modulated and frequency modulated tones, noise bursts and
other complex socunds (rat vocalizations, classical music, rustling leaves, etc.). Seven of the
seventy-four sounds activated a pellet dispenser (Med Associates) that delivered a sugar pellet to
encourage attention to the sounds. The rewarded tracks included modulated tones with different
carrier frequencies and frequency modulated sweeps. The sound sources added to the enriched
environment were provided 24 hours a day. After one month, a vasectomized male rat was
introduced into the enrichment cage to encourage more natural social interactions appropriate for
these ages, since it is known that rats reach sexual maturation by 8-12 weeks of age.

The acoustic environment of the standard condition consisted of vocalizations from 20-30
other rats housed in the same room, and sounds resulting from daily room traffic, feeding and
cleaning, which were also heard by the enriched group. However, sounds in the enriched
condition were more diverse and provided more behaviorally relevant information than the
sounds in the standard condition. Rats in both conditions were on a reverse 12-hour light/dark
cycle. As a result, both groups heard the sounds of room traffic while they were most active.

For both housing conditions, constant temperature and humidity were maintained. Food and
water were provided ad libium for all rats. All the rats used in this study were housed with their
mothers and littermates until weaning at four weeks of age. Acute microelectrode mapping was

performed after eight weeks in each environment. Although acute experiments using
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Figure 1. Schematic of standard and enriched housing conditions. A) The standard condition

consisted of 1 or 2 rats housed in hanging cages within a rat colony room. B) The enriched

condition consisted of 4-8 rats housed in a rich environment with devices that generated different

sounds when rats crossed a motion detector path, stepped on weight sensors, or passed through

hanging bars. In addition, each rotation of the running wheel triggered a brief tone and light

flash, and a CD player played 74 sounds, including tones, noise bursts, musical sequences and

other complex sounds, in random order. Some of these sounds were associated with delivery of a

sugar reward.
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enriched and standard housed rats were interspersed, some experimenters were not blind to the
identity (enriched or standard) of the rats because of the unkempt state of the fur that
typically identified the enriched rats. Therefore, the possibility of unintentional bias cannot be
excluded.
Acute Surgery

Surgical anesthesia was induced with sodium pentobarbital (30 mg/kg, i.p.). A state of
areflexia was maintained throughout the surgery and recording phases with supplemental doses
of dilute pentobarbital (8 mg/ml, i.p.). The interval between supplements varied depending on
the anesthetic state of the rat but was typically every 1-1.5 hr. Anesthesia depth was evaluated by
heart rate, breathing rate, toe-pinch responses and corneal reflexes. These indicators were
indistinguishabie between the two groups. Circulatory function was monitored with EKG
and pulse oximstry. Fluid balance was maintained with a 1:1 mixture of 5% Dextrose
and Ringer’s Lactate (~0.5 ml/hour). Body temperature was maintained at 37° C. The
trachea was cannulated to minimize breathing sounds and ensure adequate ventilation.
Humidified air was delivered to the open end of the cannula. After the cisterna magnum was
drained to minimize cerebral edema, the right auditory cortex was exposed and the dura resected.
The cortex was maintained under a layer of viscous silicon oil to prevent desiccation during the
24-30 hr experiment and a detailed map of auditory cortex was generated from 50-100
microelectrode penetrations. The sampling density and depth of recordings made in enriched and
standard housed rats were indistinguishable. Parylene coated tungsten microelectrodes (FHC)
were lowered 550 um below the pial surface (layer 4/5) of the right auditory cortex. Spikes from
a small cluster of neurons were collected at each penetration site. Penetration locations were

referenced using cortical vasculature as landmarks.
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Stimulus Presentation and Daig Analysis

Auditory stimull were delivered from the lefi side of the rat via a calibrated speakerin a
shielded, double-walled sound attenuating chamber and were generated using Brainware
(Tucker-Davis Technolegies). Auditory frequency tuning curves were determined at each site by
presenting 81 logarithmically spaced freguencies from I to 32 kHz at 16 intensities from 0 to 75
dB (1296 total stimuli). The tones were randomly interleaved and separated by 500 ms. Tone and
noise burst repetition rate transfer functions (RRTF) were also derived at each site by randomly
interleaving 12 repetitions of 14 different repetition rates (3-20 Hz) for tones and 4 repetition
rates (5, 10, 15 and 20 Hz) for noise bursts. A 2 second silent period separated each train. The
frequency of the RRTF tones was selected to generate the strongest response at each recording
site. The RRTF stimuli were presented at 70 dB SPL. All stimuli were 25 ms long with 3 ms rise
and fall time. An example of an RRTF from a single site is shown in Figure 48. The RRTF to
tones and noise burst was also quantified using the vector strength and Rayleigh statistic measure
(Liang et al, 2002). Vector Strength (VS) quantifies the degree of synchronization between
action potentials and repeated tones pips. A value of one indicates perfect synchronization and
zero indicates no synchronization. The Rayleigh statistic combines the degree of synchronization
with the number of spikes.

Action potentials were recorded simultanecusly from two Parylene coated tungsten
microelectrodes (2 M(2). The neural signals were filtered (0.3-15 kHz} and amplified (10,000X).
Action potential waveforms were recorded whenever a set threshold was exceeded.

Tuning curve parameters were defined by an experienced blind observer using custom
software that randomized the order of data from each recording site across both groups. Best

frequency (BF), bandwidth measures (BW), response threshold, spontaneous rate, and latency
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measurements for each penetration were recorded (Figure 3). The CF is the frequency that
evokes a reliable response at the lowest intensity (response threshold). Frequency bandwidth is
the range of frequencies that each site responds to at 10, 20, 30 and 40 dB above threshold. First
spike latency is the time from stimulus onset to the earliest reliable neural response. The end of
response was defined as the time after tone onset when the poststimulus time histogram (PSTH)
created by summing the responses to all of the fones within each site's funing curve returned to
baseline. The borders of Al were defined based on continucus topography of CF and short
response latency. Sites with high thresholds, long latencies, broad tuning and discontinuities in
CF topography were considered non-Al (Kilgard, et al. 2001; Doron et al. 2002). Criteria for
identifying non-Al sites were subjective and were applied blindly by well trained blind
observers.

Cortical maps were reconstructed using the Voronoi tessellation procedure. The percent
of Al responding is the sum of the areas of all of the Voronoi tessellations that responded to the
particular frequency and intensity combination, divided by the total area of A1 (Bao et al. 2003a;
Bao et al. 2003b; Kilgard and Merzenich 1998, 1999; Read et al. 2001). The tesseliation
procedure generates polygons from a set of non-uniformly spaced points so that every point in
the polygon was nearer to the sampled point than to any other. This ailowed area information to
be estimated from a number of discretely sampled recording sites by assigning each point on the
cortical surface the qualities of the closest sampled point. The area measures generate reliable
estimates of the percent of primary auditory cortex that is responsive to a given frequency-

intensity combination.




Results

Neurophysiclogic responses were recorded from rats housed either in standard laboratory
conditions or in an enriched environment, Action potentials were recorded from small groups of
Al neurons at more than 800 sites in sixteen rats. Although rats in the enriched environment
were exposed to 2 variety of broadband and narrowband stimuli, environmental plasticity was
guantified by recording Al responses to simple tones and white noise bursts. Comparisons
between responses from rats housed in enriched (n=8 rats; 462 sites) and standard (n=8 rats; 358
sites) conditions indicated that environment substantially altered response strength, receptive
field size, intensity threshold and spontaneous rate. Enrichment also altered temporal properties
of rat A1 neurons mncluding response latency and tone and noise burst modulation transfer
functions.
Map and receptive field properties

Neurophysiologic responses were recorded from rats housed either in standard

laboratory conditions or in an enriched environment. Action potentials were recorded from small
groups of Al neurons at more than 800 sites in 16 rats. Although rats in the enriched
environment were exposed to a variety of broadband and narrowband stimuli, environmental
plasticity was quantified by recording Al res@@nses to simple tones and white noise bursts.
Comparisons between responses from rats housed in enriched (n=8 rats; 462 sites) and standard
{n=8 rats; 358 sites) conditions indicated that environment substantially altered response
strength, receptive field size, intensity threshold, spontaneous rate, and response latency.
Enrichment did not significantly alter the A1 map of tone frequency. In both groups, best
frequency was highly correlated with anterior-posterior position (r"=0.83 £0.02 and r’=0.82 +

0.03 for enriched and standard). The average change in best frequency as a function of anterior-



posterior distance was not significantly different between the 2 groups (-0.31=0.01 and -0.27%
(.02 for enriched and standard, in octaves/mm). The total size of A1 was algo unafiected by
enrichment {1.03+ 0.17 (enriched) .80+ 0.15 mm’” (standard), p > 0.05). No overrepresentation
of any frequency-intensity combination (including the 2.1, 3 or 4 kHz frequencies used in the

enriched condition) was observed (see methods).

Table 1. Response properties (mean and standard error) of primary auditory cortex neurons
recorded from rats housed in enriched and standard conditions. Student’s #-tests were used to
determine statistical significance. + refers to the standard error of the mean.

Response Parameter Enriched Standard P Value
N=462 Al sites N=358 Al sites

Response Strength (spikes/tone) 161 £0.04 1.24 £0.06 < 0.00001
Resp@meéﬁ‘mgth (spikes/noise} 1.44x=0.04 1.04 & 0.06 < 0.00001
Neural Threshold (dB) 17.194£ 047 19.88 +0.61 <0.00!
RF Bandwidth (BW48) 201 £0.04 2.16 £ 0.05 < Q.05
Peak Latency (ms) 19,18+ 0.18 18.32+0.25 <0.01
End of Peak Latency (ms) 3609039 3441 +£0.40 <0.01

Spentaneous {spikes / 2§ msec) 0.114 + 0.604 0.094 + 0.006 <{.01

The number of action potentials in response t¢ fones or noises increased by one-third in enriched
rats compared 1o rats housed in the standard condition (Table 1 and Figure 2C, D).
Al neurons in enriched rats were nearly 3 dB more sensitive to tones and were more selective for

tone frequency than neurons in the standard group (Table 1 and Figure 2).
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Figure 2, Tone responses from an enriched rat (A) show more spikes per tone, narrower tuning

and lower thresholds compared to tone responses from a standard rat (B). C) Post-stimulus time

histograms {PSTH) for these two sites illustrate the greater response strength after enrichment.

Binwidth is 1 ms. D) Mean noise burst PSTH’s for (N (enriched) = 462, N (standard) = 358).

Enriched rats exhibit a higher firing rate, late peak and end of response latency. The gray shaded

regions represent the standard errors of the mean for each group. Binwidth is 1 ms.




Bandwidth at 10-40 dB above threshold was narrower for enriched rats, but only reached
statistical significance at 40 dB above threshold. End of response latency was later as a result of
the greater number of spikes evoked by each sound (Table | and Figure 2D). The average signal
to noise ratio increased by 11% due to the greater rise in driven rate over spontaneous rate.
Spontaneous activity in enriched rats was 21% higher. Each of these changes were obse%ved in
all regions of the frequency map.
Modulation Rate Transfer Functions

Enrichment significantly affected the following rate of cortical neurons. Figure 3A isa
representative example of a spike raster plot from a single site. Each point represents a spike.
The lower panel of this figure shows response to tones (red) whereas the upper panel shows
response to noise burst frains (green). Decrease in the number of spikes can be seen at faster
rates. This is reflecied in the RRTF shown in Figure 3B. Figure 4A shows the mean normalized
repetition rate transfer function from enriched and standard rats. At slower rates (< 8 Hz),
enriched rats showed more spikes/tone compared to naive rats. At faster rates however, enriched
rats responded with fewer spikes/tone. When vector strength and the Rayleigh statistic was used
to quantify the degree of synchronization between the tone trains and action potentials, similar
results were obtained (Fig. 4B & C). These results indicate that compared to standard housed
controls, enriched rats exhibited increased response strength and synchronization at slow rates,
but exhibited decreased response strength and synchronization at fast rates. The cortical
following rate for noise burst trains increased for slow rates in enriched but failed to reach
significance at faster rates. Best rate (rate at which maximum spikes per tone arc obtained) for
enriched rats was significantly decreased compared to naive rats (6.7 £ .1 vs. 7.8+ 2, p>

0.00001}.






