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Figure B2.1. Spectrograms of each speech sound grouped by manner and place of articulation.
Words with unvoiced initial consonants are underlined. All conventions are identical to Figure
A2.1, except that the X axis has been limited to 40 ms to facilitate comparison with Figure A2.2.
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Figure B2.2. Onset neurograms and spectrograms of each stop consonant are shown to facilitate

visual comparison. All conventions are identical to Figure A2.2 and Figure B2.1.
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Figure B2.3. Neurograms and population PSTH’s of rat A1 neurons to twenty English
consonants. Post-stimulus time histograms (PSTH) were ordered by the characteristic frequency
(kHz) of each recording site (y axis). Multi-unit data was collected from each of 445 multi-unit
recording sites in eleven experimentally naive adult rats. Conventions are identical to Figure
A2.2, except for the time interval included on the X axis (=75 to 700 ms). Late response peaks
were due to the onset of the vowel /a/ and the terminal /d/ (as in ‘sad’).
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Figure B2.4. Average learning curve illustrates asymptotic performance by the seventh and
eighth days of /d/ versus /t/ discrimination (n = 6 rats). In (@) the percent of trials in which rats
pressed the lever is given. In (b), the discrimination between /d/ and /t/ is shown using d’.
Review indicates performance during review sessions conducted after several weeks of training
on other discriminations. For this task, we only had data from four rats on day 9 and one rat on
day ten (see methods).
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Figure B2.5. Percent of variance explained decreases as bin size increases. (&) Percent of
variance across the 11 consonant discrimination tasks that is explained using Euclidean distance
calculated from the 40 ms onset response. (b) Percent of variance explained using classifier
percent correct. The observation that neural discrimination in the auditory system depends upon
temporal information is consistent with earlier studies °''. Asterisks indicate correlations that are
statistically significant (Pearson’s correlation coefficient, P < 0.05).
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Figure B2.6. Classifier performance on each task as a function of tone characteristic frequency.
High frequency neurons provide little information about nasals and liquids (black). Low
frequency neurons provide little information about fricatives and affricates (green). Both high
and low frequency neurons provide information about stop consonants (purple) and manner of
articulation (blue). Classifier data is identical to that used in Figure A2.5c.
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Figure B2.7. Strong correlation between behavioral performance on 11 consonant discrimination
tasks and neural discrimination using data from 40 A1 multi-unit recording sites in 6 chronically
implanted awake rats. Conventions are identical to Figure A2.5c, except data was recorded
without anesthesia. The solid line indicates the best linear fit (R*= 0.63, P = 0.004 compared to
R*=0.66, P = 0.002 in anesthetized rats).
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Figure B2.8. Neural discrimination using the onset response of individual multi-units with
precise temporal information predicts behavioral discrimination. (&) The population distribution
of the onset response of 445 multi-unit sites using forty 1 ms bins and (b) a single 40 ms bin. (C)
The population distribution of the onset response of 16 single unit sites using forty 1 ms bins and
(d) a single 40 ms bin. Black circles indicate the median classifier percent correct for each of the
11 consonant discrimination tasks, and white circles indicate the mean classifier percent correct.
The dashed line indicates chance performance. The scale bar at the top left of each subplot
represents 10% of multi-units sites (a,b) and 40% of single unit sites (c,d). Classifier percent
correct is binned into 2.5% correct bins. Each task is labeled to the right of the figure.
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Figure B2.9. The spectrum sampled from a typical stimulus (the word ‘sad’, blue line) shifted up
using STRAIGHT superimposed on the rat audiogram (Kelly and Masterton 1977, red line). The

amplitude scale (in decibels) of the speech was shifted to match the spectrum of the stimulus to

the audiogram.
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Table B2.1. Neural activity was only correlated with behavioral performance when temporal
precision was preserved. Both mean activity and single trial activity were significantly correlated
with behavior when temporal information was preserved using Euclidean distance, City block
distance, and Chebychev distance. There was no significant correlation between behavior and
neural activity when temporal information was eliminated using mean or single trial activity for
each of the three models. Significant correlations are shown in bold.

Euclidean City block Chebychev
distance distance distance
Mean Single trial Mean Single trial Mean Single trial
Temporal onset R2=0.75 R2=0.66 R2=0.59 R2=0.74 R2=0.39 R2=0.63
P P =0.0006 P =0.002 P =0.005 P =0.0007 P=0.04 P =0.003
Rate onset R2=0.046 | R2=0.14 R2=0.08 R2=0.15 R2=0.01 R2=0.14
P=05 P=02 P=041 P=0.24 P=0.75 P=025
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Supplementary Video 1. The video illustrates the spatiotemporal activity patterns evoked in
primary auditory cortex by twenty different consonant sounds (Figure B2.1). The color of each
polygon indicates the multi-unit activity at each of 63 recording sites in a single rat. Pairs of
sounds that evoke similar patterns (i.e. /m/ and /n/) are difficult for rats to discriminate, while
pairs that evoke distinct patterns are easy (i.e. /d/ and /b/, Figure A2.4). The map of
characteristic frequency (CF) illustrates the topographic organization of tone frequency tuning.
Red indicates instantaneous firing rates above 800 Hz, yellow and orange denote 550-800 Hz,
light blue and green denote 100—550 Hz, and dark blue denotes rates below 100 Hz. Activity
patterns reflect the average response to twenty repeats. The blue lines under each activity map
indicate the average firing rate for all 63 A1 sites. The red lines mark the time at which each
spatial activity pattern occurs relative to response onset. The patterns were smoothed using a 3
ms sliding window.
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Supplementary Video 2. The video illustrates the spatiotemporal activity patterns evoked in
primary auditory cortex by twenty different consonant sounds (Figure A2.1). The conventions
are the same except that the frame rate is faster and the video continues until 250 ms after
response onset. Late response peaks were due to the onset of the vowel /a/ (as in ‘sad’). The
terminal /d/ of each sound was excluded to reduce video size.
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ABSTRACT

The brain processes sights and sounds into meaningful categories. Prefrontal neurons
faithfully represent category membership. Although it is assumed that similarities in earlier
cortical regions contribute to stimulus categorization, few studies have tested this hypothesis
with real-world stimuli. In this study, we demonstrate that rats rapidly categorize speech sounds
using voicing and gender cues. Our results provide the first evidence that spatiotemporal
patterns in primary auditory cortex (A1) contain sufficient information to explain behavioral

categorization of speech sounds.

54



INTRODUCTION

Both humans and animals categorize the sights and sounds they encounter on a daily
basis. Vervet monkeys emit different warning calls for each class of predator in their
environment, and troop mates exhibit distinct behaviors that indicate they understand the
categories each call type represents (Seyfarth et al., 1980). After a few weeks of training,
macaque monkeys can categorize images of animals, plants, and objects (Seyfarth et al., 1980;
Vogels, 1999; Freedman et al., 2001). Several species have been shown to categorize animal
vocalizations, music and human speech sounds (Kuhl and Miller, 1975; Kluender et al., 1987,
Wyttenbach et al., 1996; Wright et al., 2000; Gifford et al., 2003; Reed et al., 2003). Rodents, for
example, can accurately categorize speech sounds based on differences in voice onset time (/d/
vs. /t/, (Kuhl and Miller, 1975)) and rise time (/sh/ vs. /ch/, (Reed et al., 2003)).

Prefrontal and parietal cortex neurons develop categorical responses based on observed
contingencies. For example, after training many prefrontal neurons respond more robustly to
images of cats compared to images of dogs, and respond similarly to visually distinct images
within the same category, such as a housecat and a cheetah (Freedman et al., 2001). Prefrontal
and parietal neurons can also respond categorically to drifting dot patterns, vibrotactile stimuli
and vocalizations (Freedman et al., 2001; Romo and Salinas, 2003; Gifford et al., 2005; Cohen et
al., 2006).

These categorical boundaries develop in a space of features (i.e. orientation, color,
motion, etc.) created by earlier sensory areas. Studies using simple visual and somatosensory

stimuli indicate that the transformation of sensory information to guide behavioral responses is a
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hierarchical process involving many brain regions (Freedman et al., 2003; Romo and Salinas,
2003). To understand how early sensory processing of complex stimuli relates to categorization
behavior, we tested the ability of rats to categorize speech stimuli that differed in both voicing
and gender, and compared categorization behavior with predictions derived from responses in
primary auditory cortex (Al).

Neurons in the primary auditory cortex of humans, monkeys and cats show distinct
responses to speech sounds that differ in voice onset time (VOT). For example, syllables with a
short VOT evoke a single peak of activity in response to the onset of the consonant, while
syllables with a long VOT evoke an additional peak of activity to the onset of voicing
(Steinschneider et al., 1999; Steinschneider et al., 2003; Wong and Schreiner, 2003;
Steinschneider et al., 2005). While cortical responses to speech stimuli that differ in voicing have
been well studied, it is not known what stimulus features are highlighted in A1 that provide
useful information that higher areas can extract to form behaviorally relevant categorical
boundaries.

Our earlier study demonstrates that the unique spatiotemporal pattern of A1 responses to
each consonant accurately predicts consonant discrimination performance (Reed et al., 2003;
Toro et al., 2003, 2005; Engineer et al., 2008). This study expands on our earlier consonant
discrimination study that used single exemplars by testing the ability of rats to accurately
categorize speech sounds when presented with multiple exemplars. We trained rats to categorize
speech stimuli that differed in both voicing and gender, and recorded A1 responses to these

sounds to determine if A1 responses can accurately predict categorization performance.



METHODS

Eleven rats were trained to categorize sounds by voicing or gender. Each rat performed
the categorization task for two weeks. Behavioral performance on the voicing multiple speaker,
gender multiple speaker, and voicing temporal compression categorization tasks was compared
to neural activity in 441 primary auditory cortex (A1) sites in 11 experimentally naive rats in
response to the ‘dad’ and ‘tad’ stimuli. Behavioral training and A1 recording procedures are
identical to previous studies and the 11 trained and 11 naive rats used in this study are the same
rats involved in consonant discrimination tasks in our previous study (Engineer et al., 2008).
Speech stimuli

We recorded the words ‘dad’ and ‘tad’ spoken by 3 male and 3 female native English
speakers (n = 12 sounds, Figure C3.1). Additionally, ‘dad’ and ‘tad’ spoken by a single female
speaker were temporally compressed in 10% increments, down to 10% of the original stimulus
length, resulting in 20 temporally compressed ‘dad’ and ‘tad’ stimuli, using the STRAIGHT
vocoder (Kawahara, 1997). As in our earlier study, the speech sounds were shifted up an octave
in order to match the rat hearing range and presented at 60 dB (Kawahara, 1997; Engineer et al.,
2008).

Behavioral training

To test for the ability of rats to discriminate differences in voicing, we trained six rats to
categorize by voicing when the stimuli were temporally compressed. These six rats were
previously trained for two weeks to discriminate ‘dad’ from ‘tad’ when spoken by a single

female speaker. Immediately following the single speaker voicing task, rats were trained to
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categorize the 20 temporally compressed ‘dad’ and ‘tad’ stimuli. Following two weeks of
training on the temporal compression voicing task, these six rats began training on the voicing
multiple speaker task.

To test for the ability of rats to discriminate gender, we trained five rats to categorize
gender when presented with ‘dad’ and ‘tad’ sounds spoken by multiple speakers. The rats were
previously trained on other tasks for a month. For the first two weeks, the rats were trained to
discriminate pitch using the word ‘dad’ spoken by a single female speaker. For the remaining
two weeks, the rats were trained to categorize gender using the 6 male and female ‘dad’ stimuli.
Immediately following the ‘dad’ gender task, rats began training on the gender multiple speaker
task.

Training took place in double-walled booths that each contained a speaker (Optimus
Bullet Horn Tweeter), house light, and cage (8” length x 8” width x 8 height) which included a
lever, lever light, and pellet dish. The pellet dispenser was mounted outside of the booth to
minimize the sound. Rats received a 45 mg sugar pellet reward for pressing the lever in response
to the CS+ sounds, and received a time out where the house light was extinguished for a period
of approximately 6 seconds for pressing the lever in response to the CS- sounds. Rats were food
deprived to encourage motivation, and were kept between 80% and 90% body weight.

Rats were first trained to press the lever in order to receive a sugar pellet reward. Once
they reached the criteria of independently pressing the lever 100 times per session for two
sessions, they advanced to the detection phase of training. During this phase, rats learned to press
the lever after hearing the ‘dad’ speech stimulus spoken by a female speaker. Rats started with a
long 8 second hit window after each sound presentation, and the hit window was decreased in 0.5

second increments every few sessions as performance increased, down to a hit window of 3
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seconds. When rats reached the criteria of a d” > 1.5 for 10 sessions, they advanced to the
discrimination task. From this phase on, rats performed each task for 20 sessions over 2 weeks (2
training sessions per day). Six rats trained on a ‘dad’ vs. ‘tad’ discrimination task for two weeks,
followed by a ‘dad’ vs. ‘tad’ temporal compression categorization task for two weeks, followed
by a ‘dad’ vs. ‘tad’ multiple speaker categorization task for two weeks (Figure C3.2). Five rats
trained on a ‘dad’ pitch discrimination task for two weeks, followed by a ‘dad’ gender
categorization task for two weeks, followed by a ‘dad’ and ‘tad’ gender categorization task for
two weeks (Figure C3.3). The final categorization task in each group used the exact same stimuli,
‘dad’ and ‘tad’ spoken by multiple male and female speakers. One group of rats was trained to
categorize these stimuli by VOT, while the other group of rats was trained to categorize these
stimuli by gender.

Anesthetized recordings

We recorded multi-unit responses (n = 441) to each of the ‘dad’ and ‘tad’ stimuli in the
right primary auditory cortex of 11 anesthetized experimentally naive female Sprague-Dawley
rats. Rats were initially anesthetized with pentobarbital (50 mg kg™), and received dilute
pentobarbital (8 mg ml™") as needed. Four Parylene-coated tungsten microelectrodes (1-2 MQ,
FHC) were used to record action potentials 600 um below the cortical surface.

Thirty 60 dB speech stimuli were each presented 20 times, every 2 seconds at each
recording site. Additionally, to determine the characteristic frequency of each site, 25 ms tones
were presented at 81 frequencies (1 to 32 kHz) at 16 intensities (0 to 75 dB) at each site.
Stimulus generation and data acquisition were performed with Tucker-Davis hardware (RP2.1
and RXY5) and software (Brainware). The University of Texas at Dallas Institutional Animal Care

and Use Committee approved all protocols and recording procedures.
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Data analysis

To quantify neural performance, we used a nearest-neighbor classifier that made a PSTH
template based on 19 of the 20 repeats for each sound at each recording site (Foffani and Moxon,
2004; Schnupp et al., 2006). The remaining repeat for each sound was compared to the PSTH
templates based on the previous nineteen repeats, and the classifier chooses the PSTH template
that has the smallest Euclidean distance from the repeat currently being considered. Responses
included the entire 400 ms duration of the neural response, either with temporal precision (using

1 to 10 ms bins) or without temporal precision (a single 400 ms bin).



RESULTS

Rats accurately categorize voicing

Previous studies have shown that rats are able to easily discriminate differences in
voicing (Engineer et al., 2008), and chinchillas can categorize voicing even when there are
differences in vowel context and speaker (Kuhl and Miller, 1975). We predicted that rats would
also be able to categorize by voicing on the first day of testing on a novel set of sounds.

Six rats were trained to discriminate ‘dad’ and ‘tad’ spoken by a single female speaker. After two
weeks of training on this task, performance was significantly better than discrimination
performance on the first day of training (d’=2.5 = 0.3 vs. d’=0.7 £ 0.3, p=0.0002, Figure
C3.2a,b,g). These well trained rats were then required to categorize voicing differences when
sounds were temporally compressed or spoken by multiple speakers.

The first categorization task involved temporally compressed versions of the same ‘dad’
and ‘tad’ sounds used for the initial discrimination training. The two sounds were temporally
compressed in 10% increments, down to 10% of the original stimulus length to create a set of 9
novel ‘dad’ sounds and 9 novel ‘tad’ sounds. Rats were able to accurately categorize 16 of the 18
novel sounds on the first day of training (85 £ 2% vs. 35 £ 7%, d’=1.5 + 0.2, Figure C3.2¢,g).
Only the most compressed stimuli (10% of the original length) required additional training to
distinguish (Figure C3.2¢,d). These results are consistent with observations in chinchillas and
indicate that rats perceive the ‘dad’ and ‘tad’ sounds categorically even in the presence of a

nearly ten-fold variation in stimulus duration.
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After testing with temporally compressed versions of the original ‘dad’ and ‘tad’ sounds,
rats were tested with a novel set of ‘dad’ and ‘tad’ sounds produced by three male and two
female speakers (Figure C3.1). Rats accurately categorized these sounds on the first day of
training (d’=1.4 + 0.1, Figure C3.2e,g), and did not improve significantly with two weeks of
additional testing (d’=1.6 + 0.3, p=0.23, Figure C3.2f,g). These results indicate rats can also
perceive ‘dad’ and ‘tad’ categorically in the presence of natural variation in VOT, formant
transition, burst amplitude and burst spectrum.

Consistent with previous observations that males produce voiceless sounds with shorter
voice onset times than females (Robb et al., 2005), the false alarm rate was significantly higher
for male ‘tad’ stimuli compared to female ‘tad’ stimuli (56 + 13% vs. 11 £ 5%, p=0.04). VOT
duration was highly correlated with behavioral categorization (R*=0.75, p=0.0002, Figure C3.7a).
This result suggests that rats use VOT when it is helpful in classifying sounds produced by
multiple speakers. The earlier observation that rats can ignore significant VOT variability when
differences in burst acoustics reliably distinguish the temporally compressed stimuli suggests
that rats, like humans, can make use of multiple acoustic features to categorize speech sounds
(Summerfield and Haggard, 1977; Holt et al., 2001).

Rats accurately categorize gender

Five rats were trained to categorize speech stimuli based on the gender of the speaker.
Rats were first trained to discriminate ‘dad’ with a high pitch from ‘dad’ with a low pitch. The
target ‘dad’ stimulus used was identical to the ‘dad’ stimulus from the previous voicing
discrimination, while the distracter ‘dad’ stimulus had a pitch one octave lower. On the first day
of discrimination training, rats were unable to discriminate pitch, and pressed equally to both the

high and low pitched ‘dad’ stimuli (78% vs. 78%, d’=0.01 + 0.07, p=0.87, Figure C3.3a,g). After
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two weeks of training on this task, performance improved, and rats pressed the lever significantly
more to the high pitched ‘dad’ than the low pitched ‘dad’ (78% vs. 48%, d’=1.05 + 0.19,
p=0.003, Figure C3.3b,g).

Following the pitch discrimination task, rats began the ‘dad’ gender categorization task
where they were rewarded for pressing the lever in response to a female ‘dad’, and punished for
pressing in response to a male ‘dad’. Rats were able to accurately categorize gender on the first
day of training (d’=1.28 + 0.34, Figure C3.3c¢,g), and performance improved over two weeks of
training (d’=2.79 + 0.17 on the last day of training, Figure C3.3d,g). On the first day of training,
rats pressed the lever 82 + 3% (mean =+ se) to the female ‘dad’ stimuli, and pressed 38 + 9% to
the male ‘dad’ stimuli.

After two weeks of training on the ‘dad’ gender task, rats were switched to a gender
categorization task using both the ‘dad’ and ‘tad’ multiple speaker stimuli, the exact same sounds
used in the previous voicing categorization task. On the first day of training on this task, rats
were able to successfully categorize by gender (d’ = 2.1 + 0.19, Figure C3.3e,g), and after two
weeks of training on the task, performance improved slightly (d’=2.6 + 0.33, Figure C3.3f,g). On
the first day of training, rats pressed 81 + 8% to the female ‘dad’ and ‘tad’ stimuli, and pressed
13 + 2% to the male ‘dad’ and ‘tad’ stimuli. Rats were able to successfully categorize each of the
male and female stimuli except for the ‘tad’ stimulus produced by male #1, and they were unable
to accurately categorize this sound after two weeks of training (Figure C3.3f).

The final categorization task for each group of rats used identical stimuli, ‘dad’ and ‘tad’
spoken by multiple male and female speakers. Rats were able to accurately categorize this set of

sounds by both voicing (‘dad’ vs. ‘tad’) and gender (female vs. male).
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Al responses to speech sounds

We recorded the primary auditory cortex responses to each of the 15 ‘dad’ and 15 ‘tad’
stimuli at 441 multi-unit sites in 11 experimentally naive rats. Neurograms for each of the ‘dad’
and ‘tad’ multiple speaker stimuli were constructed, with each of the 441 recording sites
arranged by characteristic frequency (CF) from low to high frequency on the y axis (Figure C3.4).

To quantify the differences in the response to each sound and identify potential neural
mechanisms for categorization, we calculated the peak firing rate to each of the sounds at each
recording site. Female sounds evoked on average more than twice as many spikes as male sounds
in high frequency neurons between 16 and 32 kHz (281 Hz vs. 118 Hz, p=0.002, Figure C3.5a).
There was no difference between the firing rate evoked by female and male sounds in low
frequency neurons between 1 and 2 kHz (p=0.49). In contrast to gender firing differences, ‘dad’
sounds evoked almost twice as many spikes as ‘tad’ sounds in low frequency neurons between 1
and 2 kHz (328 Hz vs. 182 Hz, p=0.03, Figure C3.5b), but there was no difference between the
firing rate evoked by ‘dad’ and ‘tad’ sounds in high frequency neurons (p=0.54). For sounds that
were temporally compressed, ‘dad’ sounds evoked a higher firing rate than ‘tad’ sounds in low
frequency neurons (p=0.0001), while ‘tad’ sounds evoked a higher firing rate than ‘dad’ sounds
in high frequency neurons (p=0.000006, Figure C3.5c¢).

We also calculated the total number of spikes at each recording site over the 400 ms
duration of the response for each of the ‘dad’ and ‘tad’ stimuli. Using this method, female sounds
evoked more spikes than male sounds in high frequency neurons between 16 and 32 kHz (4.8
spikes vs. 2.9 spikes, p=0.02, Figure C3.5d). As with the peak rate analysis, ‘dad’ sounds evoked
more spikes than ‘tad’ sounds in low frequency neurons between 1 and 2 kHz (7.7 spikes vs. 6.6

spikes, p=0.06, Figure C3.5¢). For the temporally compressed sounds, however, ‘tad’ sounds
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evoked more spikes than ‘dad’ sounds in high frequency neurons (5.3 spikes vs. 2.9 spikes,
p=0.0000001), but there was no difference in the number of evoked spikes in low frequency
neurons (p=0.32, Figure C3.51).

The peak rate differences between sound categories are more distinct than the total
number of spikes evoked over the entire duration of the response, suggesting that spike timing
provides more information than mean rate, which is consistent with earlier reports (Engineer et
al., 2008).

Neural responses predict categorization ability

To categorize Al neural responses, the Euclidean distance was determined between each
of the categorization sounds and the template sounds that rats were initially trained to
discriminate. Responses included the 40 ms onset of the neural response, using 20 ms smoothing.
When temporal precision was preserved, the Euclidean distance between the CS+ and CS-
templates on the gender categorization task strongly predicts behavioral performance (R*=0.61,
p =0.004, Figure C3.6a). The Euclidean distance for male sounds was low, and rats performing
the gender categorization task rarely hit to these sounds. In contrast, the Euclidean distance for
female sounds was high, and rats performing this task almost always pressed the lever in
response to these sounds. The Euclidean distance between the CS+ and CS- templates strongly
predicts behavioral performance on the voicing multiple speaker task (R*= 0.75, p = 0.001,
Figure C3.6b), and on the temporal compression voicing task (R*= 0.86, p = 0.00000004, Figure

C3.6c).



DISCUSSION

In this study, rats were able to successfully categorize speech sounds by both voicing and
gender on the first day of training. This adds to previous findings that animals are able to
categorize speech sounds (Kluender et al., 1987; Reed et al., 2003), including consonants which
differ in VOT (Kuhl and Miller, 1975). Categorization performance was strongly predicted using
the temporal pattern of A1l activity, but was not predicted by the mean firing rate.

This study helps to bridge the gap between the acoustic input and the category directed
behavior. Al responds to features of the input sound that are relevant and necessary for a higher
association area to categorize the sound. Based on the spatiotemporal pattern of activation in A1,
a higher area would be able to classify the sound and relay the category information to prefrontal
cortex. This study indicates that the A1 representation of the acoustic input serves as a template
of the features involved in the categorization of the sound, and we hypothesize that this area of
the brain is approximately midway along the categorization pathway. A1l does not faithfully
represent all possible acoustic features of the sound, as the auditory nerve might, but instead
represents the features actually used by the animals to categorize the sounds. A1l also does not
display category selective neurons, like the prefrontal cortex (Freedman et al., 2001), but instead
offers a processed version of the stimulus that includes all the information necessary to

accurately categorize the sounds.
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APPENDIX C

FIGURES

Female Male

||1h ':|.HH' v

Dad

30 kHz

Tad

10+

Figure C3.1. Spectrograms of each speech sound grouped by voicing (voiced ‘dad’ or voiceless
‘tad’) and speaker gender (female or male). Three female and three male speakers each
produced the words ‘dad’ and ‘tad’ (n=6 speakers total). Frequency is represented on the y axis
(0-35 kHz) and time on the X axis (—50 to 500 ms). Speech sounds were shifted one octave
higher to accommodate the rat hearing range.

67



68

a c e
()] w w
@ 1 o 100 @ 1
8 198 8 Wioo 00000, 888
o 80 $ o 80 Q80
5 & z 5 &8 5 &
3 50 B 50 3 50
- 40 - 40 4‘{* - 40
£ 30 £ 301 5440442 £ 30
g 20 ¢ 20 4TTTIT ~ g 20
E 10 T T e Crrrrorerrr] 6 10 __________________________________________ 6 10
o Dad Tad o 90 70 50 30 10 & F1F2 F3M1M2M3
b d f
2 190 s @ 100 2 100
T 5 C B 0°P20g00) o By
0 0} 0}
3 20 5 29 Iy 8 &3
= 3 o8 IRVR TS |
C C C
o 20 7.3 o 20 b o 20
% 10 B P PP PR % 10 éé&éé ---------------------- % 10
o Dad Tad o 90 70 50 30 10 o
g
3
25
2
. 15
© o
05
0
_05 | | | | | |
0 5 10 15 20 25 30
Training day

Figure C3.2. Behavioral performance time course for six rats trained on voicing categorization
tasks. The top row shows the percent lever press on the first day of training for target sounds
(red) and distractor sounds (blue) during (a) a single exemplar ‘dad’ versus ‘tad’ discrimination
task, (C) a 20 stimuli temporal compression voicing categorization task, and (e) a 12 stimuli
multiple speaker voicing categorization task. The middle row shows the percent lever press on
the last day of training during (b) ‘dad’ versus ‘tad’ discrimination, (d) temporal compression
categorization, and (f) multiple speaker categorization. The bottom row shows the time course of
training on the three tasks over 30 days using the performance measure d’ (Q).
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Figure C3.3. Behavioral performance time course for five rats trained on gender categorization
tasks. The top row shows the percent lever press on the first day of training for target sounds
(red) and distractor sounds (blue) during (a) a high versus low pitch discrimination task, () a 6
stimuli (‘dad’) gender categorization task, and (e) a 12 stimuli (‘dad’ and ‘tad’) gender
categorization task. The middle row shows the percent lever press on the last day of training
during (b) pitch discrimination, (d) ‘dad’ gender categorization, and (f) ‘dad’ and ‘tad’ gender
categorization. The bottom row shows the time course of training on the three tasks over 30 days
using the performance measure d’ ().
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Figure C3.4. Neurograms depicting the response of rat A1 neurons to twelve speech sounds.
Multi-unit data was collected from 441 recording sites in eleven anesthetized experimentally
naive adult rats. Average post-stimulus time histograms (PSTH) derived from twenty repeats
were ordered by the characteristic frequency (kHz) of each recording site (y axis). Time is
represented on the X axis (—50 to 400 ms). The firing rate of each site is represented in grayscale,
where black indicates 400 Hz. For comparison, the mean population PSTH evoked by each
sound is plotted above the corresponding neurogram. As in Figure C3.1, rows differ in voicing,
while columns differ in speaker gender.
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Figure C3.5. Neurogram quantification using peak firing rate and total number of spikes. Peak

firing rate (Hz) is shown in five characteristic frequency bins from low (1-2 kHz) to high (16-32
kHz) frequency for target (red) and distractor (blue) sounds for each of the three categorization

tasks: () gender, (b) multiple speaker voicing, and (C) temporal compression voicing. The total
number of spikes is shown in five characteristic frequency bins from low (1-2 kHz) to high (16-

32 kHz) frequency for target (red) and distractor (blue) sounds for each of the three
categorization tasks: (d) gender, (€) multiple speaker voicing, and (f) temporal compression
voicing.
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Figure C3.6. Trial-by-trial neural discrimination predicted categorization ability when temporal
information was maintained. The average neural discrimination was correlated with behavioral
categorization when 5 ms bins were used for the (a) gender, (b) multiple speaker voicing, and (C)
temporal compression voicing categorization tasks. Neural discrimination was performed by a
nearest-neighbor classifier (see methods) using a single sweep of neural activity. The stimulus
names are printed next to each data point. Error bars indicate s.e.m. for behavioral and neural
discrimination performance. Solid lines indicate the best linear fits.
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ABSTRACT

Discrimination training with speech sound contrasts results in improved behavioral
performance and an increase in the cortical representation of the trained stimuli in humans. Due
to the technical challenges and ethical issues involved in recording auditory neurons from human
cortex, it is not known how primary auditory cortex (A1) neurons process speech sounds after
behavioral training. Multi-unit recordings from animal studies allow us to study the fine spatial
and temporal resolution that is lacking in brain imaging and evoked potential studies. In this
study, groups of rats were trained to discriminate either a single speech sound contrast or
multiple contrasts while another group was passively exposed to the speech sounds. After
behavioral training, we recorded responses from A1 neurons to tones and speech sound stimuli.

Our results demonstrate that training on multiple speech contrasts increased response
strength to tones, receptive field size, response latencies and the proportion of neurons
responding to low frequencies compared to naive rats. Auditory cortex responses were not
significantly different from naive rats after training on a single speech task. In addition, A1
plasticity was not specific to the behaviorally relevant speech sounds after speech sound training.
This absence of stimulus specific plasticity for speech sounds in primary auditory cortex
suggests that higher cortical areas may be responsible for encoding speech specific plasticity

after behavioral training.
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INTRODUCTION

Several weeks of discrimination training is sufficient to induce plasticity in visual,
somatosensory, and auditory cortex (Karni and Sagi 1991; Recanzone et al. 1993; Xerri et al.
1996). Numerous studies have shown that speech sound discrimination training improves
behavioral performance in humans. These improvements were accompanied by enhanced
responses of auditory cortex potentials or activation of cortical areas during functional brain
imaging (Callan et al. 2003; Kraus et al. 1995; Tremblay et al. 2001; Wang et al. 2003). While
these studies give some indication of the spatiotemporal activation of the areas involved, they are
still limited in their ability to resolve the fine spatial and temporal cues of speech sounds. Many
studies have demonstrated how speech sounds are represented in the auditory cortex of rats, cats,
monkeys and humans (Engineer et al. 2008; Steinschneider et al. 2003; Steinschneider et al.
1995; Steinschneider et al. 1999; Wong and Schreiner 2003). However, it is not known how
auditory cortex neurons respond to tones and speech sounds after speech discrimination training.

We have previously demonstrated that rats can discriminate different speech features, and
that A1 responses to these sounds are highly predictive of the rats behavioral performance on
consonant discrimination tasks (Engineer et al. 2008). Here, we trained groups of rats to perform
multiple speech discrimination tasks involving both consonant and vowel differences. Separate
groups of rats were trained on a single speech discrimination task, or were passively exposed to
speech sounds. In this study, we evaluated multiple forms of plasticity in A1 that have been

documented in previous discrimination training studies, including changes in cortical maps,
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receptive field size, combination selectivity, response strength, and latency (Gentner and

Margoliash 2003; Recanzone et al. 1993; Schnupp et al. 2006; Wong and Schreiner 2003).
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METHODS

We trained 27 rats to discriminate and categorize speech sounds, after which primary
auditory cortex (A1) responses to tones as well as speech sounds were recorded from 1199 Al
sites. Five groups of rats were trained; the first group was trained to discriminate consonants as
well as vowels (n=4 rats), the second group was trained to discriminate consonants and gender
differences (n=>5 rats), the third group was trained to discriminate vowels (n=8 rats), the fourth
group was trained to categorize sounds by voicing (n=5 rats), and the fifth group was trained to
categorize sounds by gender (n=5 rats). A sixth group of rats was passively exposed to the same
stimuli used in the fourth and fifth groups for the voicing and gender categorization tasks (n=5
rats, 244 A1 sites). Al responses in these trained and passively exposed rats were compared to
the responses recorded in experimentally naive rats (n=11 rats, 514 Al sites). Speech sounds,
training, and anesthetized recording procedures are identical to the methods used in our previous
study (Engineer et al. 2008).

Speech stimuli

Speech stimuli were produced in a CVC (consonant-vowel-consonant) context and were
recorded in a soundproof booth. Twenty English consonants were produced in a © ad’ context
(as in ‘dad’). Additionally, the four vowels /&/, /e/, / ¢/, /i/, /u/ were produced in both a ‘d_d’
and ‘s_d’ context (/ae/ ‘dad’, /¢/ ‘dead’, /A/ ‘dud’, /i/ ‘deed’, /u/ ‘dood’). The words ‘dad’ and
‘tad’ were also recorded spoken by multiple speakers, 3 male and 3 female. As in our previous

study, all words were shifted up an octave using the STRAIGHT vocoder (Engineer et al. 2008;
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Kawahara 1997) in order to better match the rat hearing range and presented so that the intensity
of the loudest 100 ms of the vowel was 60 dB.
Training timeline

Rats were trained using an operant go/no-go procedure in double-walled booths for two
1-hour sessions a day, 5 days a week. Each booth contained a speaker (Optimus Bullet Horn
Tweeter), house light, and cage (8” length x 8 width x 8” height) which included a lever, lever
light, and pellet dish. A pellet dispenser was mounted outside of the booth to minimize the sound
of the pellet dispensing. Rats received a 45 mg sugar pellet reward for pressing the lever in
response to the CS+ sounds within 3 seconds. If they pressed the lever in response to the CS-
sounds, rats received a time out where the house light was extinguished for approximately 6
seconds.

To shape behavior, rats were initially trained to press the lever to receive a sugar pellet
reward. After reaching the criteria of obtaining 100 pellets for 2 sessions, rats were moved to the
detection stage. In this stage, rats were trained to press the lever in response to the CS+ sound
(‘dad’) to receive a sugar pellet. This stage lasted until the rat was able to obtain a d’
performance value of 1.5 or greater for 10 sessions. Following the detection stage, rats began the
discrimination stage of training. Each discrimination task lasted for a fixed 2 week period.
Training groups

Of the five groups of trained rats, groups 1 through 3 were long-term experiments where
rats trained on multiple discrimination tasks. Group 1 rats were trained on seven discrimination
tasks: /d/ (target) vs. /s/ (distracter); /d/ vs. /t/; /d/ vs. /t/ when sounds were temporally
compressed; /d/ vs. /t/ when sounds were spoken by multiple male and female speakers; /1r/ vs.

/V/; ‘dad’ vs. ‘dead’, ‘dud’, ‘deed’, and ‘dood’; and /d/ vs. /b/ and /g/. Group 2 rats were trained
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on six discrimination tasks: pitch discrimination; gender discrimination of the word ‘dad’ spoken
by multiple male and female speakers; gender discrimination of the words ‘dad’ and ‘tad’ spoken
by multiple male and female speakers; /m/ vs. /n/, ‘shad’ vs. ‘fad’, ‘sad’, and ‘had’; and ‘shad’ vs.
‘chad’ and ‘jad’. Group 3 rats were trained on three vowel discrimination tasks: ‘dad’ vs. ‘dead’,
‘dud’, ‘deed’, and ‘dood’; ‘sad’ vs. ‘said’, ‘sud’, ‘seed’, and ‘sood’; and a combination of the two
previous tasks, where the CS+ was the vowel /&/ in either the /d/ or /s/ context, and the CS-
sounds were the vowels /¢/, / ¢/, /i/, and /u/ in either the /d/ or /s/ context.

Groups 4 and 5 were short-term experiments where rats trained for 2 weeks on a single
discrimination task. Group 4 rats were trained on a voicing discrimination task with a target of
‘dad’ and a distracter of ‘tad’. Both ‘dad’ and ‘tad’ were spoken by multiple male and female
speakers. Group 5 rats were trained on a gender discrimination task using the exact same stimuli
as Group 4, but with a target of ‘female’ and a distracter of ‘male’. A 6" group was passively
exposed to the same stimuli used for groups 4 and 5, and was exposed to the sounds for 2 weeks.
Anesthetized recordings

Following the last day of training, rats were anesthetized and multi-unit and local field
potential responses were recorded from the right primary auditory cortex. Rats were anesthetized
with pentobarbital (50 mg kg™), and received dilute pentobarbital (8 mg ml™") as needed.
Responses were recorded 600 pm below the cortical surface using four Parylene-coated tungsten
microelectrodes (1-2 MQ, FHC) simultaneously.

In order to determine the characteristic frequency at each recording site, 25 ms tones
were presented at 81 frequencies (1 to 32 kHz) at 16 intensities (0 to 75 dB). A total of 80 speech
stimuli were presented at each site for 20 repeats each. Each of the trained speech sounds was

presented, and other novel speech sounds were presented at each site in order to determine if
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response changes were specific to trained stimuli. Stimulus generation and data acquisition were
performed with Tucker-Davis hardware (RP2.1 and RX5) and software (Brainware). The
University of Texas at Dallas Institutional Animal Care and Use Committee approved all
protocols and recording procedures.

Data analysis

Behavioral performance was quantified using the measure d-prime (d’). This measure is
based on signal detection theory, and uses the percent hit to CS+ and CS- sounds.

We quantified the receptive field properties for each group, including threshold,
bandwidth, latency, spontaneous firing, and response strength to tones. These properties were
quantified by a blind observer using customized MATLAB software. Threshold was defined as
the lowest intensity that evoked a response at the characteristic frequency for each site.
Bandwidth was measured in octaves as the frequency range that evokes a response 10, 20, 30,
and 40 dB above the threshold. The onset, peak, and end of peak latencies were also determined
for each site.

The percent of primary auditory cortex responding to each tone at each intensity was
calculated for each group and compared to the percent of cortex responding in experimentally
naive rats, as in previous studies (Puckett et al. 2007). Briefly, we assume unsampled regions of
cortex respond like the nearest sampled point.

Responses to speech stimuli were quantified using a nearest-neighbor classifier to
determine neural discrimination performance (Engineer et al. 2008; Foffani and Moxon 2004;
Schnupp et al. 2006). The classifier formed a PSTH template for each sound based on 19 of the
20 repeats from each recording site. The remaining repeat for each sound was then presented to

the classifier, where it determined which sound the neural response was evoked by based on



which PSTH template had the minimum Euclidean distance to the PSTH evoked by the

remaining repeat.
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RESULTS

Behavioral performance

Numerous previous studies have demonstrated the ability of animals to discriminate
speech sounds (Engineer et al. 2008; Kluender et al. 1987; Kuhl and Miller 1975; Ramus et al.
2000; Reed et al. 2003). In this study, rats were trained to perform either a single speech
discrimination task (groups 4 and 5, see methods), or multiple speech discrimination tasks
(groups 1 through 3). After two weeks of training on each task, rats were able to accurately
discriminate most speech tasks (Figure D4.1). In addition to the eleven consonant tasks that have
been previously published (Engineer et al. 2008), rats were also trained on vowel, voicing, and
gender categorization tasks. Rats were unable to successfully discriminate two of the consonant
tasks: /m/ vs. /n/ (d’=-0.03, p=0.72) and /r/ vs. /I/ (d’=0.07, p=0.62, Figure D4.1) after two
weeks of training. Rats were easily able to discriminate the consonant pairs /d/ vs. /s/ (d’=2.92,
p=0.00009) and /d/ vs. /b/ (d’=2.99, p=0.0005, Figure D4.1). Rats were highly accurate at speech
discrimination, and had better than chance performance on 22 out of the 24 discrimination tasks.
Receptive field changes

Previous studies have shown sharper tuning, longer latencies, and an increase in the
cortical area of representation of the trained stimuli in A1 following long term frequency
discrimination training (Recanzone et al. 1993). Multiple task trained rats exhibited a 21%
increase in the threshold of A1 neurons following the completion of speech training

(p=0.0000000007, Figure D4.2a). There was no significant change in threshold seen in rats who
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were trained on a single task compared to naive rats (2% increase, p=0.49, Figure D4.2a). In rats
passively exposed to speech sounds, there was a 12% decrease in the threshold of A1 neurons
(p=0.006). The bandwidth of frequencies responded to only increased significantly in the
multiple task group of rats (8% increase, p=0.004, Figure D4.2b). Spontaneous firing increased
in both the multiple task and single task trained rats (45% increase, p=0.00000000002; 17%
increase, p=0.003, respectively), but not in the passively exposed rats (8% increase, p=0.27,
Figure D4.2¢). After multiple task speech training, the response strength to tones increased by
9% (p=0.009, Figure D4.2d), while the response strength to tones did not change after training
on a single task or passive exposure. Training on multiple tasks resulted in a larger threshold,
wider bandwidth, and greater response strength to tones compared to naive rats.
Latency changes

There was a 7% increase in onset latency for long-term trained rats (p=0.000003), while
short-term trained rats did not exhibit a significant change in onset latency (p=0.42, Figure
D4.3a). Rats who were passively exposed to speech showed a significant decrease in onset, peak,
and end of peak latencies (6%, p=0.002; 3%, p=0.04; 4%, p=0.0009). Peak latency significantly
increased for both long- and short-term trained rats (7%, p=0.000001; 3%, p=0.006; Figure
D4.3b), while end of peak latency only significantly increased for long-term trained rats (7%,
p=0.00008, Figure D4.3c). Al neurons in rats who trained on multiple tasks were slower after
training, while neurons were faster in rats passively exposed to speech sounds. This result is
consistent with previous studies which show longer response latencies after long-term training on

a frequency discrimination task (Recanzone et al. 1993).
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Cortical map changes

Long-term trained rats had a low frequency map expansion for high intensity sounds, and
a mid frequency map contraction for low intensity sounds (Figure D4.4). Short-term trained rats
had a slight low frequency map expansion for high intensity sounds, a slight mid frequency map
contraction for low intensity sounds, and a slight high frequency map expansion for low intensity
sounds (Figure D4.5). Passive exposure rats had a slight low frequency map expansion for low
intensity sounds, and a high frequency map expansion for sounds of all intensities (Figure D4.6).
Local field potential changes

Humans trained to discriminate speech sounds have exhibited an increase in the N1-P2
peak-to-peak amplitude following training (Tremblay et al. 2001). In naive rats, the word ‘dad’
evoked negativities 20 ms and 125 ms after sound onset (N1 and N2) and evoked a positivity 53
ms after sound onset (P1, Figure D4.7). Rats who were trained on multiple speech discrimination
tasks showed an increase in the onset latency of the N1 response evoked in response to the word
‘dad’ (Figure D4.7, top row). Additionally, N1 amplitude was decreased after training on
multiple tasks compared to naive control rats. The same increase in N1 onset latency and
decrease in N1 amplitude was seen in response to the word ‘tad’ in rats trained to discriminate
multiple tasks (Figure D4.8, top row). However, in response to the untrained sound ‘wad’, all
three multiple task trained groups of rats exhibited an increase in the N1 onset latency (Figure
D4.9, top row). Local field potential latencies and amplitudes were altered for both trained and

untrained stimuli in rats trained to discriminate multiple speech tasks.



DISCUSSION

Following speech training on multiple tasks, there is an increase in the proportion of
neurons responding to low frequency sounds. Additionally, response strength, threshold,
bandwidth, and latencies are increased after multiple speech discrimination task training. Passive
exposure to speech sounds causes an increase in the proportion of neurons responding to high
frequency sounds, and leads to a decrease in the threshold and latencies of A1 neurons.

Although tone training changes A1l in a trained frequency specific manner in rats and
monkeys (Polley et al. 2006; Recanzone et al. 1993), speech training does cause stimulus
specific enhancement in A1. Our findings are consistent with Schnupp et al., which does not
show evidence of specificity, as well as with previous studies in birds which do not show
stimulus specific changes in primary fields (Gentner and Margoliash 2003; Tremblay et al. 2001).
This suggests that the A1 representation of speech sounds is sufficiently precise so that there is
no need to change it. While changes do occur in Al after speech training, there is no stimulus-
specific enhancement, which is consistent with previous studies showing generalization to
untrained stimuli following speech training (Tremblay et al. 1997). Given the spectrotemporal
complexity of speech sounds, it is likely that higher cortical areas extract higher order features of

speech sounds and may show stimulus specificity following extensive speech training.
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APPENDIX D

FIGURES
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Figure D4.1. Behavioral performance on days 7/8 of 24 speech discrimination tasks.
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Figure D4.2. Changes in a) threshold, b) bandwidth 10 dB above threshold, ¢) spontaneous
firing rate, and d) response strength in A1 after speech training and passive exposure.
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Figure D4.4. Percent cortex changes after training on multiple speech discrimination tasks.
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Figure D4.7. Local field potential response to the onset of the word ‘dad’. a) multiple task
trained group 1 (blue) and naive (black) rats; b) multiple task trained group 2 (blue) and naive
(black) rats; ¢) multiple task trained group 3 (blue) and naive (black) rats; d) single task trained
group 4 (green) and naive (black) rats; ) single task trained group 5 (green) and naive (black)
rats; f) passive exposure group 6 (red) and naive (black) rats. Standard error is shown behind the
colored lines in gray. The black line at the bottom of the figure indicates time points where the
two groups of rats are significantly different.
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Figure D4.8. Local field potential response to the onset of the word ‘tad’. a) multiple task
trained group 1 (blue) and naive (black) rats; b) multiple task trained group 2 (blue) and naive
(black) rats; ¢) multiple task trained group 3 (blue) and naive (black) rats; d) single task trained
group 4 (green) and naive (black) rats; e) single task trained group 5 (green) and naive (black)
rats; f) passive exposure group 6 (red) and naive (black) rats. Standard error is shown behind the
colored lines in gray. The black line at the bottom of the figure indicates time points where the
two groups of rats are significantly different.
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Figure D4.9. Local field potential response to the onset of the word ‘wad’. a) multiple task
trained group 1 (blue) and naive (black) rats; b) multiple task trained group 2 (blue) and naive
(black) rats; ¢) multiple task trained group 3 (blue) and naive (black) rats; d) single task trained
group 4 (green) and naive (black) rats; ) single task trained group 5 (green) and naive (black)
rats; f) passive exposure group 6 (red) and naive (black) rats. Standard error is shown behind the
colored lines in gray. The black line at the bottom of the figure indicates time points where the
two groups of rats are significantly different.
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CHAPTER 5

CONCLUSION

These experiments have shown that behavioral performance on speech discrimination
tasks can be predicted using the pattern of A1 responses. Rats are able to discriminate many
consonant pairs, and this performance is predicted when the spike timing information of Al
neurons is preserved, but is not predicted by the mean firing rate, when timing information is
eliminated. Rats are also able to perform speech categorization tasks, and are able to categorize
sounds spoken by multiple speakers by voicing or gender cues on the first day of training.
Following speech discrimination training, A1 responses have altered receptive fields and
response latencies, and there is an altered representation of the percent of cortex responding to
tones.

Rate vs. temporal coding

Chapter 2 showed that temporal coding strongly predicts behavioral performance while
rate coding does not. In addition to the temporal firing pattern, this chapter also determined that
the spatial pattern of activation was necessary to accurately discriminate consonants. For
example, the consonant /b/ activates low frequency neurons first, and later activates high
frequency neurons, while the opposite is true for the consonant /d/. This study highlights the
limitations of fMRI and EEG methods, which do not have the high temporal or spatial precision
needed in order to see these patterns of activation. This study also shows the importance of
studying complex sounds, since many real-world sounds, like speech, are spatially and

temporally complex. Previous studies using simple stimuli that varied on a single dimension
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revealed that rate coding was sufficient to discriminate these sounds, while the current study
shows that temporal precision is necessary to discriminate real-world stimuli. Our lab has also
studied vowels, which are steady-state sounds without the rapid transitions that consonants have,
and found that rate coding is sufficient to predict vowel discrimination (unpublished results;
Perez et al., 2008).
The exemplar theory of categorization

The categorization study in Chapter 3 demonstrated that behavioral performance on the 3
voicing or gender categorization tasks was predicted based on the neural distance between each
of the novel sounds and the template sounds that the rats had been previously trained to
discriminate. Our hypothesis from this result is that the neural distance metric mimics a higher
cortical area that is receiving input from A1l and using this input to categorize the stimuli. Since
behavioral performance was predicted using the distance from the template sounds, we believe
that the higher cortical area has stored templates for the categorization task, rather than retaining
a representation of each of the individual stimuli.
Primary auditory cortex necessity

It is possible that although A1 has unique representations of each speech sound that are
predictive of behavioral ability, this area may not be necessary for speech sound discrimination.
The plasticity study in Chapter 4 did not show speech-specific changes in A1 or changes that
were specific to the trained stimuli. This finding is consistent with previous studies that do not
exhibit feature specific changes in primary fields (Schnupp et al., 2006; Gentner and Margoliash,
2003; Tremblay et al., 2001). Preliminary unpublished studies from our lab indicate that rats are
still able to perform speech discrimination and categorization tasks with bilateral primary

auditory cortex lesions (Porter et al., 2007; Porter et al., 2008). Future lesion and behavioral
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studies are needed to determine what areas are necessary for accurate speech sound
discrimination.
Future studies

Many future studies are needed to expand upon the experiments presented here. Plasticity
studies in awake, behaving animals are necessary to confirm the current findings. Speech
training and physiology experiments conducted in the presence of background noise are needed
since in the real world, comprehending speech often occurs in noisy environments, and not in a
sound-shielded laboratory environment. Studies involving stimuli that have been spectrally
degraded are necessary to determine how the cortical response in cochlear implant patients
differs from the cortical response when all spectral information is available. Additionally,
physiology experiments need to be conducted in other auditory areas, both higher and lower in
the auditory pathway to determine how the representation of speech changes along the pathway,

and which specific areas are necessary for accurate speech discrimination.
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