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Abstract

Individuals with Rett syndrome have greatly impaired speech and language abilities. Auditory
brainstem responses to sounds are normal, but cortical responses are highly abnormal. In this
study, we used the novel rat Mecp2 knockout model of Rett syndrome to document the neural and
behavioral processing of speech sounds. We hypothesized that both speech discrimination ability
and the neural response to speech sounds would be impaired in Mecp2 rats. We expected that
extensive speech training would improve speech discrimination ability and the cortical response to
speech sounds. Our results reveal that speech responses across all four auditory cortex fields of
Mecp2 rats were hyperexcitable, responded slower, and were less able to follow rapidly presented
sounds. While Mecp? rats could accurately perform consonant and vowel discrimination tasks in
quiet, they were significantly impaired at speech sound discrimination in background noise.
Extensive speech training improved discrimination ability. Training shifted cortical responses in
both Mecp2 and control rats to favor the onset of speech sounds. While training increased the
response to low frequency sounds in control rats, the opposite occurred in Mecp2 rats. Although
neural coding and plasticity are abnormal in the rat model of Rett syndrome, extensive therapy
appears to be effective. These findings may help to explain some aspects of communication
deficits in Rett syndrome and suggest that extensive rehabilitation therapy might prove beneficial.
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Introduction

Individuals with Rett syndrome acquire early developmental skills until 6-18 months of age,
followed by rapid regression in speech, motor deficits, respiratory problems, and seizures
(Chahrour and Zoghbi, 2007). Loss-of-function mutation of one copy of the MECP2 gene is
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responsible for Rett syndrome and imparts a 50% chance of an autism spectrum diagnosis
(Amir et al., 1999; Wulffaert et al., 2009). Social impairments, problems with speech and
language, and sensory processing difficulties are common in individuals with Rett syndrome
(Kaufmann et al., 2012; Lenn et al., 1986; Urbanowicz et al., 2015). Recent studies have
documented that speech and language abilities and the acquisition of early developmental
skills are abnormal even in the pre-regression period; while some milestones are reached,
acquisition of these skills is often delayed (Marschik et al., 2013; Neul et al., 2014).

The abnormal perception of auditory stimuli appears to play a critical role in the
communication difficulties observed in individuals with Rett syndrome. Auditory brainstem
responses are normal, which indicates that the early stages of the auditory system are intact
(Bader et al., 1989; Kalmanchey, 1990; Stach et al., 1994; Verma et al., 1987). However,
individuals with Rett syndrome exhibit severely degraded auditory cortex responses that
have delayed onset latencies and weaker amplitudes compared to controls, indicating a
decline in auditory processing at higher levels of the auditory system (Bader et al., 1989;
Glaze, 2005; Stach et al., 1994; Stauder et al., 2006). While almost all studies of auditory
processing in Rett syndrome use simple clicks or tones as the auditory stimuli, a recent study
documented cortical responses to the word “hi” spoken by the mother and by female
strangers. While a familiar voice normally evokes a stronger response than an unfamiliar
voice (Beauchemin et al., 2011, 2006; Purhonen et al., 2004), this study found that
individuals with Rett syndrome exhibit a stronger response to a stranger’s voice compared to
their mother’s voice (Peters et al., 2014). More information about the brain’s response to
speech in Rett syndrome may clarify potential rehabilitation therapies.

No study has ever reported whether rehabilitation training can improve behavioral
performance and neural responses in individuals with Rett syndrome. Numerous studies
have focused on autism, and have documented that behavior and neural responses in
individuals with autism can improve with behavioral training. Many studies have
documented that intensive training can ameliorate some autism symptoms (Dawson et al.,
2010; Landa et al., 2011; McEachin et al., 1993). For example, children with autism who
received 20 hours of intervention per week over a period of 2 years exhibit substantial
improvements in 1Q (+11 points), language scores, and adaptive behavior (Dawson et al.,
2010). The children who received intensive intervention also exhibit neural responses that
are both faster and stronger compared to children with autism who had received community
intervention (Dawson et al., 2012, 2010; Russo et al., 2010).

The mouse Mecp2 knockout model of Rett syndrome mimics many of the symptoms seen in
individuals with Rett syndrome, including seizures, poor motor function, anxiety, and object
recognition deficits (Stearns et al., 2007). A recent study demonstrated that Mecp2 knockout
mice exhibit normal auditory brainstem responses but delayed auditory cortex responses,
consistent with the responses observed in individuals with Rett syndrome (Liao et al., 2012).
In this study, we use the novel rat Mecp2 knockout model of Rett syndrome to document
speech discrimination ability and the cortical processing of speech sounds. We hypothesized
that both speech discrimination ability and the neural response to speech sounds would be
impaired, as seen in individuals with autism. We then documented speech discrimination
ability following extensive speech training as well as the neural responses to speech sounds
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following training. We expected that extensive speech training would improve both
discrimination ability and the neural responses to speech sounds.

Methods and Materials

Speech sounds
The speech sounds ‘bad’, “‘chad’, ‘dad’, ‘dead’, ‘deed’, ‘dood’, ‘dud’, ‘gad’, ‘sad’, ‘shad’,
and ‘tad’ were used in this study. These sounds were identical to the sounds used in our
previous studies (C T Engineer et al., 2014a, 2014b, 2014c; Engineer et al., 2008; Perez et
al., 2013). Each sound was spoken by a female native English speaker and recorded in a
double-walled soundproof booth. Speech sounds were shifted up by 1 octave into the rat
hearing range using the STRAIGHT vocoder (Kawahara, 1997). All sounds were presented
so that the loudest 100 ms of the vowel was 60 dB SPL.

Mecp2 mutant rat model

Thirteen female heterozygous Mecp2 mutant rats were obtained from SAGE Labs (SD-
Mecp2i™Isage Boyertown, PA) (Wohr and Scattoni, 2013). These rats have a 71 base pair
deletion in Exon 4, and are maintained by breeding heterozygous females with wild type
males, each with a Sprague Dawley background. All Mecp?2 rats were adult rats past the
onset of regression, and were between 5 — 11 months old. Previous studies have observed
behavioral or neurophysiological deficits in female Mecp2 mice between 4 — 5 months old
(Goffin et al., 2011; Liao et al., 2012), although some studies have detected differences in
female Mecp2 mice as young as 5 — 7 weeks old (Johnston et al., 2014; Stearns et al., 2007).
Many of the Mecp?2 rats in this study had handling-related seizures (83% of the speech
trained Mecp? rats). Female age-matched Sprague Dawley control rats were obtained from
Charles River Laboratories. The University of Texas at Dallas Institutional Animal Care and
Use Committee approved all protocols and recording procedures.

Speech discrimination training

Six Mecp2 mutant rats and five experimentally naive control rats were trained to
discriminate speech sounds. All speech discrimination training tasks and procedures were
identical to the speech discrimination training in our previous studies (C T Engineer et al.,
2014b, 2014c; Engineer et al., 2015, 2008; Perez et al., 2013; Shetake et al., 2011). Rats
were first trained to press a lever in response to the target speech sound ‘dad’. Rats were
trained on this target detection task until they reached a performance criteria of a session d’
> 1.5 for 10 sessions. Each rat trained for two 1 hour sessions per day, 5 days per week.
Following the target detection task, rats were trained to discriminate speech sounds differing
in initial consonant. For this consonant discrimination task, rats were trained to press the
lever in response to the target sound ‘dad’, and refrain from pressing the lever in response to
the non-target sounds (‘bad’, ‘gad’, ‘sad’, and ‘tad’). Rats received a 45 mg sugar pellet
reward for a correct lever press in response to the target sound, and received a 6 second
timeout where the training program paused and the booth lights were extinguished for an
incorrect lever press in response to a non-target sound. Each rat trained on the consonant
discrimination task for 20 days. Following the consonant discrimination task, rats were
trained to discriminate speech sounds differing in vowel. For this vowel discrimination task,
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rats were trained to press the lever in response to the target sound ‘dad’, and refrain from
pressing the lever in response to the non-target sounds (‘deed’, ‘dood’, and ‘dud’). Each rat
trained on the vowel discrimination task for 15 days. Following the vowel discrimination
task, rats were trained to discriminate speech sounds in the presence of varying levels of
background noise. For this speech in noise task, rats were trained to press the lever in
response to the target sound ‘dad’, and refrain from pressing the lever in response to any of
the previously trained non-target sounds (‘bad’, ‘gad’, ‘sad’, ‘tad’, ‘deed’, ‘dood’, and
‘dud’). The speech-shaped background noise was presented in blocks at 0, 48, 54, 60, and 72
dB, as in our previous studies (Centanni et al., 2014; Engineer et al., 2015; Shetake et al.,
2011). Each rat trained on the speech in noise task for 15 days. Throughout training, the 5
out of the 6 trained Mecp? rats that experienced a seizure before a training session were not
trained for that session, and were given full access to food and water.

Auditory cortex recordings

Auditory cortex responses were recorded from 1,660 driven auditory cortex recording sites
in 23 rats: 7 untrained Mecp2 mutant rats (469 recording sites), 5 untrained experimentally
naive control rats (345 recording sites), 6 speech-trained Mecp2 mutant rats (413 recording
sites), and 5 speech-trained control rats (433 recording sites). All recording procedures were
identical to the recording procedures in our previous studies (C T Engineer et al., 2014a,
2014c; Engineer et al., 2015). In each rat, local field potential and multi-unit responses were
recorded from 4 auditory fields: anterior auditory field (AAF), primary auditory cortex (Al),
ventral auditory field (VAF), and posterior auditory field (PAF). Rats were anesthetized
with sodium pentobarbital (50 mg/kg), and received supplemental doses of dilute
pentobarbital (8 mg/mL) throughout the experiment. Responses were recorded from layers
4/5 of right auditory cortex using 4 simultaneously lowered Parylene-coated tungsten
microelectrodes (1.5 — 2.5 M€, FHC). Sound presentation and data recording was
performed using Tucker-Davis Technologies software (SigGen and BrainWare) and
hardware (RP2 and RX5). At each recording site, 1440 tones were randomly interleaved and
presented at varying tone frequencies (1 — 48 kHz in 0.125 octave steps) and intensities (0 —
75 dB in 5 dB steps). Noise burst trains were presented at 7, 10, 12.5, and 15 Hz (6 noise
bursts per train, 20 repeats per speed). Twenty repeats of 11 speech sounds were also
presented at each recording site, including 3 novel speech sounds (‘bad’, ‘chad’, ‘dad’,
‘dead’, ‘deed’, ‘dood’, ‘dud’, ‘gad’, ‘sad’, ‘shad’, and ‘tad’).

Data analysis

All data analysis was performed using custom MATLAB software that blinds the researcher
to the experimental groups. The local field potential peak amplitudes and latencies were
quantified by finding the minimum (N1 and N2) and maximum (P2 and P3) amplitude peaks
and the response latency at each peak. The multi-unit response strength evoked by speech
sounds was quantified for the 40 ms onset response to the initial consonant as well as the
300 ms response to the vowel. The response strength was the number of driven spikes
evoked during each time window after first removing the spontaneous firing level. The onset
latency was the latency of the first spike following the presentation of the speech sound. The
peak latency was the latency of the maximum firing rate. For the noise burst trains, the firing
rate was defined as the peak firing rate evoked for the first and second noise bursts within 30
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ms after presentation of the noise burst. For each recording site, the frequency that evoked a
response at the lowest intensity was defined as the characteristic frequency (CF). The
intensity at the CF was defined as the threshold for that site. The range of frequencies that
evoked a response 40 dB above the threshold was defined as the bandwidth for that site. The
spontaneous firing rate at each site was defined as the firing rate recorded before
presentation of the sound (during silence).

Behavioral performance was quantified in units of percent correct, which is the average of
correct lever presses to the target sound and correct rejections to the non-target sounds.
Two-way repeated measures ANOVAs with Tukey-Kramer post hoc tests were used to
determine statistical significance. The metric d” was used to quantify behavioral
performance on the detection stage of training in order to advance to the discrimination
stages of training. A d’ of 0 indicates an inability to distinguish between target and non-
target sounds, while a d’ of 1.5 indicates that rats can reliably press the lever in response to
the target sound and refrain from pressing in response to a non-target sound (Stanislaw and
Todorov, 1999).

Mecp2 mutation alters the auditory cortex response to speech sounds

Previous literature has documented that cortical auditory evoked potentials are abnormal in
individuals with Rett syndrome (Bader et al., 1989; Stach et al., 1994; Stauder et al., 2006).
Each study documented prolonged response latencies. However, the response amplitude is
less consistently documented. In this study, auditory cortex local field potential and
multiunit responses were recorded from four auditory cortex fields in Mecp2 and control
rats: anterior auditory field (AAF), primary auditory cortex (A1), ventral auditory field
(VAF), and posterior auditory field (PAF). The N1 potential amplitude was unaltered in
each of the auditory fields except PAF, where Mecp?2 rats evoked a stronger response
amplitude compared to control rats (Figures 1 & 2). In contrast to PAF, each of the other
auditory cortex fields evoked a weaker P2, N2, and P3 response in Mecp2 rats compared to
control rats (Figure 2a,b,c). Although the response amplitudes were not consistent across
auditory fields, the response latency was consistently slower across all four fields (Figure 2).
This finding that the response latency is consistently slower while the response amplitude is
stronger or weaker may explain the response amplitude inconsistencies reported between
studies in individuals with Rett syndrome.

Across all four auditory fields, multi-unit responses to speech sounds were significantly
hyperexcitable in Mecp2 rats compared to control rats. The response strength to the onset of
the speech sounds was 35% stronger in AAF (p = 0.005), 45% stronger in Al (p < 0.0001),
42% stronger in VAF (p = 0.02), and 70% stronger in PAF in Mecp2 rats compared to
control rats (p = 0.0008, Figure 3a). In spite of this hyperexcitable response to the onset of
speech sounds, the response strength to the vowel portion of the sound was not significantly
different in Mecp2 rats compared to control rats (p > 0.05, Figure 3b). This finding is
consistent with the hyperexcitable neural responses observed in individuals with Rett
syndrome and the mouse model of Rett syndrome (Glaze, 2005; Liao et al., 2012).
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In addition to having significantly more excitable responses, Mecp2 responses to speech
sounds were also significantly delayed. The onset latency to speech sounds was 5.9 ms later
in AAF (p <0.0001), 5.1 ms later in Al (p < 0.0001), 6.4 ms later in VAF (p < 0.0001), and
5.3 ms later in PAF in Mecp2 rats compared to control rats (p < 0.0001, Figure 3c). The
latency to maximum (peak) firing in response to speech sounds was also significantly
delayed in Mecp? rats. The peak latency was 14.7 ms later in AAF (p < 0.0001), 5.5 ms later
in Al (p <0.0001), 19.1 ms later in VAF (p < 0.0001), and 20.2 ms later in PAF (p <
0.0001) in Mecp? rats compared to control rats (Figure 3d). In each of the fields, the
response latency delay was greater for the peak latency compared to the onset latency,
suggesting that Mecp2 neurons may have trouble following rapidly presented sounds.

To test the hypothesis that Mecp2 neurons were unable to keep up with rapidly presented
sounds, trains of noise bursts were presented at varying presentation rates (7, 10, 12.5, and
15 Hz). Mecp2 neurons were unable to follow rapidly presented noise burst trains compared
to control neurons (Figure 4). In AAF, A1, and VAF, the response to the second noise burst
in the train was significantly weaker in Mecp2 rats compared to control rats, particularly for
the most rapidly presented sounds (p < 0.05, Figure 4). For example in Mecp? rats, the
response to the second of two noise bursts separated by 80 ms was less than half that of
control rats. These results confirm that responses to temporally modulated sounds are
impaired in Mecp2 rats.

Receptive field properties were also significantly impaired in Mecp? rats across all four
auditory cortex fields. The response strength to tones was differentially altered depending on
the tone intensity. In AAF and Al, Mecp? rats exhibited a weaker response to quiet tones
but a stronger response to louder tones compared to control rats (p < 0.0031 Bonferroni
corrected, Figure 5a,b and Supplementary Figure 1). These fields are known to be
tonotopically organized, and the organization of both fields was largely unaffected in Mecp2
rats. Each individual control rat had a statistically significant correlation between
characteristic frequency and anterior-posterior (AP) location for AAF (0.59 mean R? for
individual control rats, p < 0.05) and A1 (0.72 mean R? for individual control rats, p < 0.05).
In Mecp? rats, 86% of rats had a statistically significant correlation between CF and AP
location for AAF (0.48 mean R? for individual Mecp2 rats, p < 0.05), and 100% of rats had a
statistically significant correlation between CF and AP location for Al (0.76 mean R2 for
individual Mecp2 rats, p < 0.05). Cortical neurons in Mecp2 KO rats responded to a wider
range of tone frequencies, responded slower to tones, and had less spontaneous firing
compared to control rats (Table 1). Mecp?2 rats had tone frequency bandwidths that were 1.0
— 1.6 octaves wider than control rats across all four fields (p < 0.0001, Table 1). The peak
response latency was significantly slower in Mecp?2 rats, and was 2.6 ms slower in AAF (p <
0.0001), 2.3 ms slower in Al (p < 0.0001), 16.2 ms slower in VAF (p < 0.0001), and 13.2
ms slower in PAF (p = 0.0007, Table 1). In addition, Mecp2 rats had significantly less
spontaneous firing when no stimulus was present compared to control rats in each of the
auditory fields (p < 0.0001, Table 1).
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Mecp2 mutation impairs speech discrimination ability

Eleven rats were trained to discriminate between speech sounds that differed in their initial
consonant or vowel (n = 6 Mecp2 rats, n = 5 control rats). All rats were first trained on a
consonant discrimination task, where they learned to press the lever in response to the target
sound ‘dad’, and refrain from pressing the lever in response to the non-target sounds ‘bad’,
‘gad’, ‘sad’, and ‘tad’. Mecp2 KO rats did not perform significantly differently on the
consonant discrimination task compared to control rats (F(1,171) = 1.27, p = 0.29, two-way
repeated measures ANOVA, Figure 6a). Both Mecp2 rats and control rats improved at
consonant discrimination over time, and were significantly more accurate after a month of
training (F(19,171) = 40.34, p < 0.0001, two-way repeated measures ANOVA, Figure 6a).
Following the consonant discrimination task, all rats switched to a vowel discrimination
task. Rats were trained to press the lever in response to the target sound ‘dad’, and refrain
from pressing the lever in response to the non-target sounds ‘deed’, ‘dood’, and ‘dud’. For
the vowel discrimination task, Mecp2 rats did not perform significantly different compared
to control rats (F(1,126) = 0, p = 0.99, two-way repeated measures ANOVA, Figure 6b).
After 3 weeks of training, there was no improvement in vowel discrimination performance
because both groups performed the task accurately on the first day (F(14,126) = 1.22, p =
0.27, two-way repeated measures ANOVA, Figure 6b). These findings demonstrate that
Mecp? rats are able to detect, respond to, and discriminate speech sounds as well as control
rats.

Despite normal speech discrimination abilities in quiet, discrimination of speech sounds was
impaired in Mecp2 mutant rats in varying levels of background noise. For the speech in
noise task, rats were trained to discriminate speech sounds by both the initial consonant and
the vowel, and had to press the lever in response to the target sound ‘dad’, and refrain from
pressing the lever in response to any of the non-target sounds (‘bad’, ‘deed’, ‘dood’, ‘dud’,
‘gad’, ‘sad’, and ‘tad”). During the first week of speech in noise training, Mecp2 rats were
significantly impaired at discriminating the speech sounds compared to control rats (F(1,40)
=28.87, p < 0.0001, 2-way ANOVA, Figure 7a). Mecp2 rats were unimpaired during quiet
blocks, but were significantly impaired when the signal to noise ratio was +12, +6, and 0 dB
(48, 54, and 60 dB noise levels). Both Mecp2 rats and control rats were unable to perform
the task above chance levels (p > 0.05, Figure 7a) when the signal to noise ratio was —-12 dB
(72 dB noise level). After 3 weeks of training on this speech in noise task, Mecp2 rats
significantly improved their performance on this task, and were unimpaired at all noise
levels compared to control rats (F(1,98) = 4.31, p = 0.08, 2-way repeated measures
ANOVA, Figure 7c). Extensive speech training was able to ameliorate the speech
discrimination deficit observed in Mecp2 rats in the presence of background noise and
restore discrimination abilities to control levels.

Speech training alters the cortical response to speech sounds in Mecp?2 rats

Auditory cortex responses were recorded in speech-trained rats following completion of 10
weeks of discrimination training in order to determine whether speech training alters cortical
responses to speech sounds in Mecp? rats. Although the tonotopic organization of the fields
was unaltered in trained control rats, tonotopy was disrupted in trained Mecp? rats.
Following extensive training, 100% of trained control rats had a statistically significant

Neurobiol Dis. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Engineer et al.

Page 8

correlation between CF and AP location for both AAF (0.65 mean R? for individual trained
control rats) and Al (0.52 mean R2). However, only 40% of trained Mecp? rats had a
statistically significantly correlation between CF and AP location for AAF (0.28 mean R?
for individual trained Mecp2 rats) and only 60% of trained Mecp?2 rats had a significant
correlation for A1 (0.45 mean R2 for individual trained Mecp2 rats). Since tonotopy could
not be used to reliably determine auditory cortex field boundaries for the speech-trained
Mecp? rats, responses from all four fields were pooled together for subsequent analysis of
the four groups of rats.

The auditory cortex response strength to the speech sound onset was 32% stronger in
speech-trained control rats compared to untrained control rats (p < 0.0001, Figure 8a). As
seen in control rats, the onset response strength was also significantly stronger in speech-
trained Mecp2 rats compared to untrained Mecp2 rats (18% stronger, p = 0.0004, Figure 8a).
In contrast, the auditory cortex response strength to the vowel portion of the speech sound
was 17% weaker in speech-trained control rats compared to untrained control rats (p =
0.008, Figure 8b). Similarly, the vowel response strength was significantly weaker in
speech-trained Mecp?2 rats compared to untrained Mecp?2 rats (50% weaker, p < 0.0001,
Figure 8b). In addition to an altered response strength following training, speech-trained rats
also exhibited delayed responses to speech sounds. The onset response latency was 2.2 ms
longer in speech-trained control rats compared to untrained control rats (p < 0.0001). The
onset latency was 2.8 ms longer in speech-trained Mecp2 rats compared to untrained Mecp2
rats (p < 0.0001). These findings suggest that speech training alters auditory cortex similarly
in Mecp? rats and control rats.

The finding that the response to the onset of the speech sound was strengthened while the
response to the vowel portion of the sound was weakened suggests that speech training may
reduce the ability of auditory cortex to follow rapidly presented sounds. Consistent with this
hypothesis, both groups of speech-trained rats were less able to follow rapidly presented
noise burst trains compared to untrained rats. Speech-trained control rats had 15 times more
suppression compared to untrained control rats to the second burst in the train compared to
the first noise burst (43.1 + 3.1% vs. 2.8 £ 3.0%, p < 0.0001, Figure 8c). Speech-trained
Mecp? rats also had significantly greater suppression compared to untrained Mecp2 rats
(75.3 £ 3.1% vs. 55.3 = 2.2%, p < 0.0001, Figure 8c).

Finally, the speech-trained control rats confirmed our earlier observation that speech training
increases the cortical response to lower frequency tones, which are the most intense
frequencies of the speech spectrum (2.6 £ 0.1 spikes in response to a 3 kHz 60 dB tone in
trained control rats vs. 1.7 + 0.1 spikes in untrained control rats, p < 0.0001, Figure 8d and
Supplementary Figure 2a). Speech training failed to increase the response to low frequency
sounds in trained Mecp? rats compared to untrained Mecp? rats. Instead, speech training
significantly decreased the cortical response to low frequency sounds in Mecp?2 rats (1.6 £
0.1 spikes in trained Mecp? rats vs. 2.5 £ 0.1 spikes in untrained Mecp? rats, p < 0.0001,
Figure 8d and Supplementary Figure 2b). This result suggests that although auditory cortex
is plastic in Mecp? rats, it does not respond to speech training entirely in the same way as in
control rats.
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Discussion

Previous studies have documented impaired auditory cortex responses to sound in
individuals with Rett syndrome (Bader et al., 1989; Glaze, 2005; Stach et al., 1994; Stauder
et al., 2006). In this study, we clarify clinical findings by documenting that local field
potential amplitudes in Mecp2 rats were either stronger or weaker, depending on the
auditory field and the peak. Our experiments were conducted in female rats with a
heterozygous Mecp2 loss of function mutation in order to most closely match the
heterozygous mutations found in girls with Rett syndrome. Multiunit responses to the onset
of speech sounds were hyperexcitable in all four auditory fields tested. These neurons had
significantly delayed response latencies, and were unable to follow rapidly presented
sounds. Mecp?2 rats were able to accurately discriminate speech sounds by both consonant
and vowel when presented in quiet, but were significantly impaired at this task when the
speech sounds were presented in background noise. Three weeks of training on this task
significantly improved speech in noise discrimination ability. Following training, auditory
cortex responses were significantly altered in trained rats compared to untrained rats. In both
trained Mecp?2 rats and trained control rats, the response strength to the sound onset
increased, and the response strength to the sustained vowel portion of the sound decreased.
Compared to untrained rats, both trained groups had delayed response latencies and greater
suppression to rapidly presented stimuli. Mecp2 rats showed no evidence of the increase in
the cortical response to low frequency sounds that normally results from extensive speech
sound training, but instead had a significant decrease in the response to low frequency
sounds.

Relationship to previous neurophysiology studies

Individuals with Rett syndrome exhibit delayed auditory cortex responses and normal
auditory brainstem responses (Bader et al., 1989; Kalmanchey, 1990; Stach et al., 1994;
Stauder et al., 2006). Mouse Mecp2 KO models exhibit normal brainstem responses, but
longer latency cortical responses to auditory stimuli (Goffin et al., 2011; Liao et al., 2012).
Our finding of delayed latencies to both tones and speech sounds across the four auditory
cortex fields is consistent with previous findings in both individuals with Rett syndrome and
rodent models of Rett syndrome. The observation that the non-primary auditory fields
appear to have larger response latency deficits compared to primary auditory cortex is
consistent with the previous finding that there is a systematic decline in auditory processing
at increasing levels in the auditory pathway (Bader et al., 1989; Stach et al., 1994). Many
previous studies have confirmed that increased response latencies are associated with
language delays in autism spectrum disorders (Oram Cardy et al., 2008, 2005; Roberts et al.,
2011; Russo et al., 2009). Further studies are needed to examine the relationship between
auditory cortex response latency and speech and language deficits in individuals with Rett
syndrome.

Previous studies documenting the cortical response strength in individuals with Rett
syndrome have been much less clear. While some studies document an increased response
strength (Yamanouchi et al., 1993), others have seen a decreased response strength (Stach et
al., 1994; Stauder et al., 2006). Rodent models of Rett syndrome have also documented
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either an increased (Liao et al., 2012) or decreased (Goffin et al., 2011) auditory cortex
response strength. The current study is the first to document both an increased and a
decreased response strength. In this study, we documented that responses in Mecp?2 rats are
hyperexcitable when there is a long interstimulus interval and hypoexcitable when there is a
short interstimulus interval. Additionally, responses in Mecp?2 rats are hyperexcitable when
sounds are presented at high intensities, and hypoexcitable when sounds are presented at low
intensities. This interesting finding may explain why there are differences in the cortical
response strength in individuals with Rett syndrome in previous studies. However, the
current study was conducted in anesthetized animals; future experiments are needed to
determine if these same findings are observed in awake animals. Many previous studies
have documented GABAergic interneuron and LTP deficits in Rett syndrome, which may be
the mechanism responsible for our finding of both hyper and hypoexcitable responses
depending on the speed and intensity of the sounds (Chao et al., 2010; Della Sala and
Pizzorusso, 2014; Goffin et al., 2014; Medrihan et al., 2008).

Speech training induced plasticity

Previous studies have documented that auditory cortex training-induced plasticity is
dependent upon the demands of the training. For example, primary auditory cortex response
latencies and bandwidths following training can either increase or decrease, depending on
the difficulty level of the trained task (Engineer et al., 2012). Similarly, rats trained on a
series of 6 speech discrimination tasks exhibit A1 map plasticity, while rats trained on a
subset of 1 or 3 speech discrimination tasks did not exhibit A1 map plasticity (C T Engineer
et al., 2014d). These findings suggest that both the extent and the difficulty level of training
can greatly alter the brain’s responses.

It is unknown whether training-induced plasticity is observed in individuals with genetic
conditions, such as Rett syndrome. Individuals with syndromes such as Rett and fragile X
syndrome are often excluded from studies of autism therapy, despite the high prevalence of
autism in these populations. Extensive intervention training in children with idiopathic
autism improves behavior and normalizes brain activity (Dawson et al., 2012; Russo et al.,
2010). Extensive speech training also normalizes auditory cortex activity to speech sounds
in an environmentally induced model of autism, prenatal exposure to valproic acid (C T
Engineer et al., 2014b). Many other models of communication disorders caused by
environmental problems, such as exposure to lead or SSRIs, also exhibit cortical plasticity
and behavioral recovery following rehabilitation training (Zhou et al., 2015; Zhu et al.,
2014).

It is possible that genetic conditions associated with communication disorders are more
difficult to treat with behavioral therapy alone. Extensive speech training was unable to
restore the auditory cortex deficits observed in the Fmrl KO rat model of fragile X
syndrome (C T Engineer et al., 2014c). MECP2 is a gene involved in transcriptional
regulation, and is known to modulate synaptic plasticity (Chahrour and Zoghbi, 2007; Na et
al., 2013). The observation that Mecp2 rats exhibit some aspects of speech training induced
cortical plasticity but not others suggests that the intensity of behavioral therapy required
may depend on the genetic insult. Speech training can normalize auditory cortex responses
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in a rat model of dyslexia exposed to in utero RNAI of Kiaa0319 (Centanni et al., 2014).
This dyslexia model may be less severely impaired because gene expression was abnormal
in only a small percent of neurons. Collectively, these results are consistent with the
hypothesis that the autism spectrum is explained at least in part by the severity of neural
coding and plasticity deficits present in each individual.

Our observation that behavioral training can alter cortical responses in Mecp2 rats suggests
the need to evaluate whether individuals with Rett syndrome can benefit from intensive
behavioral therapy (Sigafoos et al., 2009). Our observation that Mecp?2 rats exhibit similar
neural and behavioral auditory processing problems that are observed in individuals with
Rett syndrome suggests that this model could prove valuable for examining other potential
therapies for Rett syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

e Mecp2 auditory cortex responses to speech sounds were hyperexcitable and
delayed

e Auditory cortex was less able to follow rapidly presented sounds in Mecp2 rats
»  Mecp2 rats were impaired at speech sound discrimination in background noise
»  Extensive speech training improved behavioral and neural responses

» Extensive therapy appears to be effective although plasticity is abnormal
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The local field potential response to speech sounds was altered in Mecp2 rats. Both the
amplitude and the latency of the response to the speech sound ‘dad’ were impaired in Mecp?2
rats compared to control rats in (a) AAF, (b) Al, (c) VAF, and (d) PAF. The gray shading

behind each line indicates SEM across recording sites.
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Figure 2.

The local field potential response amplitude and latency to speech sounds were altered in
Mecp? rats. In (a) AAF, (b) A1, and (c) VAF, the response amplitude was decreased and the
response latency was increased in Mecp?2 rats compared to control rats. (d) In PAF, both the
response amplitude and latency were increased. Stars indicate statistically significant
differences between Mecp2 and control rats (p < 0.05). Error bars indicate SEM across

recording sites.

Neurobiol Dis. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Engineer et al.

)
&

Onset latency (ms)

Page 18

A = B [ ] Control
E§4- ¥ ¥k ¥ ¥ Eg [ I Mecp2 KO
S 8_ S5 Qg 'I'
o 2 3| Q®
o g o0 -} {
o = o =
SEE W fea !
7 £ @ 9
Se 'l 22
Eg 0 . ! =0 0 ] A .
¥ ° AAF A1 VAF PAF 8, AAF A1 VAF PAF

O
o
o

Peak latency (ms)

* X X X * X X X

_ N
O O O O
i
[}
Hi
- N W b
o O O O

AAF A1 VAF PAF AAF A1 VAF PAF
Figure 3.

Sp?eech evoked multiunit responses are altered in Mecp2 rats. (a) Speech sounds evoked a
hyperexcitable response across all four auditory fields in Mecp?2 rats compared to control
rats. The driven response for the speech sound onset was calculated as number of spikes
evoked in the 40 ms onset response to each speech sound. Error bars indicate SEM across
recording sites. Stars indicate a statistically significant difference between Mecp2 rats and
control rats (p < 0.05). (b) The response strength during the vowel portion of the speech
sound was unaltered in Mecp2 rats compared to control rats. The (c) onset and (d) peak
response latency to speech sounds were significantly delayed in Mecp2 rats compared to
control rats.
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The response to rapidly presented sounds is impaired in Mecp2 rats. While the response to
the first noise burst in a train of noise bursts was stronger in Mecp? rats, the response to the
second noise burst was significantly weaker in Mecp2 rats compared to control rats. There
was greater suppression in (a) AAF, (b) Al, and (c) VAF, but not (d) PAF. Error bars
indicate SEM across recording sites. Stars indicate a statistically significant difference

between Mecp2 rats and control rats (p < 0.05).
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Figure 5.
The response to tones presented at varying tone intensities was altered in Mecp?2 rats

compared to control rats in (a) AAF, (b) Al, (c) VAF, and (d) PAF. Across all four fields,
Mecp2 rats evoked a weaker response to low intensity tones compared to control rats.
However, in AAF and A1, Mecp2 rats also evoked a stronger response to high intensity
tones compared to control rats. Error bars indicate SEM across recording sites. Stars indicate
a statistically significant difference between Mecp2 rats and control rats (p < 0.0031
Bonferroni corrected). The response at each tone frequency and tone intensity combination
is shown in Supplementary Figure 1.
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Consonant and vowel discrimination ability was unimpaired in Mecp2 mutant rats. (a)
Mecp2 and control rats were trained to perform a consonant discrimination task, where they
pressed a lever in response to the speech sound “‘dad’, and refrained from lever pressing to
the speech sounds ‘bad’, ‘gad’, ‘sad’, and ‘tad’. Error bars indicate SEM across rats. The
dashed line indicates chance performance (50%). (b) Mecp2 and control rats were trained to
perform a vowel discrimination task, where they pressed a lever in response to the speech
sound “‘dad’, and refrained from lever pressing to the speech sounds “‘deed’, ‘dood’, and

‘dud’.
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Figure 7.
Discrimination of speech sounds in varying levels of background noise is impaired in Mecp2

rats. (a) Rats were tested on their ability to discriminate speech sounds in varying levels of
background speech-shaped noise. While there was no significant difference in behavioral
accuracy at discriminating speech sounds in quiet (0 dB noise level), Mecp2 rats were
significantly impaired at speech sound discrimination in increasing levels of background
noise compared to control rats during the first week of training. All speech sounds were
presented so that the loudest 100 ms of the vowel was 60 dB. Error bars indicate SEM
across rats (n = 5 control rats; n =5 Mecp?2 rats). Stars indicate a statistically significant
difference between Mecp2 and control rats (p < 0.05). The dashed line indicates chance
performance at 50% correct. Mecp2 rats improved at the speech in noise task, and there was
no significant difference in performance between Mecp2 rats and control rats for (b) week 2
or (c) week 3.
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The response strength to speech sounds was altered following speech training. (a) Following
training, the onset response to speech sounds was stronger in trained compared to untrained
control rats and was stronger in trained compared to untrained Mecp2 rats. Error bars
indicate SEM across recording sites. Stars indicate a statistically significant difference
between untrained and trained rats (p < 0.05). (b) Following training, the vowel response to
speech sounds was weaker in trained compared to untrained control rats and was weaker in
trained compared to untrained Mecp?2 rats. (c) The percent suppression in response to a rapid
noise burst train presented at 10 Hz increased in both trained groups following speech
training. (d) The response strength to low frequency tones increased in trained compared to
untrained control rats and decreased in trained compared to untrained Mecp? rats.
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Receptive field properties were significantly altered in Mecp2 rats. Mecp2 rats had wider bandwidths,

Table 1

Page 24

increased response latency, and decreased spontaneous firing in all four fields compared to control rats. Bold
numbers marked with a star were significantly different in Mecp2 rats compared to control rats (p < 0.05).

Peak

Threshold  Bandwidth latenc Spontaneous  Driven rate
(dB) 40 (octaves) (m s)y rate (spikes)  (spikes/tone)
Control 154 31 17.2 16.1 3.0
AAF
Mecp2 KO 19.4* 4.1* 19.8* 7.7* 35
Control 11.0 2.7 18.5 16.8 34
Al
Mecp2 KO 14.9* 4.1* 20.8* 9.3* 3.9%
Control 16.9 2.8 22.7 225 3.4
VAF
Mecp2 KO 20.8 4.4*% 38.9* 8.7* 4.0
Control 19.8 35 28.5 15.7 2.8
PAF
Mecp2 KO 11.8* 4.8* 41.7* 7.6* 3.9*
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