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19Individuals with Rett syndrome have greatly impaired speech and language abilities. Auditory brainstem re-
20sponses to sounds are normal, but cortical responses are highly abnormal. In this study, we used the novel rat
21Q4Mecp2 knockout model of Rett syndrome to document the neural and behavioral processing of speech sounds.
22Wehypothesized that both speech discrimination ability and the neural response to speech soundswould be im-
23paired in Mecp2 rats. We expected that extensive speech training would improve speech discrimination ability
24and the cortical response to speech sounds. Our results reveal that speech responses across all four auditory cor-
25tex fields of Mecp2 rats were hyperexcitable, responded slower, and were less able to follow rapidly presented
26sounds. While Mecp2 rats could accurately perform consonant and vowel discrimination tasks in quiet, they
27were significantly impaired at speech sound discrimination in background noise. Extensive speech training im-
28proved discrimination ability. Training shifted cortical responses in both Mecp2 and control rats to favor the
29onset of speech sounds.While training increased the response to low frequency sounds in control rats, the oppo-
30site occurred in Mecp2 rats. Although neural coding and plasticity are abnormal in the rat model of Rett syn-
31drome, extensive therapy appears to be effective. These findings may help to explain some aspects of
32communication deficits in Rett syndrome and suggest that extensive rehabilitation therapy might prove
33beneficial.

34 © 2015 Published by Elsevier Inc.
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39 1. Introduction

40 Individuals with Rett syndrome acquire early developmental skills
41 until 6–18 months of age, followed by rapid regression in speech,
42 motor deficits, respiratory problems, and seizures (Chahrour and
43 Zoghbi, 2007). Loss-of-function mutation of one copy of the MECP2
44 gene is responsible for Rett syndrome and imparts a 50% chance of an
45 autism spectrumdiagnosis (Amir et al., 1999;Wulffaert et al., 2009). So-
46 cial impairments, problemswith speech and language, and sensory pro-
47 cessing difficulties are common in individuals with Rett syndrome
48 (Kaufmann et al., 2012; Lenn et al., 1986; Urbanowicz et al., 2015). Re-
49 cent studies have documented that speech and language abilities and
50 the acquisition of early developmental skills are abnormal even in the
51 pre-regression period; while some milestones are reached, acquisition
52 of these skills is often delayed (Marschik et al., 2013; Neul et al., 2014).
53 The abnormal perception of auditory stimuli appears to play a criti-
54 cal role in the communication difficulties observed in individuals with
55 Rett syndrome. Auditory brainstem responses are normal, which indi-
56 cates that the early stages of the auditory system are intact (Bader

57et al., 1989; Kálmánchey, 1990; Stach et al., 1994; Verma et al., 1987).
58However, individualswith Rett syndrome exhibit severely degraded au-
59ditory cortex responses that have delayed onset latencies and weaker
60amplitudes compared to controls, indicating a decline in auditory pro-
61cessing at higher levels of the auditory system (Bader et al., 1989;
62Glaze, 2005; Stach et al., 1994; Stauder et al., 2006). While almost all
63studies of auditory processing in Rett syndrome use simple clicks or
64tones as the auditory stimuli, a recent study documented cortical re-
65sponses to theword “hi” spoken by themother and by female strangers.
66While a familiar voice normally evokes a stronger response than an un-
67familiar voice (Beauchemin et al., 2006, 2011; Purhonen et al., 2004),
68this study found that individuals with Rett syndrome exhibit a stronger
69response to a stranger's voice compared to their mother's voice (Peters
70et al., 2014). More information about the brain's response to speech in
71Rett syndrome may clarify potential rehabilitation therapies.
72No study has ever reported whether rehabilitation training can im-
73prove behavioral performance and neural responses in individuals
74with Rett syndrome. Numerous studies have focused on autism, and
75have documented that behavior and neural responses in individuals
76with autism can improve with behavioral training. Many studies have
77documented that intensive training can ameliorate some autism symp-
78toms (Dawson et al., 2010; Landa et al., 2011;McEachin et al., 1993). For
79example, children with autism who received 20 h of intervention per
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80 week over a period of 2 years exhibit substantial improvements in IQ
81 (+11 points), language scores, and adaptive behavior (Dawson et al.,
82 2010). The children who received intensive intervention also exhibit
83 neural responses that are both faster and stronger compared to children
84 with autism who had received community intervention (Dawson et al.,
85 2010, 2012; Russo et al., 2010).
86 The mouseMecp2 knockout model of Rett syndrome mimics many
87 of the symptoms seen in individuals with Rett syndrome, including sei-
88 zures, poor motor function, anxiety, and object recognition deficits
89 (Stearns et al., 2007). A recent studydemonstrated thatMecp2 knockout
90 mice exhibit normal auditory brainstem responses but delayed auditory
91 cortex responses, consistent with the responses observed in individuals
92 with Rett syndrome (Liao et al., 2012). In this study, we use the novel rat
93 Mecp2 knockout model of Rett syndrome to document speech discrim-
94 ination ability and the cortical processing of speech sounds.Wehypoth-
95 esized that both speech discrimination ability and the neural response
96 to speech soundswould be impaired, as seen in individualswith autism.
97 We then documented speech discrimination ability following extensive
98 speech training aswell as the neural responses to speech sounds follow-
99 ing training. We expected that extensive speech training would im-
100 prove both discrimination ability and the neural responses to speech
101 sounds.

102 2. Methods and materials

103 2.1. Speech sounds

104 The speech sounds ‘bad’, ‘chad’, ‘dad’, ‘dead’, ‘deed’, ‘dood’, ‘dud’,
105 ‘gad’, ‘sad’, ‘shad’, and ‘tad’ were used in this study. These sounds were
106 identical to the sounds used in our previous studies (Engineer et al.,
107 2008, 2014a,b,c; Perez et al., 2013). Each soundwas spoken by a female
108 native English speaker and recorded in a double-walled soundproof
109 booth. Speech sounds were shifted up by 1 octave into the rat hearing
110 range using the STRAIGHT vocoder (Kawahara, 1997). All sounds were
111 presented so that the loudest 100 ms of the vowel was 60 dB SPL.

112 2.2. Mecp2 mutant rat model

113 Thirteen female heterozygous Mecp2 mutant rats were obtained
114 from SAGE Labs (Q5 SD-Mecp2tm1sage, Boyertown, PA) (Wöhr and
115 Scattoni, 2013). These rats have a 71 base pair deletion in Exon 4, and
116 are maintained by breeding heterozygous females with wild type
117 males, each with a Sprague Dawley background. All Mecp2 rats were
118 adult rats past the onset of regression, and were between 5–11 months
119 old. Previous studies have observed behavioral or neurophysiological
120 deficits in female Mecp2 mice between 4–5 months old (Goffin et al.,
121 2011; Liao et al., 2012), although some studies have detected differ-
122 ences in female Mecp2 mice as young as 5–7 weeks old (Johnston
123 et al., 2014; Stearns et al., 2007). Many of the Mecp2 rats in this study
124 had handling-related seizures (83% of the speech trained Mecp2 rats).
125 Female age-matched Sprague Dawley control rats were obtained from
126 Charles River Laboratories. TheUniversity of Texas atDallas Institutional
127 Animal Care and Use Committee approved all protocols and recording
128 procedures.

129 2.3. Speech discrimination training

130 Six Mecp2 mutant rats and five experimentally naïve control rats
131 were trained to discriminate speech sounds. All speech discrimination
132 training tasks and procedures were identical to the speech discrimina-
133 tion training in our previous studies (Engineer et al., 2008, 2014b,c,
134 2015; Perez et al., 2013; Shetake et al., 2011). Rats were first trained
135 to press a lever in response to the target speech sound ‘dad’. Rats were
136 trained on this target detection task until they reached a performance
137 criteria of a session d' ≥ 1.5 for 10 sessions. Each rat trained for two
138 1 hour sessions per day, 5 days per week. Following the target detection

139task, rats were trained to discriminate speech sounds differing in initial
140consonant. For this consonant discrimination task, rats were trained to
141press the lever in response to the target sound ‘dad’, and refrain from
142pressing the lever in response to the non-target sounds (‘bad’, ‘gad’,
143‘sad’, and ‘tad’). Rats received a 45 mg sugar pellet reward for a correct
144lever press in response to the target sound, and received a 6 second
145timeout where the training program paused and the booth lights were
146extinguished for an incorrect lever press in response to a non-target
147sound. Each rat trained on the consonant discrimination task for
14820 days. Following the consonant discrimination task, rats were trained
149to discriminate speech sounds differing in vowel. For this vowel dis-
150crimination task, rats were trained to press the lever in response to
151the target sound ‘dad’, and refrain from pressing the lever in response
152to the non-target sounds (‘deed’, ‘dood’, and ‘dud’). Each rat trained
153on the vowel discrimination task for 15 days. Following the vowel dis-
154crimination task, rats were trained to discriminate speech sounds in
155the presence of varying levels of background noise. For this speech in
156noise task, rats were trained to press the lever in response to the target
157sound ‘dad’, and refrain frompressing the lever in response to any of the
158previously trained non-target sounds (‘bad’, ‘gad’, ‘sad’, ‘tad’, ‘deed’,
159‘dood’, and ‘dud’). The speech-shaped background noise was presented
160in blocks at 0, 48, 54, 60, and 72 dB, as in our previous studies (Centanni
161et al., 2014; Engineer et al., 2015; Shetake et al., 2011). Each rat trained
162on the speech in noise task for 15 days. Throughout training, the 5 out of
163the 6 trainedMecp2 rats that experienced a seizure before a training ses-
164sionwere not trained for that session, andwere given full access to food
165and water.

1662.4. Auditory cortex recordings

167Auditory cortex responseswere recorded from 1660 driven auditory
168cortex recording sites in 23 rats: 7 untrainedMecp2mutant rats (469 re-
169cording sites), 5 untrained experimentally naïve control rats (345 re-
170cording sites), 6 speech-trained Mecp2 mutant rats (413 recording
171sites), and 5 speech-trained control rats (433 recording sites). All re-
172cording procedures were identical to the recording procedures in our
173previous studies (Engineer et al., 2014a,c, 2015). In each rat, local field
174potential and multi-unit responses were recorded from 4 auditory
175fields: anterior auditory field (AAF), primary auditory cortex (A1), ven-
176tral auditory field (VAF), and posterior auditory field (PAF). Rats were
177anesthetized with sodium pentobarbital (50 mg/kg), and received sup-
178plemental doses of dilute pentobarbital (8 mg/mL) throughout the ex-
179periment. Responses were recorded from layers 4/5 of right auditory
180cortex using 4 simultaneously lowered Parylene-coated tungsten mi-
181croelectrodes (1.5–2.5 MΩ, FHC). Sound presentation and data record-
182ing was performed using Tucker-Davis Technologies software (SigGen
183and BrainWare) and hardware (RP2 and RX5). At each recording site,
1841440 tones were randomly interleaved and presented at varying tone
185frequencies (1–48 kHz in 0.125 octave steps) and intensities (0–75 dB
186in 5 dB steps). Noise burst trains were presented at 7, 10, 12.5, and
18715 Hz (6 noise bursts per train, 20 repeats per speed). Twenty repeats
188of 11 speech sounds were also presented at each recording site, includ-
189ing 3 novel speech sounds (‘bad’, ‘chad’, ‘dad’, ‘dead’, ‘deed’, ‘dood’, ‘dud’,
190‘gad’, ‘sad’, ‘shad’, and ‘tad’).

1912.5. Data analysis

192All data analysis was performed using customMATLAB software that
193blinds the researcher to the experimental groups. The local field poten-
194tial peak amplitudes and latencies were quantified by finding the mini-
195mum (N1 and N2) andmaximum (P2 and P3) amplitude peaks and the
196response latency at each peak. Themulti-unit response strength evoked
197by speech soundswasquantified for the 40msonset response to the ini-
198tial consonant as well as the 300 ms response to the vowel. The re-
199sponse strength was the number of driven spikes evoked during each
200time window after first removing the spontaneous firing level. The
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201 onset latency was the latency of the first spike following the presenta-
202 tion of the speech sound. The peak latency was the latency of the max-
203 imum firing rate. For the noise burst trains, thefiring ratewas defined as
204 the peak firing rate evoked for the first and second noise bursts within
205 30 ms after presentation of the noise burst. For each recording site,
206 the frequency that evoked a response at the lowest intensity was de-
207 fined as the characteristic frequency (CF). The intensity at the CF was
208 defined as the threshold for that site. The range of frequencies that
209 evoked a response 40 dB above the threshold was defined as the band-
210 width for that site. The spontaneous firing rate at each site was defined
211 as the firing rate recorded before presentation of the sound (during
212 silence).
213 Behavioral performance was quantified in units of percent correct,
214 which is the average of correct lever presses to the target sound and cor-
215 rect rejections to the non-target sounds. Two-way repeated measures
216 ANOVAswith Tukey–Kramer post hoc tests were used to determine sta-
217 tistical significance. The metric d' was used to quantify behavioral per-
218 formance on the detection stage of training in order to advance to the
219 discrimination stages of training. A d' of 0 indicates an inability to distin-
220 guish between target and non-target sounds, while a d' of 1.5 indicates
221 that rats can reliably press the lever in response to the target sound and
222 refrain from pressing in response to a non-target sound (Stanislaw and
223 Todorov, 1999).

224 3. Results

225 3.1. Mecp2 mutation alters the auditory cortex response to speech sounds

226 Previous literature has documented that cortical auditory evoked
227 potentials are abnormal in individuals with Rett syndrome (Bader
228 et al., 1989; Stach et al., 1994; Stauder et al., 2006). Each study docu-
229 mented prolonged response latencies. However, the response ampli-
230 tude is less consistently documented. In this study, auditory cortex
231 local field potential and multiunit responses were recorded from four
232 auditory cortex fields in Mecp2 and control rats: anterior auditory field
233 (AAF), primary auditory cortex (A1), ventral auditory field (VAF), and
234 posterior auditory field (PAF). The N1 potential amplitude was unal-
235 tered in each of the auditory fields except PAF,whereMecp2 rats evoked
236 a stronger response amplitude compared to control rats (Figs. 1 & 2). In
237 contrast to PAF, each of the other auditory cortex fields evoked aweaker
238 P2, N2, and P3 response inMecp2 rats compared to control rats (Fig. 2A,

239B, C). Although the response amplitudes were not consistent across au-
240ditory fields, the response latency was consistently slower across all
241four fields (Fig. 2). This finding that the response latency is consistently
242slower while the response amplitude is stronger or weakermay explain
243the response amplitude inconsistencies reported between studies in in-
244dividuals with Rett syndrome.
245Across all four auditory fields,multi-unit responses to speech sounds
246were significantly hyperexcitable in Mecp2 rats compared to control
247rats. The response strength to the onset of the speech sounds was 35%
248stronger in AAF (p=0.005), 45% stronger in A1 (p b 0.0001), 42% stron-
249ger in VAF (p= 0.02), and 70% stronger in PAF inMecp2 rats compared
250to control rats (p = 0.0008, Fig. 3A). In spite of this hyperexcitable re-
251sponse to the onset of speech sounds, the response strength to the
252vowel portion of the sound was not significantly different in Mecp2
253rats compared to control rats (p N 0.05, Fig. 3B). This finding is consis-
254tent with the hyperexcitable neural responses observed in individuals
255with Rett syndrome and the mouse model of Rett syndrome (Glaze,
2562005; Liao et al., 2012).
257In addition to having significantly more excitable responses, Mecp2
258responses to speech sounds were also significantly delayed. The onset
259latency to speech sounds was 5.9 ms later in AAF (p b 0.0001), 5.1 ms
260later in A1 (p b 0.0001), 6.4 ms later in VAF (p b 0.0001), and 5.3 ms
261later in PAF in Mecp2 rats compared to control rats (p b 0.0001,
262Fig. 3C). The latency to maximum (peak) firing in response to speech
263sounds was also significantly delayed in Mecp2 rats. The peak latency
264was 14.7 ms later in AAF (p b 0.0001), 5.5 ms later in A1 (p b 0.0001),
26519.1 ms later in VAF (p b 0.0001), and 20.2 ms later in PAF (p b
2660.0001) in Mecp2 rats compared to control rats (Fig. 3D). In each of
267the fields, the response latency delay was greater for the peak latency
268compared to the onset latency, suggesting that Mecp2 neurons may
269have trouble following rapidly presented sounds.
270To test the hypothesis that Mecp2 neurons were unable to keep up
271with rapidly presented sounds, trains of noise bursts were presented
272at varying presentation rates (7, 10, 12.5, and 15 Hz). Mecp2 neurons
273were unable to follow rapidly presented noise burst trains compared
274to control neurons (Fig. 4). In AAF, A1, and VAF, the response to the sec-
275ond noise burst in the trainwas significantly weaker inMecp2 rats com-
276pared to control rats, particularly for themost rapidly presented sounds
277(p b 0.05, Fig. 4). For example inMecp2 rats, the response to the second
278of two noise bursts separated by 80mswas less than half that of control
279rats. These results confirm that responses to temporally modulated
280sounds are impaired in Mecp2 rats.
281Receptive field properties were also significantly impaired inMecp2
282rats across all four auditory cortex fields. The response strength to tones
283was differentially altered depending on the tone intensity. In AAF and
284A1,Mecp2 rats exhibited aweaker response to quiet tones but a stronger
285response to louder tones compared to control rats (p b 0.0031
286Bonferroni corrected, Fig. 5A, B and Supplementary Fig. 1). These fields
287are known to be tonotopically organized, and the organization of both
288fields was largely unaffected in Mecp2 rats. Each individual control rat
289had a statistically significant correlation between characteristic fre-
290quency and anterior–posterior (AP) location for AAF (0.59 mean R2 for
291individual control rats, p b 0.05) and A1 (0.72 mean R2 for individual
292control rats, p b 0.05). InMecp2 rats, 86% of rats had a statistically signif-
293icant correlation between CF and AP location for AAF (0.48 mean R2 for
294individualMecp2 rats, p b 0.05), and 100% of rats had a statistically sig-
295nificant correlation between CF and AP location for A1 (0.76meanR2 for
296individual Mecp2 rats, p b 0.05). Cortical neurons in Mecp2 KO rats
297responded to a wider range of tone frequencies, responded slower to
298tones, and had less spontaneous firing compared to control rats
299(Table 1). Mecp2 rats had tone frequency bandwidths that were 1.0–
3001.6 octaves wider than control rats across all four fields (p b 0.0001,
301Table 1). The peak response latency was significantly slower in Mecp2
302rats, and was 2.6 ms slower in AAF (p b 0.0001), 2.3 ms slower in A1
303(p b 0.0001), 16.2 ms slower in VAF (p b 0.0001), and 13.2 ms slower
304in PAF (p = 0.0007, Table 1). In addition, Mecp2 rats had significantly

Fig. 1. The local field potential response to speech sounds was altered inMecp2 rats. Both
the amplitude and the latency of the response to the speech sound ‘dad’were impaired in
Mecp2 rats compared to control rats in (A) AAF, (B) A1, (C) VAF, and (D) PAF. The gray
shading behind each line indicates SEM across recording sites.
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305 less spontaneousfiringwhenno stimuluswaspresent compared to con-
306 trol rats in each of the auditory fields (p b 0.0001, Table 1).

307 3.2. Mecp2 mutation impairs speech discrimination ability

308 Eleven rats were trained to discriminate between speech sounds
309 that differed in their initial consonant or vowel (n = 6 Mecp2 rats,
310 n = 5 control rats). All rats were first trained on a consonant discrimi-
311 nation task, where they learned to press the lever in response to the tar-
312 get sound ‘dad’, and refrain from pressing the lever in response to the
313 non-target sounds ‘bad’, ‘gad’, ‘sad’, and ‘tad’. Mecp2 KO rats did not

314perform significantly differently on the consonant discrimination task
315compared to control rats (F(1,171)= 1.27, p= 0.29, two-way repeated
316measures ANOVA, Fig. 6A). BothMecp2 rats and control rats improved at
317consonant discrimination over time, and were significantly more accu-
318rate after a month of training (F(19,171) = 40.34, p b 0.0001, two-
319way repeated measures ANOVA, Fig. 6A). Following the consonant dis-
320crimination task, all rats switched to a vowel discrimination task. Rats
321were trained to press the lever in response to the target sound ‘dad’,
322and refrain frompressing the lever in response to the non-target sounds
323‘deed’, ‘dood’, and ‘dud’. For the vowel discrimination task, Mecp2 rats
324did not perform significantly different compared to control rats

Fig. 2. The local field potential response amplitude and latency to speech soundswere altered inMecp2 rats. In (A) AAF, (B) A1, and (C) VAF, the response amplitudewas decreased and the
response latency was increased inMecp2 rats compared to control rats. (D) In PAF, both the response amplitude and latency were increased. Stars indicate statistically significant differ-
ences betweenMecp2 and control rats (p b 0.05). Error bars indicate SEM across recording sites.
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325 (F(1,126) = 0, p = 0.99, two-way repeated measures ANOVA, Fig. 6B).
326 After 3 weeks of training, there was no improvement in vowel discrim-
327 ination performance because both groups performed the task accurately
328 on the first day (F(14,126) = 1.22, p = 0.27, two-way repeated mea-
329 sures ANOVA, Fig. 6B). These findings demonstrate that Mecp2 rats are
330 able to detect, respond to, and discriminate speech sounds as well as
331 control rats.
332 Despite normal speech discrimination abilities in quiet, discrimina-
333 tion of speech sounds was impaired in Mecp2 mutant rats in varying
334 levels of background noise. For the speech in noise task, rats were

335trained to discriminate speech sounds by both the initial consonant
336and the vowel, and had to press the lever in response to the target
337sound ‘dad’, and refrain from pressing the lever in response to any of
338the non-target sounds (‘bad’, ‘deed’, ‘dood’, ‘dud’, ‘gad’, ‘sad’, and ‘tad’).
339During thefirst week of speech in noise training,Mecp2 ratswere signif-
340icantly impaired at discriminating the speech sounds compared to con-
341trol rats (F(1,40) = 28.87, p b 0.0001, 2-way ANOVA, Fig. 7A). Mecp2
342rats were unimpaired during quiet blocks, but were significantly im-
343paired when the signal to noise ratio was +12, +6, and 0 dB (48, 54,
344and 60 dB noise levels). Both Mecp2 rats and control rats were unable
345to perform the task above chance levels (p N 0.05, Fig. 7A)when the sig-
346nal to noise ratiowas−12 dB (72 dB noise level). After 3weeks of train-
347ing on this speech in noise task,Mecp2 rats significantly improved their
348performance on this task, and were unimpaired at all noise levels com-
349pared to control rats (F(1,98) = 4.31, p = 0.08, 2-way repeated
350measures ANOVA, Fig. 7C). Extensive speech training was able to ame-
351liorate the speech discrimination deficit observed in Mecp2 rats in the
352presence of background noise and restore discrimination abilities to
353control levels.

3543.3. Speech training alters the cortical response to speech sounds in Mecp2
355rats

356Auditory cortex responses were recorded in speech-trained rats fol-
357lowing completion of 10weeks of discrimination training in order to de-
358termine whether speech training alters cortical responses to speech
359sounds inMecp2 rats. Although the tonotopic organization of the fields
360was unaltered in trained control rats, tonotopywas disrupted in trained
361Mecp2 rats. Following extensive training, 100% of trained control rats
362had a statistically significant correlation between CF and AP location
363for both AAF (0.65 mean R2 for individual trained control rats) and A1
364(0.52 mean R2). However, only 40% of trainedMecp2 rats had a statisti-
365cally significantly correlation between CF and AP location for AAF (0.28
366mean R2 for individual trained Mecp2 rats) and only 60% of trained
367Mecp2 rats had a significant correlation for A1 (0.45meanR2 for individ-
368ual trainedMecp2 rats). Since tonotopy could not be used to reliably de-
369termine auditory cortex field boundaries for the speech-trained Mecp2

Fig. 3. Speech evokedmultiunit responses are altered inMecp2 rats. (A) Speech sounds evoked a hyperexcitable response across all four auditory fields inMecp2 rats compared to control
rats. The driven response for the speech sound onsetwas calculated as number of spikes evoked in the 40ms onset response to each speech sound. Error bars indicate SEMacross recording
sites. Stars indicate a statistically significant difference betweenMecp2 rats and control rats (p b 0.05). (B) The response strength during the vowel portion of the speech sound was un-
altered inMecp2 rats compared to control rats. The (C) onset and (D) peak response latency to speech sounds were significantly delayed inMecp2 rats compared to control rats.

Fig. 4. The response to rapidly presented sounds is impaired inMecp2 rats. While the re-
sponse to the first noise burst in a train of noise bursts was stronger inMecp2 rats, the re-
sponse to the second noise burst was significantly weaker in Mecp2 rats compared to
control rats. There was greater suppression in (A) AAF, (B) A1, and (C) VAF, but not
(D) PAF. Error bars indicate SEM across recording sites. Stars indicate a statistically signif-
icant difference between Mecp2 rats and control rats (p b 0.05).
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370 rats, responses from all four fields were pooled together for subsequent
371 analysis of the four groups of rats.
372 The auditory cortex response strength to the speech sound onset
373 was 32% stronger in speech-trained control rats compared to untrained
374 control rats (p b 0.0001, Fig. 8A). As seen in control rats, the onset re-
375 sponse strength was also significantly stronger in speech-trained
376 Mecp2 rats compared to untrained Mecp2 rats (18% stronger, p =
377 0.0004, Fig. 8A). In contrast, the auditory cortex response strength to
378 the vowel portion of the speech sound was 17% weaker in speech-
379 trained control rats compared to untrained control rats (p = 0.008,
380 Fig. 8B). Similarly, the vowel response strengthwas significantlyweaker
381 in speech-trained Mecp2 rats compared to untrained Mecp2 rats (50%
382 weaker, p b 0.0001, Fig. 8B). In addition to an altered response strength
383 following training, speech-trained rats also exhibited delayed responses
384 to speech sounds. The onset response latency was 2.2 ms longer in
385 speech-trained control rats compared to untrained control rats (p b
386 0.0001). The onset latency was 2.8 ms longer in speech-trained Mecp2
387 rats compared to untrainedMecp2 rats (p b 0.0001). Thesefindings sug-
388 gest that speech training alters auditory cortex similarly in Mecp2 rats
389 and control rats.
390 The finding that the response to the onset of the speech sound was
391 strengthened while the response to the vowel portion of the sound
392 was weakened suggests that speech training may reduce the ability of
393 auditory cortex to follow rapidly presented sounds. Consistent with
394 this hypothesis, both groups of speech-trained rats were less able to

395follow rapidly presented noise burst trains compared to untrained
396rats. Speech-trained control rats had 15 times more suppression com-
397pared to untrained control rats to the second burst in the train com-
398pared to the first noise burst (43.1 ± 3.1% vs. 2.8 ± 3.0%, p b 0.0001,
399Fig. 8C). Speech-trained Mecp2 rats also had significantly greater sup-
400pression compared to untrained Mecp2 rats (75.3 ± 3.1% vs. 55.3 ±
4012.2%, p b 0.0001, Fig. 8C).
402Finally, the speech-trained control rats confirmed our earlier obser-
403vation that speech training increases the cortical response to lower fre-
404quency tones, which are the most intense frequencies of the speech
405spectrum (2.6 ± 0.1 spikes in response to a 3 kHz 60 dB tone in trained
406control rats vs. 1.7 ± 0.1 spikes in untrained control rats, p b 0.0001,
407Fig. 8D and Supplementary Fig. 2A). Speech training failed to increase
408the response to low frequency sounds in trained Mecp2 rats compared
409to untrainedMecp2 rats. Instead, speech training significantly decreased
410the cortical response to low frequency sounds in Mecp2 rats (1.6 ± 0.1
411spikes in trained Mecp2 rats vs. 2.5 ± 0.1 spikes in untrained Mecp2
412rats, p b 0.0001, Fig. 8D and Supplementary Fig. 2B). This result suggests
413that although auditory cortex is plastic in Mecp2 rats, it does not
414respond to speech training entirely in the same way as in control rats.

4154. Discussion

416Previous studies have documented impaired auditory cortex re-
417sponses to sound in individuals with Rett syndrome (Bader et al.,

Fig. 5. The response to tones presented at varying tone intensities was altered inMecp2 rats compared to control rats in (A) AAF, (B) A1, (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 betweenMecp2 rats and control rats (p b 0.0031 Bonferroni corrected). The
response at each tone frequency and tone intensity combination is shown in Supplementary Fig. 1.

t1:1 Table 1
t1:2Q1 Receptive field properties were significantly altered inMecp2 rats.Mecp2 rats had wider bandwidths, increased response latency, and decreased spontaneous firing in all four fields com-
t1:3 pared to control rats. Bold numbers marked with a star were significantly different inMecp2 rats compared to control rats (p b 0.05).

t1:4 Threshold (dB) Bandwidth 40 (octaves) Peak latency (ms) Spontaneous rate (spikes) Driven rate (spikes/tone)

t1:5 AAF Control 15.4 3.1 17.2 16.1 3.0
t1:6 Mecp2 KO 19.4* 4.1* 19.8* 7.7* 3.5
t1:7 A1 Control 11.0 2.7 18.5 16.8 3.4
t1:8 Mecp2 KO 14.9* 4.1* 20.8* 9.3* 3.9*
t1:9 VAF Control 16.9 2.8 22.7 22.5 3.4
t1:10 Mecp2 KO 20.8 4.4* 38.9* 8.7* 4.0
t1:11 PAF Control 19.8 3.5 28.5 15.7 2.8
t1:12 Mecp2 KO 11.8* 4.8* 41.7* 7.6* 3.9*
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418 1989; Glaze, 2005; Stach et al., 1994; Stauder et al., 2006). In this study,
419 we clarify clinical findings by documenting that local field potential am-
420 plitudes inMecp2 ratswere either stronger orweaker, depending on the
421 auditory field and the peak. Our experiments were conducted in female
422 rats with a heterozygous Mecp2 loss of function mutation in order to
423 most closely match the heterozygous mutations found in girls with
424 Rett syndrome. Multiunit responses to the onset of speech sounds
425 were hyperexcitable in all four auditory fields tested. These neurons
426 had significantly delayed response latencies, and were unable to follow
427 rapidly presented sounds. Mecp2 rats were able to accurately discrimi-
428 nate speech sounds by both consonant and vowel when presented in
429 quiet, but were significantly impaired at this task when the speech
430 sounds were presented in background noise. Three weeks of training

431on this task significantly improved speech in noise discrimination abili-
432ty. Following training, auditory cortex responses were significantly al-
433tered in trained rats compared to untrained rats. In both trained
434Mecp2 rats and trained control rats, the response strength to the
435sound onset increased, and the response strength to the sustained
436vowel portion of the sound decreased. Compared to untrained rats,
437both trained groups had delayed response latencies and greater sup-
438pression to rapidly presented stimuli. Mecp2 rats showed no evidence
439of the increase in the cortical response to low frequency sounds that
440normally results from extensive speech sound training, but instead
441had a significant decrease in the response to low frequency sounds.

4424.1. Relationship to previous neurophysiology studies

443Individuals with Rett syndrome exhibit delayed auditory cortex re-
444sponses and normal auditory brainstem responses (Bader et al., 1989;
445Kálmánchey, 1990; Stach et al., 1994; Stauder et al., 2006). Mouse
446Mecp2KOmodels exhibit normal brainstem responses, but longer laten-
447cy cortical responses to auditory stimuli (Goffin et al., 2011; Liao et al.,
4482012). Our finding of delayed latencies to both tones and speech sounds
449across the four auditory cortex fields is consistent with previous find-
450ings in both individuals with Rett syndrome and rodent models of Rett
451syndrome. The observation that the non-primary auditory fields appear
452to have larger response latency deficits compared to primary auditory
453cortex is consistent with the previous finding that there is a systematic
454decline in auditory processing at increasing levels in the auditory path-
455way (Bader et al., 1989; Stach et al., 1994). Many previous studies have
456confirmed that increased response latencies are associated with lan-
457guage delays in autism spectrum disorders (Oram Cardy et al., 2005,
4582008; Roberts et al., 2011; Russo et al., 2009). Further studies are needed
459to examine the relationship between auditory cortex response latency
460and speech and language deficits in individuals with Rett syndrome.
461Previous studies documenting the cortical response strength in indi-
462viduals with Rett syndrome have been much less clear. While some
463studies document an increased response strength (Yamanouchi et al.,
4641993), others have seen a decreased response strength (Stach et al.,
4651994; Stauder et al., 2006). Rodent models of Rett syndrome have also
466documented either an increased (Liao et al., 2012) or decreased
467(Goffin et al., 2011) auditory cortex response strength. The current
468study is the first to document both an increased and a decreased re-
469sponse strength. In this study, we documented that responses in
470Mecp2 rats are hyperexcitable when there is a long interstimulus

Fig. 6. Consonant and vowel discrimination ability was unimpaired inMecp2mutant 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
ratswere trained to perform a vowel discrimination task,where they pressed a lever in re-
sponse to the speech sound ‘dad’, and refrained from lever pressing to the speech sounds
‘deed’, ‘dood’, and ‘dud’.

Fig. 7.Discrimination of speech sounds in varying levels of background noise is impaired inMecp2 rats. (A) Ratswere 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 100msof the vowelwas 60dB. Error bars indicate SEMacross rats (n=5control rats; n=5Mecp2 rats). Stars indicate a statistically significant differencebetweenMecp2 and control
rats (p b 0.05). Thedashed line indicates chance performance at 50% correct.Mecp2 rats improved at the speech in noise task, and therewas no significant difference in performance between
Mecp2 rats and control rats for (B) week 2 or (C) week 3.
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471 interval and hypoexcitable when there is a short interstimulus interval.
472 Additionally, responses in Mecp2 rats are hyperexcitable when sounds
473 are presented at high intensities, and hypoexcitable when sounds are
474 presented at low intensities. This interesting finding may explain why
475 there are differences in the cortical response strength in individuals
476 with Rett syndrome in previous studies. However, the current study
477 was conducted in anesthetized animals; future experiments are needed
478 to determine if these same findings are observed in awake animals.
479 Many previous studies have documented GABAergic interneuron and
480 LTP deficits in Rett syndrome,whichmay be themechanism responsible
481 for our finding of both hyper and hypoexcitable responses depending
482 on the speed and intensity of the sounds (Chao et al., 2010; Della Sala
483 and Pizzorusso, 2014; Goffin et al., 2014; Medrihan et al., 2008).

484 4.2. Speech training induced plasticity

485 Previous studies have documented that auditory cortex training-
486 induced plasticity is dependent upon the demands of the training. For
487 example, primary auditory cortex response latencies and bandwidths
488 following training can either increase or decrease, depending on the dif-
489 ficulty level of the trained task (Engineer et al., 2012). Similarly, rats
490 trained on a series of 6 speech discrimination tasks exhibit A1map plas-
491 ticity, while rats trained on a subset of 1 or 3 speechdiscrimination tasks
492 did not exhibit A1map plasticity (Engineer et al., 2014d). These findings
493 suggest that both the extent and thedifficulty level of training can great-
494 ly alter the brain's responses.
495 It is unknown whether training-induced plasticity is observed in in-
496 dividuals with genetic conditions, such as Rett syndrome. Individuals
497 with syndromes such as Rett and fragile X syndrome are often excluded
498 from studies of autism therapy, despite the high prevalence of autism in
499 these populations. Extensive intervention training in childrenwith idio-
500 pathic autism improves behavior and normalizes brain activity
501 (Dawson et al., 2012; Russo et al., 2010). Extensive speech training
502 also normalizes auditory cortex activity to speech sounds in an environ-
503 mentally induced model of autism, prenatal exposure to valproic acid

504(Engineer et al., 2014b). Many other models of communication disor-
505ders caused by environmental problems, such as exposure to lead or
506SSRIs, also exhibit cortical plasticity and behavioral recovery following
507rehabilitation training (Zhou et al., 2015; Zhu et al., 2014).
508It is possible that genetic conditions associatedwith communication
509disorders are more difficult to treat with behavioral therapy alone. Ex-
510tensive speech training was unable to restore the auditory cortex defi-
511cits observed in the Fmr1 KO rat model of fragile X syndrome
512(Engineer et al., 2014c).MECP2 is a gene involved in transcriptional reg-
513ulation, and is known to modulate synaptic plasticity (Chahrour and
514Zoghbi, 2007; Na et al., 2013). The observation that Mecp2 rats exhibit
515some aspects of speech training induced cortical plasticity but not
516others suggests that the intensity of behavioral therapy required may
517depend on the genetic insult. Speech training can normalize auditory
518cortex responses in a rat model of dyslexia exposed to in utero RNAi
519of Kiaa0319 (Centanni et al., 2014). This dyslexia model may be less se-
520verely impaired because gene expression was abnormal in only a small
521percent of neurons. Collectively, these results are consistent with the
522hypothesis that the autism spectrum is explained at least in part by
523the severity of neural coding and plasticity deficits present in each
524individual.
525Our observation that behavioral training can alter cortical responses
526in Mecp2 rats suggests the need to evaluate whether individuals with
527Rett syndrome can benefit from intensive behavioral therapy (Sigafoos
528et al., 2009). Our observation that Mecp2 rats exhibit similar neural and
529behavioral auditory processingproblems that are observed in individuals
530withRett syndrome suggests that thismodel could prove valuable for ex-
531amining other potential therapies for Rett syndrome.
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Fig. 8. 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 untrainedMecp2 rats. Error bars indicate SEM across recording sites. Stars indicate a statistically significant difference be-
tween untrained and trained rats (p b 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 untrainedMecp2 rats. (C) The percent suppression in response to a rapid noise burst train presented at 10Hz increased in both trained groups following speech train-
ing. (D) The response strength to low frequency tones increased in trained compared to untrained control rats and decreased in trained compared to untrained Mecp2 rats.
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537 Appendix A. Supplementary data

538 Supplementary data to this article can be found online at http://dx.
539 doi.org/10.1016/j.nbd.2015.08.019.
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