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Abstract 11 

Neural encoding of an ever-changing acoustic environment is a complex and demanding 12 

task that may depend on modulation by the animal´s attention. Some neurons of the inferior 13 

colliculus (IC) exhibit ‘stimulus-specific adaptation (SSA)’, i.e., a decrease in their 14 

response to a repetitive sound but not to a rare one. Previous studies have demonstrated that 15 

acetylcholine (ACh) alters the frequency response areas of auditory neurons and therefore 16 

is important in the encoding of spectral information. Here, we address how 17 

microiontophretic application of ACh modulates SSA in the IC. We found that ACh 18 

decreased SSA in IC neurons by increasing the response to the repetititve tone. This effect 19 

was mainly mediated by muscarinic receptors. The strength of the cholinergic modulation 20 

depended on the baseline SSA level, exerting its greatest effect on neurons with 21 

intermediate SSA responses across cortical IC subdivisions. Our data demonstrates that 22 

ACh alters the sensitivity of partially-adapting IC neurons by switching neural 23 

discriminability to a more linear transmission of sounds. This change serves to increase 24 

ascending sensory-evoked afferent activity propagated through the thalamus en route to the 25 

cortex. Our results provide empirical support for the notion that high ACh levels may 26 

enhance attention to the environment, making neural circuits more responsive to external 27 

sensory stimuli. 28 

29 
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Introduction 30 

Neural encoding of an ever-changing acoustic environment is a complex and demanding 31 

task that may depend on modulation by an animal´s attention or by the demands of ongoing 32 

activity (Sarter et al., 2005; Thiel and Fink, 2008; Edeline, 2012). Neural mechanisms for 33 

detecting sensory changes engage a distributed network of neural circuits that are sensitive 34 

to stimulation history (Ranganath and Rainer, 2003; Grimm and Escera, 2012). 35 

In the auditory brain, neurons that specifically decrease their response to a 36 

repeated sound but resume their firing when deviant stimuli are presented are found in the 37 

primary auditory cortex (AC, Ulanovsky et al., 2003; von der Behrens et al., 2009), 38 

auditory thalamus (Antunes et al., 2010) and inferior colliculus (IC, Perez-Gonzalez, 2005; 39 

Malmierca et al., 2009). This differential response to repeated versus rare sounds is referred 40 

to as ‘stimulus-specific adaptation' (SSA) and might reflect a special type of short-term 41 

plasticity that transiently modulates neural responsiveness in an activity-dependent manner 42 

(Jääskeläinen et al., 2007; Nelken, 2014). SSA may contribute to the upstream encoding of 43 

mismatch signals to repeated and deviant sounds observed at larger spatial and temporal 44 

scales in electroencephalographic studies (Nelken and Ulanovsky, 2007; Escera and 45 

Malmierca 2014; Malmierca et al., 2014). In humans, the encoding of repeated and rare 46 

sounds is affected by top-down processing (Todorovic et al., 2011) and by the application 47 

of modulatory substances, such as cholinergic compounds, that are known to vary across 48 

vigilance and cognitive states (Knott et al., 2014; Moran et al., 2013; Grupe et al., 2013).  49 

An augmentation of aceytlycholine (ACh) release occurs during attention-50 

demanding tasks (Himmelheber et al., 2000; Passetti et al., 2000). The increase in ACh 51 
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modifies circuit dynamics in response to internal and external inputs (Sarter et al., 2005; 52 

Hasselmo and McGaurghy, 2004; Picciotto et al., 2012). It has been suggested that 53 

cholinergic modulation may shift brain activity from a discrimination mode to a detection 54 

mode, thus favoring the encoding of ongoing stimulation (Sarter et al., 2005; Hasselmo and 55 

McGaughy, 2004; Jääskeläinen et al., 2007). In the AC, ACh enhances responses to 56 

afferent sensory input while decreasing intracortical processing (Metherate and Ashe, 1993; 57 

Hsieh et al., 2000). Moreover, previous studies have demonstrated that cholinergic 58 

modulation alters frequency response areas of auditory neurons and therefore is important 59 

in the encoding of spectral representation (Ashe et al., 1989; Metherate and Weinberger, 60 

1989, 1990; Metherate et al., 1990; Ma and Suga, 2005; IC: Ji et al., 2001). 61 

 The main goal of the present study was to analyse what role, if any, ACh plays in 62 

generation or modulation of SSA. We employed microiontophretic application of ACh to 63 

address how ACh affects the responses of IC neurons that exhibit SSA. Preliminary reports 64 

have been presented elsewhere (Ayala and Malmierca, 2014, 2015). 65 

66 
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Material and methods 67 

Subjects and surgical procedures 68 

Experiments were performed on 44 adult female rats (Rattus norvegicus, Rj: Long-Evans) 69 

with body weights ranging from 180–333 g (median ± SEM: 210 ± 0.76 g). All surgical, 70 

recording and histological procedures were conducted at the University of Salamanca, 71 

Spain. The experimental protocols were approved by Animal Care Committees of the 72 

University of Salamanca and followed the standards of the European Union (Directive 73 

2010/63/EU) for the use of animals in neuroscience research. Detailed procedures are given 74 

elsewhere (Malmierca et al., 2003; Malmierca et al., 2009; Perez-Gonzalez et al., 2012). 75 

Anesthesia was induced using a mixture of ketamine chlorohydrate (30 mg/kg, I.M., 76 

Imalgene 1000, Rhone Méreuse, Lyon, France) and xylazine chlorohydrate (5 mg/ Kg, 77 

Rompun, Bayer, Leverkusen, Germany). Body temperature was monitored with a rectal 78 

probe and maintained at 38 ± 1ºC with a thermostatically controlled electric blanket. The 79 

trachea was cannulated and atropine sulphate (0.05 mg/kg, s.c., Braun, Barcelona, Spain) 80 

was administered to reduce bronchial secretions. The animals were connected to aventilator 81 

(SAR-830/P) and expired CO2 was monitored using a capnograph (Capstar-100). A 82 

craniotomy was made in the caudal part of the left and right parietal bone, exposing the 83 

cerebral cortex, in order to gain access to the IC. To perform electrophysiological 84 

recordings from IC neurons, anesthesia was maintained with an initial i.p. injection of 85 

urethane (750 mg/kg, Sigma-Aldrich Corp., St Louis, MO, USA) and with booster doses of 86 

one-third of the initial amount.  87 

Acoustic delivery and electrophysiological recording 88 
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Prior to surgery, auditory brainstem responses (ABRs) to clicks (100 µs, 10 Hz rate) 89 

delivered in 10 dB SPL ascending steps from 10 to 90 dB SPL were obtained to check that 90 

the animal had normal hearing with thresholds lower or at 30 dB SPL. ABR recordings 91 

were performed inside a sound-attenuated room, using a closed-field sound delivery system 92 

and a real-time signal processing system (Tucker-Davis Technologies System 3, Alachua, 93 

Florida, USA). Subcutaneous needle electrodes placed at the vertex (active electrode), the 94 

mastoid ipsilateral to the stimulated ear (reference electrode) and the mastoid contralateral 95 

to the stimulated ear (ground electrode) were used for the recordings. Evoked potentials 96 

were averaged from 500 presentations, and the final signal was filtered with a 500-Hz high-97 

pass filter and a 3000-Hz low-pass filter with hearing thresholds determined visually. 98 

Afterwards, the animal was placed in a stereotaxic frame in which the ear bars were 99 

replaced by a hollow speculum that accommodated a sound delivery system (Rees, 1990) 100 

using two electrostatic loudspeakers (TDT-EC1). Search stimuli were pure tones or white 101 

noise driven by a TDT System 2 (TDT, Tucker-Davis Technologies, Florida, USA) that 102 

was controlled by custom software for stimulus generation and on-line data visualization 103 

(Faure et al., 2003; Pérez-González et al., 2005; Malmierca et al., 2008). Action potentials 104 

were recorded with a TDT BIOAMP amplifier, the ×10 output of which was further 105 

amplified and bandpass-filtered (TDT PC1; fc: 0.5–3 kHz) before passing through a spike 106 

discriminator (TDT SD1). Spike times were logged at one microsecond resolution on a 107 

computer by feeding the output of the spike discriminator into an event timer (TDT ET1) 108 

synchronized to a timing generator (TDT TG6). Extracellular single-unit responses were 109 

recorded in the left and/or right IC of each animal to contralateral stimulation. The IC was 110 

approached from 20◦ relative to the frontal plane so that the recording electrode moved 111 
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caudal and ventral during the penetration. The electrode was lowered into the brain with a 112 

piezoelectric microdrive (Burleigh 6000 ULN) mounted on a stereotaxic manipulator to a 113 

depth of 3.5–5 mm where acoustically driven responses were found. After a neuron was 114 

isolated, pure tone stimuli with a duration of 75 ms (5 ms rise/fall time) were delivered to 115 

obtain the monaural frequency response area (FRA), i.e., the combination of frequencies 116 

and intensities capable of evoking a suprathreshold response. To do this, 5 stimulus 117 

repetitions at each frequency (from 0.5 to 40 kHz, in 20–25 logarithmic steps) and intensity 118 

step (steps of 10 dB, from 0 to 80 dB SPL) were presented randomly at a repetition rate of 4 119 

Hz. 120 

Stimulus presentation paradigm  121 

Pure tones (75 ms, 5 ms rise/fall time) were presented in an oddball paradigm similar to 122 

that used to record mismatch negativity responses in human studies  (Näätänen, 1992) and 123 

more recently in animal studies of SSA (Ulanovsky et al., 2003; Malmierca, et al., 2009, 124 

von der Behrens et al., 2010). Briefly, this paradigm consists of a flip-flop design 125 

employing two pure tones at two different frequencies (f1 and f2), both of which elicited 126 

similar firing rates and response patterns at a level of 10–40 dB SPL above threshold within 127 

the neural FRA. For most of the neurons (64%), the f1 and f2 tones were located around the 128 

characteristic frequency (CF, the sound frequency that produces a response at the lowest 129 

stimulus level) while the rest of the frequency pairs were both either lower (23%) or higher 130 

(13%) than the CF. The frequency separations (Δf) between f1 and f2 varied between 0.14 131 

octaves and 0.53 octaves. A train of 300 or 400 stimulus presentations containing both 132 

frequencies was delivered in two different sequences (sequence 1 and 2). The repetition rate 133 

of the train of stimuli was 4 Hz, as this has been previously demonstrated to elicit SSA in 134 
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IC neurons of the rat (Malmierca et al., 2009; Ayala and Malmierca, 2013). In sequence 1, 135 

the f1 frequency was presented as the standard tone with a high probability of occurrence 136 

(90%) within the sequence. Interspersed randomly among the standard stimuli were the f2 137 

frequency-deviant stimuli (10% probability). After the sequence 1 data set was obtained, 138 

the relative probabilities of the two stimuli were reversed, with f2 as the standard and f1 as 139 

the deviant in sequence 2. The responses to the standard and deviant stimuli were 140 

normalized to spikes per stimulus, to account for the different number of presentations in 141 

each condition. 142 

Electrodes and iontophoresis 143 

A tungsten electrode (1–2.5 MΩ, Merrill and Ainsworth, 1972) was used to record single-144 

neuron activity. It was attached to a multibarrel borosilicate glass pipette that carried drugs 145 

to be delivered in the vicinity of the recorded neuron. The tip of the recording electrode 146 

protruded 15–25 µm from the pipette tip. The glass pipette consisted of five barrels in H-147 

configuration (World Precision Instruments, 5B120F-4) with the tip broken to a diameter of 148 

20–30 µm. The center barrel was filled with saline for current compensation (165 mM 149 

NaCl), while the others were filled with 1 M ACh chloride (Sigma, A6625), 0.5 M 150 

scopolamine hydrobromide (Sigma, S0929) or 0.5 M mecamylamine hydrochloride 151 

(Tocris, 2843). The drugs were dissolved in distilled water and their pH adjusted to 4–4.2. 152 

ACh chloride acts at both muscarinic and nicotinic receptors while the scopolamine and 153 

mecamylamine are non-selective antagonists of muscarinic and nicotinic receptors, 154 

respectively. These compounds have been used previously in the mammalian IC (Farley et 155 

al., 1983; Habbicht and Vater, 1996). The drugs were retained in the pipette with a –15 nA 156 

current and were ejected, when required, typically using 30–40 nA currents (Neurophore 157 
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BH-2 System, Harvard Apparatus). The duration of the drug ejection usually lasted 15–25 158 

min but could be extended when no visual effect was observed in order to ensure the 159 

absence of effect. After the drug injection, we repeated the stimulation protocol until we 160 

observed recovery of firing. 161 

Verification of the recording sites 162 

Once the electrophysiological recordings were completed, electrolytic lesions (10–20 μA 163 

for 15 s) were applied for subsequent histological verification of the recording sites in 24 of 164 

the 44 animals. Brains were fixed using a mixture of 1% paraformaldehyde and 1% 165 

glutaraldehyde diluted in 0.4 M phosphate buffer saline (0.5% NaNO3 in PBS). After 166 

fixation, tissue was cryoprotected in 30% sucrose and sectioned in the coronal or sagital 167 

plane at a thickness of 50 μm on a freezing microtome. Slices were stained with 0.1% 168 

cresyl violet to facilitate identification of cytoarchitectural boundaries. The recorded units 169 

were assigned to one of the four main subdivisions of the IC (rostral, lateral and dorsal 170 

cortices or central nucleus, Loftus et al., 2008; Ayala et al., 2015) using as reference the 171 

standard sections from a rat brain atlas (Paxinos and Watson, 2005). 172 

Analysis of neural responses  173 

For each neuron, the degree of SSA was quantified by the Common-SSA Index (CSI) and 174 

the Frequency-Specific SSA Index (SI) reported previously (Ulanovsky et al., 2003; 175 

Malmierca et al., 2009; von der Behrens et al., 2009; Richardson et al., 2013). Both SSA 176 

indices reflect the normalized difference between the neural response to the deviant 177 

stimulus and the response to the standard, averaging (CSI) or quantifying separately (SI) 178 

the responses to f1 and f2. The CSI is defined as 179 
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CSI = [d(f1) + d(f2) − s(f1) − s(f2)] / [d(f1) + d(f2) + s(f1) + s(f2)] 180 

where d(f) and s(f) are responses to each frequency f1 or f2 when they were the deviant (d) 181 

or standard (s) stimulus, respectively. The SI was separately calculated for each frequency 182 

and it is defined as 183 

SI(fi) = [d(fi) − s(fi)] / [d(fi) + s(fi)] 184 

where i = 1 or 2. Positive CSI and SI values indicate that the neurons responded more 185 

strongly to the frequencies when they were deviant compared to when they were standard. 186 

A CSI value of 0.1 was used as cutoff between neurons that exhibited or lacked SSA since 187 

it has been previously demonstrated that CSIs < 0.1 are not statistically different from zero 188 

and are due to random fluctuations in spike counts (Ayala et al., 2013). 189 

To characterize the time course of adaptation, we averaged the response of all 190 

neurons to the standard tone (mean spikes per trial). This was done trial by trial for the total 191 

of stimulus presentations under the oddball paradigm. The mean response was plotted at 192 

their original trial-long time scale. Then, we performed a nonlinear least-square fit to this 193 

population mean curve to find the best-fitting double exponential function as follows: 194 

f(t) = Ass +Ar . e–t/τ(r) +As . e–t/τ(s), 195 

where Ass, Ar and As are the magnitudes of the steady state, and the rapid and slow 196 

components, respectively, and τr and τs are the time constants of the rapid and slow 197 

components (see details in Perez-Gonzalez et al., 2012). 198 

The CF and threshold of each neuron was identified. The monotonicity index (MI 199 

= spike count at 80 dB SPL / maximum spike count) that refers to the degree of reduced 200 
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spiking at higher intensities was calculated from the FRA measure at the CF (Watkins and 201 

Barbour, 2011). Monotonic responses were those with a MI > 0.75. Finally, we measured 202 

the sharpness of the FRA by calculating the Q-value at 10 above the threshold as in 203 

previous studies (Hernandez et al., 2005; Malmierca et al., 2009; Duque et al., 2012; Ayala 204 

et al., 2013). The Q10-value was calculated as the CF divided by the bandwidth which is the 205 

difference in kHz between the lower and upper frequencies of the FRA. To test for 206 

significant effects of the drugs on each individual neuron, the 95% confidence intervals 207 

(C.Is.) for the baseline CSI were calculated using the bootstrapping method (1000 208 

repetitions). The limits of 95% CIs were calculated using the 2.5 and 97.5 percentiles of the 209 

CSI bootstrap distribution. An effect of the drug was considered to be significant when the 210 

CSI value obtained under the injection condition was larger or smaller than the high or low 211 

95% C.I., respectively. 212 

To study the contribution of spontaneous activity on the SSA, we again calculated 213 

the SSA indices from the evoked activity but with subtracted spontaneous activity bin by 214 

bin (evoked activity minus spontaneous activity in spikes/s). Spontaneous activity was 215 

estimated within a 50 ms window before each tone presentation in the oddball paradigm as 216 

described previously (Duque and Malmierca, 2014).  Unless otherwise stated, results are 217 

presented as median ± SEM. To test for significant differences among medians, 218 

distributions across baseline, drug application and recovery conditions we performed the 219 

Friedman Repeated Measures Analysis of Variance on Ranks. Post hoc comparisons were 220 

performed following Dunn’s method and a p < 0.05 was considered statistically significant. 221 

To measure the strength of association between variables we used the Spearman Rank 222 

Order Correlation Coefficient. Analyses and figures were executed using SigmaPlot 223 
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Version 11 (Systat Software, Inc., Chicago, IL, USA) and Matlab 13 (MathWorks, Inc., 224 

Natick, MA, USA). 225 

226 
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Results 227 

To explore the influence of cholinergic neuromodulation on SSA in the IC of the rat, we 228 

recorded the responses of 152 well-isolated single neurons to an oddball paradigm before, 229 

during and after microiontophoretic application of ACh (n = 105), scopolamine (n = 19), 230 

and mecamylamine (n = 28). 231 

The strength of the ACh effect depends on the baseline SSA level 232 

The recorded neurons had different temporal response patterns and exhibited (82 %) or 233 

lacked SSA (18 %). Three example neurons are shown in Figure 1. The first neuron (Fig. 234 

1A) responded with sustained firing of similar strength to both the deviant and standard 235 

tones across all the tone presentations; therefore it lacks SSA (CSIbaseline = 0.076). 236 

Microiontophoretic application of ACh did not change either the temporal response pattern 237 

or the ratio between the responses to the standard and deviant sound as estimated by its CSI 238 

= 0.072 (Bootstrapping, 95% C.I., Fig. 1A,B). Figure 1C illustrates another neuron that 239 

showed an onset response type and a high level of SSA as depicted by its CSI (0.974). It 240 

was also unaffected by ACh, even after a long period of application (more than 2 hours; 241 

Fig. 1C,D). In contrast, Figure 1E,F depicts the response of a third neuron, with an 242 

intermediate CSI value (0.732), that was strongly affected by ACh. In this neuron, the firing 243 

response increased (Fig. 1E) and the CSI (0.41, Fig. 1F) decreased significantly but 244 

returned to baseline values during recovery (Fig. 1F). 245 

Our data (n = 105) contains a wide range of CSI values from −0.063 to 0.994 (Fig. 246 

2A) and thus includes neurons that lack or exhibit different levels of SSA. Across the entire 247 

sample, the most remarkable finding was that ACh differentially affected only a subset of 248 
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IC neurons (54 out of 105, Bootstrapping, 95% C.I.), mainly by decreasing their CSI (36 249 

out 54). The majority of neurons with intermediate CSI values were sensitive to the ACh 250 

application (0.1 < CSI < 0.9, 43 out 62), whereas most of the neurons that exhibited low 251 

(CSI ≤ 0.1; 15 out 19) or high (CSI ≥ 0.9, 17 out 24) values were unaffected by ACh (Fig. 252 

2A). The different baseline CSI values of our sample of neurons were fitted by a Sigmoidal 253 

curve (r2 = 0.99, p < 0.0001, Fig. 2B, gray line). We found that the magnitude of the 254 

absolute change exerted by ACh on the CSI followed a Gaussian distribution (r2 = 0.44, p < 255 

0001, Fig. 2B, black line). The tails of the Gaussian curve correspond to the weak or absent 256 

effect exerted on neurons with low or extremely high CSI values, and the peak corresponds 257 

to the maximum effect exerted on neurons with intermediate CSI values. These results 258 

indicate a distinct dependence of the strength of the ACh effect on the baseline CSI. This 259 

dependence was also evident in the normalized responses to each frequency (f1 or f2) 260 

estimated by the SIs (Fig. 2C). There was no difference between the absolute change on SI1 261 

and SI2 (Mann-Whitney Rank Sum Test, p = 0.696, T = 11250, n = 105), indicating that 262 

ACh affected both frequencies similarly. Also, the absolute change exerted by ACh on the 263 

CSI correlated with the changes elicited on SI1 (Spearman´s coefficient: 0.63, p = < 0.001, 264 

n = 210) and SI2 (coefficient: 0.59, p < 0.001, n = 210, Fig. 2D). The magnitude of change 265 

on SI was higher for the group of neurons with 0.1 < CSI < 0.9 while for the neurons with 266 

CSI < 0.1 and CSI > 0.9, this magnitude was similar (Kruskal-Wallis One Way ANOVA, p 267 

< 0.001, H = 38.759, Dunn´s Method, p < 0.05, n = 210). Hence, we can safely conclude 268 

that ACh decreased both the CSI and SI at the population level. The CSI decreased from 269 

0.57 ± 0.034 to 0.452 ± 0.035 (Friedman test, p = 0.01, Xi2 = 8.9, n = 105) and the SI from 270 

0.574 ± 0.025 to 0.443 ± 0.025 (Friedman test, p = 0.009, Xi2 = 9.36, n = 210, Fig. 2E). The 271 
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recovery values for most neurons were virtually identical to the baseline cases (CSIrec = 272 

0.522 ± 0.036, SIrec = 0.535 ± 0.027). Twelve neurons that were manipulated with ACh 273 

(11% of the sample) were lost before the full recovery (crosses in Figure 2A). Nevertheless, 274 

those 12 neurons were distributed along the whole spectrum of CSI values in the sample 275 

and followed the same trend. They were similarly affected by ACh as other neurons with a 276 

similar baseline CSI (Figure 2A, crosses). Furthermore, ACh increased the spontaneous rate 277 

(from 0.17 ± 0.49 to 0.28 ± 0.97 spikes per second) of those IC neurons with partial levels 278 

of CSI (0.1 < CSI < 0.9, Wilcoxon Signed Rank Test, W = 476, Z-statics = 2.441, p = 279 

0.015, n = 62) but did not affect the spontaneous discharge of those with low (CSI ≤ 0.1, p 280 

= 0.232, n = 19) or high CSI values (CSI ≥ 0.9, p = 0.375, n = 24). Based on this result we 281 

subtracted the spontaneous rate from the evoked response and recalculated the SSA indices 282 

of all neurons in order to validate that the changes we observed were due to an ACh effect 283 

on the driven responses. Under this manipulation, the SSA indices across the baseline, ACh 284 

and recovery condition were increased, but the ACh still decreased the CSI (Friedman test, 285 

p = 0.01, Xi2 = 9.31, n = 210) and SI (Friedman test, p = 0.002, Xi2 = 12.04, n = 210, Fig. 286 

2E) indicating a genuine cholinergic effect on the evoked responses. 287 

Acetylcholine differentially modulates  the responses to deviant- and standard tones 288 

In terms of spike count (spikes per trial), positive CSI values reflect smaller spike count to 289 

the standard tone than to the deviant one. In agreement with this, the spike count to the 290 

standard sound was negatively correlated with the CSI (Spearman´s coefficient = −0.932, p 291 

< 0.001, n = 105), while the response to the deviant sound elicited a weaker correlation 292 

(−0.512, p < 0.001, n = 105). The firing rate of the neural responses was significantly 293 

affected by the ACh (Friedman test, Xi2 = 405.112, p < 0.001). The post hoc analysis 294 
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indicated that the spike count to the deviant was higher (1.05 ± 0.106 spikes per trial) than 295 

to the standard tone (0.262 ± 0.102 spikes per trial) in the baseline condition as expected, 296 

since our sample was biased to positive CSI values (p < 0.05). ACh increased the spike 297 

count to both the deviant and standard tones to 1.188 ± 0.133 and 0.421 ± 0.128 spikes per 298 

trial, respectively (p < 0.05) without eliminating the difference between them (Fig. 3A,B). 299 

In the recovery condition, the ACh effect on the neural firing was completely abolished and 300 

the response decreased to baseline values; 1.125 ± 0.122 and 0.246 ± 0.116 for the deviant 301 

and standard tone, respectively (p < 0.05). Since ACh did not affect all neurons with 302 

different CSI values equally, we explored the change in the spike count of those partially 303 

adapting neurons whose CSI was significantly changed by ACh application (n = 43). Most 304 

notably, for this group of neurons we found that ACh only increased the response to the 305 

standard tone (Friedman test, Xi2 = 204.847, p < 0.001, Fig. 3C,D). Moreover, the 306 

differential effect exerted by ACh on the response to the standard stimulus was also 307 

apparent for all neurons with a significant change in their CSI (n = 54, Friedman test, Xi2 = 308 

232.583, p < 0.001). 309 

We analyzed the effect of ACh on the time course of the response to the standard 310 

tone for those partially adapting neurons with a significant change in their CSI. The 311 

dynamics of the response to the standard tone was fit well by a double exponential function 312 

under the baseline (r2 = 0.7871) and ACh (r2 = 0.7767) condition, displaying a rapid and a 313 

slow decay as well as a steady-state component (Fig. 3E). ACh increased the response 314 

during the steady-state component of the response from 0.6343 spikes per trial (95% C.Is.: 315 

0.6246, 0.6441) to 0.9932 (0.9825, 1.004) (Fig. 3E) without affecting either the timing or 316 

the magnitude of the fast  (baseline: τr = 0.6165 trial, Ar = 4.973 spikes per trial; ACh: τr = 317 
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0.596, Ar = 6.536) and slow (baseline: τs = 29.15, As = 0.4969; ACh: τs = 26.7, As = 0.5197) 318 

components of the adaptation. 319 

The differential effect exerted by ACh on the response to the standard and deviant 320 

tone was also reflected by the strength of correlation between the change in the CSI 321 

(CSIACh – CSIbaseline) and spike count. The change in the CSI was correlated stronger with 322 

the normalized change in the mean spiking response to f1 and f2 when presented as 323 

standard (r2 = −0.7, p < 0.001, n = 105) than with the change in the response to f1 and f2 324 

when presented as deviant tone (r2 = −0.3, p < 0.001, Fig. 3F,G). We explored the effect of 325 

ACh on the first spike latency (FSL) of the response to the deviant and standard tone. As 326 

expected from previous IC studies (Malmierca et al., 2009), the FSL of the deviant (15.55 ± 327 

0.43 ms) was shorter than the FSL of the standard response (16.2 ± 0.67 ms, p < 0.05) in 328 

the baseline condition. ACh did not affect the FSL; the response latency to the deviant tone 329 

remained shorter during the injection (deviant: 15.2 ± 0.46 ms; standard: 15.87 ± 0.64 ms) 330 

and recovery conditions (deviant: 15.61 ± 0.54 ms; standard: 15.71 ± 0.75 ms) (Friedman 331 

test Xi2 = 68.064, p < 0.001). 332 

Next, to assure that the lack of effect on the CSI we observed in some neurons was 333 

not due to a failed iontophoretic release of ACh, we measured the CF, MI and threshold of 334 

most of the neuronal FRAs (96 out 105) before and during the ACh application. We found 335 

that the threshold was affected (Wilcoxon Signed Rank Test, W = −747, Z-statics = −4.037, 336 

p < 0.001, n = 96) while the CF (Wilcoxon Signed Rank Test, W = −168, Z-statics = 337 

−0.836, p = 0.406, n = 96) and MI (Wilcoxon Signed Rank Test, W = 211, Z-statics = 338 

0.934, p = 0.353, n = 96) remained unchanged by ACh. Moreover, the threshold of both 339 

groups of neurons, i.e., neurons with significant change in their CSI (Wilcoxon Signed 340 
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Rank Test, W = −226, Z-statics = −2.973, p = 0.003, n = 50) as well as those whose CSI 341 

was unaffected by ACh (Wilcoxon Signed Rank Test, W = −158, Z-statics = −2.747, p = 342 

0.006, n = 46) was lowered from 30 to 20 dB SPL. These results demonstrate that the 343 

differential effects elicited by ACh on the CSI were genuine and not an artifact. 344 

The effect of the ACh on SSA responses is mainly mediated by the mAChRs 345 

Two major classes of cholinergic receptors (muscarinic and nicotinic) are distributed 346 

throughout the IC (Morley and Kemp, 1981; Clarke et al., 1985; Kelly and Caspary, 2005). 347 

To examine whether the ACh effects described above are mediated by the muscarinic 348 

and/or nicotinic receptors, we recorded 47 additional neurons before, during and after the 349 

microiontophoretic application of their respective antagonists; i.e., scopolamine and 350 

mecamylamine. The application of scopolamine affected the CSI of 15 out 19 neurons (Fig. 351 

4A) while the mecamylamine affected 16 out 28 neurons (Fig, 4B, Bootstrapping, 95% 352 

C.I.). The majority of the significantly affected neurons showed an increase in their CSI 353 

under the blockade of the muscarinic (n = 12 out of 15, Fig. 4A) and nicotinic (n = 12 out 354 

of 16, Fig. 4B) receptors. The magnitude of the effect of both antagonists exhibited the 355 

same dependence on baseline CSI value as with ACh. The greatest changes elicited by the 356 

scopolamine and mecamylamine were on neurons with intermediate CSI values and the 357 

absolute changes followed a Gaussian distribution (r2 = 0.52, p = 0.003 and r2 = 0.756, p < 358 

0.0001, respectively, Fig. 4A,B). 359 

At the population level, only scopolamine significantly increased the CSI 360 

(Friedman test, Xi2 = 7, p = 0.03, n = 19, Fig. 4C). Mecamylamine application did not 361 

significantly increase the CSI of the whole population (Friedman test, Xi2 = 1.52, p = 0.468, 362 
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n = 28, Fig. 4D) neither for the group of neurons with intermediate CSI values that were 363 

most affected at the single-neuron analysis (0.1 < CSI < 0.9) (Friedman test, Xi2 = 5.286, p 364 

= 0.071, n = 17). Likewise, the SI was affected by scopolamine (Friedman test, Xi2 = 7.357, 365 

p = 0.025, n = 38, Fig, 4E,F) but not by mecamylamine (Friedman test, p = 0.364, Xi2 = 366 

2.02, n = 56, Fig. 4E,G). The blockade of the cholinergic receptors decreased the response 367 

only to the deviant tone (Friedman test, p < 0.001). The driving response changed from 368 

1.171 ± 0.166 to 0.95 ± 0. 111 spikes per trial under the scopolamine injection (Friedman 369 

test Xi2 = 66.375, p < 0.001, Dunn´s Method, p < 0.05, n = 38) and from 1.283 ± 0.132 to 370 

0.95  ±  0.139 spikes per trial (Friedman test Xi2 = 148.844, p < 0.001, Dunn´s Method, p < 371 

0.05, n = 56) under the mecamylamine application. Although the mean population response 372 

to the standard tone was not significantly affected, we observed a clear change in the 373 

temporal course of adaptation elicited by the muscarinic and nicotinic blockade (Fig. 4H,I). 374 

The standard responses of those neurons with intermediate (0.1 < CSI < 0.9) and significant 375 

change in their CSI under the scopolamine (r2 = 0.66) and mecamylmine application (r2 = 376 

0.61) were fitted by the double exponential function previously described for ACh. We 377 

found that scopolamine caused a greater decrease in the response during the steady-state in 378 

comparison with mecamylamine effect. The response showed a 53% change from 0.6084 379 

spikes per trial (C.I. 95%: 0.59, 0.6268) to 0.2857 (0.2733, 0.2981) with application of 380 

scopolamine (Fig. 4H) while the change was only 29%, from 0.5043 (0.487, 0.5216) to 381 

0.3565 (0.3448, 0.3682) with mecamylamine application (Fig. 4I). The magnitude and 382 

timing of the rapid and slow decay of the response to the standard were not affected by 383 

cholinergic blockade. 384 

Anatomical and physiological correlates of the ACh effect 385 
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We determined the location of the majority of the recorded neurons (64 out 105) across IC 386 

subdivisions. Most of the neurons were located in the RCIC (n = 34) and the remaining 387 

neurons were distributed in the LCIC (n = 17) and CNIC (n = 13). The baseline SSA was 388 

higher in the cortical subdivisions (RCIC: 0.62 ± 0.058; LCIC: 0.72 ± 0.076) than in the 389 

central nucleus (0.13 ± 0.069) (Kruskal-Wallis One Way ANOVA, H = 12.983, p = 0.002; 390 

Fig. 5A). Interestingly, the magnitude of change exerted on the CSI by ACh in RCIC and 391 

LCIC neurons followed the same Gaussian distribution as the whole population depicted in 392 

Figure 2B (r2 = 0.47, p < 0.0001 and r2 = 0.47, p = 0.011, respectively) (Fig. 5B) while the 393 

sample of neurons from the CNIC showed a weak effect that was not Gaussianly distributed 394 

(p = 1, Fig. 5C).  395 

Finally, we wished to test whether any other response feature in addition to the 396 

baseline CSI correlates with the presence or absence of ACh effect on SSA. We found that 397 

the MI of the group of neurons whose CSI was affected by the ACh (1 ± 0.0229, n = 54) 398 

was slightly higher than the MI of the group of neurons with non-affected CSIs (0.929 ± 399 

0.0322, n = 51) (Mann-Whitney Rank Sum Test, U-statics = 996.5, T = 2322.5, p = 0.037), 400 

but in both cases the MIs were monotonic. Neither group differed in other parameters such 401 

as the response duration (67.55 ± 3.466 and 42 ± 3.634 ms for affected and unaffected 402 

groups, respectively, Mann-Whitney Rank Sum Test, p =0.614), threshold (30 ± 1.879, 30 403 

± 2.008 dB SPL, p = 0.263), Q10 (1.426 ± 0.123, 1.556 ± 1.204, p = 0.601) or CF (11.245 ± 404 

1.026, 11.199 ± 0.998 kHz, p = 0.605). The CF (Spearman´s coefficient = 0.806, p = 0.003, 405 

Fig. 5D) as well as the response duration (Spearman´s coefficient = −0.612, p = 0.053, Fig. 406 

5E) correlated with the CSI at the baseline condition, i.e. neurons with higher CSI are tuned 407 

to higher frequencies and have shorter response durations. Then, the median CF and 408 

Usuario
Sticky Note
At the end to review that the values here correspond to the table values in Response Letter.
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reponse duration of the group of unaffected neurons may have been averaged out 409 

explaining the lack of difference between the group of neurons whose CSI was or not 410 

affected by ACh. 411 

412 
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DISCUSSION 413 

We have demonstrated that application of ACh decreases the SSA of IC neurons by 414 

increasing the response to the standard tone and that this effect is mainly mediated by 415 

muscarinic receptors. Moreover, we have found that the strength of the cholinergic 416 

modulation depends on the baseline SSA level, exerting its greatest effect on neurons with 417 

intermediate SSA responses. To the best of our knowledge, this is the first study 418 

demonstrating that auditory SSA is sensitive to cholinergic modulation. 419 

A selective effect of ACh on frequency processing has been described in AC 420 

neurons. A repeated single-frequency stimulus simultaneously paired with the iontophoretic 421 

application of ACh produced a highly specific change in the response to the paired 422 

frequency rather than a general change in excitability (Metherate and Weinberger, 1989). 423 

The effect was mediated by muscarinic receptors. Similar mechanisms may underly the 424 

selective change in the response to the standard tone that we observed (Fig. 3C,D), since 425 

this tone was repeated many more times than the deviant tone under ACh application. The 426 

observed decrease in the adaptation to the standard tones agrees with diminished spike-427 

frequency adaptation exerted by ACh in other sensory areas (Metherate et al., 1992; 428 

McCormick, 1993; Martin-Cortecero and Nunez, 2014). Likewise, ACh affected SSA 429 

mainly through the activation of the muscarinic rather than the nicotinic receptors (Fig. 4G-430 

H). Muscarinic receptors are expressed both pre- and postsynaptically so they can alter the 431 

excitability of the neurons as well as the release probability of other neurotransmitters 432 

(Zhang et al., 2002; Thiele, 2013). In the IC, at least two types of muscarinic receptors 433 

(M1- and M2-types) can functionally modify neural firing (Habbicht and Vater, 1996). 434 

Since we used a general antagonist for muscarinic receptors, we cannot discriminate 435 
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between the effects of the two muscarinic subtypes, but it is likely that most of the 436 

excitatory effect exerted by ACh was mediated by the activation of the M1-type since 437 

selective blockade of the M1 receptor mostly leads to inhibition whereas the opposite effect 438 

occurs with selective blockade of the M2-type (Habbicht and Vater, 1996). 439 

The excitatory effects elicited by ACh might be mediated through the regulation of 440 

K+ channels (McCormick and Prince, 1986; Krnjevic, 2004). The activation of the M1-type 441 

receptor induces a reduction in hyperpolarizing potassium currents through the closure of 442 

K+ channels such as the slow after-hyperpolarization K+ (KsAHP) or the inward rectifying K+ 443 

of type 2 (KIR2) which, in turn, reduces spike frequency adaptation and increases driven 444 

and spontaneous activity (Cole and Nicoll, 1984; Krause and Pedarzani, 2000; Thiele, 445 

2013). Changes in potassium conductance can act as an activity-dependent adaptation 446 

mechanism (Sanchez-Vives et al., 2000a,b) that contributes to a significant fraction of 447 

cortical auditory adaptation (Abolafia et al., 2011). For those reasons, K+-mediated 448 

adaptation has been proposed as a potential mechanism underlying SSA (Abolafia et al., 449 

2011; reviewed in Malmierca et al., 2014). ACh might also increase the tone-evoked 450 

responsivity in IC by modulating the release of other neurotransmitters as reported in the 451 

AC (Metherate, 2011) where the activation of cholinergic receptors decreases the release of 452 

GABA from interneurons (Salgado et al., 2007) or elicits the activation of NMDA receptor-453 

mediated glutamatergic neurotransmission (Metherate and Hsieh, 2003; Metherate, 2004; 454 

Liang et al., 2008). 455 

Our finding that ACh exerts a very delicate modulation by selectively increasing 456 

the evoked response to the standard sound contrasts with the gain control exerted by 457 

GABAA-mediated inhibition in IC (Perez-Gonzalez et al., 2012) and MGB neurons (Duque 458 
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et al., 2014), where the blockade of the GABAA receptors exerts a dramatic, overall 459 

increase in the neural responsiveness to both deviant and standard tones (Fig. 6A,B). 460 

Likewise, our finding showing that cholinergic manipulation (Fig. 3E, 4H,I) affected only 461 

the steady state of the time course of adaptation, markedly contrasts with the substantial 462 

changes affecting the fast- and slow decays of adaptation when the GABAA receptors were 463 

blocked or activated. In agreement with our observations on the evoked  response (Fig. 3A-464 

E) and FSL, a change in strength but not in latency was found to be elicited by ACh in 465 

somatosensory cortical neurons (Martin-Cortecero and Nuñez, 2014). From these results, 466 

we can conclude that ACh in the IC contributes to maintain the encoding of repetitive 467 

acoustical input by decreasing adaptation. This occurs mainly through the activation of 468 

muscarinic receptors and acts at a different time course than that of GABAergic inhibition. 469 

A second difference between cholinergic and inhibitory modulation of SSA is that 470 

the strength of the cholinergic effect depends on the baseline level of SSA exhibited by the 471 

IC neurons (Fig 2B, 4A,B, 5B) whereas GABAA-mediated inhibition affects the firing of all 472 

IC neurons, regardless of the neural type, i.e., adapting and non-adapting neurons (Perez-473 

Gonzalez et al., 2012). Differences in the membrane potential of the neuron and/or 474 

expression of cholinergic receptors might explain the lack, modest or profound effects of 475 

ACh. Thus, we suggest that neurons with partial levels of SSA filter sensory information 476 

according to different cognitive states, such as attention in which ACh levels increase 477 

(Passetti et al., 2000; Hasselmo and McGaughy, 2004), while neurons exhibiting extreme 478 

SSA are likely to play a role as specialized filters for redundant information, i.e., repetitive 479 

sounds.  480 
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Although cortical SSA (Ulanovsky et al., 2003) and subcortical SSA (Malmierca 481 

et al., 2009) show many similarities, they are not the same and may play different roles 482 

(Nelken, 2014). Moreover, due to their different sources of cholinergic projections, we 483 

cannot generalize our results to ACh effects on cortical SSA. The main source of ACh to 484 

the AC is the basal forebrain (Edeline et al., 1994; Zaborszky et al., 2012; Bajo et al., 2014) 485 

while cholinergic input to the IC originates in the pontomesencephalic tegmentum (PMT, 486 

Motts and Schofield, 2009; Schofield, 2010). These different ACh sources may constitute 487 

two parallel pathways for modulating change detection in AC and IC. However it is likely 488 

that changes in cortical excitability may affect subcortical SSA by trigering the release of 489 

ACh since AC neurons inervate the PMT cholinergic neurons that project to the IC 490 

(Schofield and Motts, 2009; Schofield, 2010). Deactivation of the AC exerts a 491 

heterogeneous control on SSA in the IC (Anderson and Malmierca, 2013) that could be 492 

indirectly mediated by ACh through a disynaptic AC → PMT → IC projection. Thus, 493 

different states of cortical activation might exert a top-down control on the sensory signals 494 

being processed at IC by gating the PMT cholinergic input. 495 

The presence of sensitive and insensitive neurons to ACh within the same IC 496 

subdivision (Fig. 5A) together with track-tracing data (Schofield, 2010; Schofield et al., 497 

2011) and radiolabelling studies of cholinergic receptors (Rotter et al., 1979; Clarke et al., 498 

1984; Clarke et al., 1985; Cortes and Palacios, 1986) suggest that the cholinergic projection 499 

is diffuse throughout the IC and targets specific synaptic domains populated by neurons 500 

with intermediate SSA. Alternatively, ACh may modulate specific features such as the 501 

spectral sensitivity of one type of neuron and SSA of others. Future studies are needed to 502 

address these possibilities. Here, we found that the microiontophoretic application of ACh 503 
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in the IC of the anesthetized rat reduces SSA which agrees with the low SSA indices 504 

observed in awake animals (von der Behrens et al., 2009; Duque and Malmierca, 2014) 505 

where ACh levels are higher (Kametani and Kawamura, 1990; Marrosu et al., 1995). Since 506 

attention is known to increase ACh levels and neural activity (Ranganath and Rainer, 2003; 507 

Deco and Thiele, 2009, 2011), our study provides a starting point to understand how 508 

attention-demanding states (Passetti et al., 2000; Himmerlheber et al., 2000) might 509 

modulate subcortical SSA. 510 

Our finding that local augmentation of ACh increases the neural excitability (Fig. 511 

3A) and attenuates adaptation to the repetitive sound (Fig. 3E) agrees with a general model 512 

of how ACh affects sensory processing (reviewed in Thiele, 2013). According to this 513 

model, ACh enhances the influence of feedforward afferent input relative to feedback so an 514 

augmentation in ACh increase feedforward synaptic efficacy favoring information relayed 515 

through the thalamus over ongoing intracortical activity. Studies in the AC (Metherate and 516 

Ashe, 1993; Hsieh et al., 2000) and in other brain areas (Hasselmo and Bower, 1992; 517 

Kimura, 2000; Hasselmo and McGaughy, 2004; Deco and Thiele, 2011) also support this 518 

notion. Likewise, our findings support a key formulation of the predictive coding 519 

framework (Friston, 2005, 2008); namely that the reduction in the neural signals evoked by 520 

a repeated or predicted stimulus is attenuated by top-down processes such as attention (Kok 521 

et al., 2012) or augmented by prior expectation (Todorovic et al., 2011). Recently, using 522 

blocks of tone repetitions in an electroencephalographic study in humans, Moran et al. 523 

(2013) found that the decreased responses to consecutive presentation of the same tone (i.e., 524 

repetition suppression) were markedly attenuated by systemic application of galantamine, 525 
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an acetylcholinesterase inhibitor. Thus, the increased availability of ACh enhances the 526 

sensory representation of predicted stimuli by boosting bottom-up sensory processing.  527 

In conclusion, we showed that ACh alters the sensitivity of partially-adapting IC 528 

neurons by switching neural discriminability to a more linear transmission of sounds 529 

(encoding most of the stimulus occurrences). This effect potentially contributes to 530 

propagation of ascending sensory-evoked afferent signals through the thalamus en route to 531 

the cortex. Our results provide empirical support for the notion that high ACh levels may 532 

enhance attention to the environment, making neural circuits more responsive to external 533 

sensory stimuli. 534 

  535 
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LEGENDS 536 

Figure 1. Examples of neurons recorded in this study. A. Dot rasters of the response to 537 

the oddball paradigm of an on-sustained neuron lacking SSA (CSI = 0.076) under baseline, 538 

ACh and recovery conditions. B. Time course of the Common SSA index (CSI) before, 539 

during and after the microiontophoretic injection of ACh. Neither the firing response nor 540 

the CSI were changed by the ACh application (Bootstrapping, 95% C.I.). C. Response of a 541 

neuron showing strong SSA (CSI = 0.974) with a distinct onset firing pattern that was 542 

unaffected by ACh (Bootstrapping, 95% C.I.).  D. As, in B, the CSI of the strongly 543 

adapting neuron remained unchanged.  E. Dot raster of the response of a neuron with 544 

moderate level of SSA (CSI = 0.732) that was profoundly affected by ACh showing an 545 

increase of firing rate. F. The CSI of this partially adapting neuron decreased during ACh 546 

injection (Bootstrapping, 95% C.I.). The tone duration (75 ms) is represented by the black 547 

bar in A,C,E. The duration of the ACh injection is represented by the shaded area in B,D,F. 548 

The small arrows in B,D,F indicate the times of the dot rasters displayed for each neuron. 549 

 550 

Figure 2. ACh effect on SSA in IC neurons. A. The recorded IC neurons (n = 105) 551 

showed different levels of CSI in the baseline condition (○) from –0.063 to 0.994. The low 552 

and high 95% confidence interval (C.I.) of each baseline CSI is displayed ( ̶ ). The CSI of a 553 

subset of IC neurons changed during the application of ACh, being higher or lower than the 554 

C.Is. of the baseline CSI value (orange symbols) while another subset of IC neurons was 555 

insensitive to ACh application (green symbols). Most of the neurons insensitive to ACh 556 

lacked SSA (CSI < 0.1) or exhibited extremely high values (CSI ≥ 0.9) in the baseline 557 
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condition (vertical histogram, left inset). Twelve neurons did not have a measurement in the 558 

recovery condition (orange and green crosses) as they were lost before full recovery. B. The 559 

strength of the effect of ACh depended on the baseline CSI. The baseline CSI values (o) 560 

were fitted by a Sigmoid curve (r2 = 0.99, p < 0.0001, gray line) while the absolute 561 

difference (●, expressed in positive values) between the baseline and ACh condition 562 

followed a Gaussian curve (r2 = 0.44, p < 0.0001, black line). C. Scatter plot of the 563 

difference in the frequency-specific index for f1 (SI1) and f2 (SI2) between the ACh and 564 

baseline condition (CSIACh  ̶  CSIbaseline) for neurons with low (o: CSI < 0.1), intermediate 565 

(○: 0.1 ≤ CSI < 0.9) and high CSI values (○ CSI ≥ 0.9). Each dot represents one neuron. D. 566 

The absolute change (positive values) in the CSI correlated similarly with the absolute 567 

changes elicited by ACh in the SI1 (Spearman´s coefficient = 0.63, p < 0.001) and SI2 568 

(0.59, p < 0.001) indicating that changes in the response to both frequencies contributed 569 

similarly to the CSI change. Symbols with the same format as C. E. Box plots of the CSI 570 

(left panel) and SI1,2 (right panel) under the baseline, ACh and recovery conditions. ACh 571 

decreased the SSA indices in the population of neurons (Friedman test, *p < 0.05). The 572 

decrement in the SSA persisted after the spontaneous activity (SA) was subtracted to the 573 

driving response for each neuron. The dashed lines within each box represent the median 574 

values, the edges of the box delimit the 25th and 75th percentiles, the whisker bars extent to 575 

the 10th and 90th percentiles, and the circles represent the 95th and 5th percentiles. 576 

Figure 3. Effect of ACh on the driving response to deviant and standard sounds. A. 577 

Box plot of the response to the deviant (red) and standard tone (blue) of the whole 578 

population of IC neurons (n = 105) before, during and after ACh injection, indicating that 579 

ACh increased responses to both tones (Friedman test, * p < 0.05). B. Population PSTHs 580 
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(mean ± STD, shaded) for deviant (red) and standard (blue) tones in the baseline and ACh 581 

(orange) conditions. Bin size = 1 ms; sps: spikes per second. C. Box plot of the firing 582 

response for those neurons with 0.1 ≤ CSI < 0.9 whose CSI was significantly affected by 583 

ACh (Bootstrapping, 95% C.I., n = 43). ACh increased only the response to the standard 584 

tone (Friedman test and Dunn’s method as post hoc test, p < 0.05, *p < 0.05). Same format 585 

as A. D. Population PSTHs. Same format as B. E. Time course of adaptation for  the mean 586 

response to the standard tone for each position (trial) in the oddball sequence of neurons 587 

with 0.1 < CSI < 0.9 significantly affected by ACh (n = 43). The baseline (●) and ACh data 588 

(●) had fast and slow decay components and a steady-state component that were fitted by a 589 

double exponential function (blue lines). ACh increased only the steady-state component. 590 

F. Normalized change (ACh – baseline) in the driving response (mean spikes per trial) to 591 

deviant (•) and standard tone (•) for those neurons whose CSI was changed (CSIACh – 592 

CSIbaseline) by ACh application (Bootstrapping, 95% C.I., n = 54). G. Normalized change in 593 

the driving response as in F but for those neurons whose CSI was not affected by ACh 594 

(Bootstrapping, 95% C.I., n = 51). 595 

Figure 4. Effect of scopolamine and mecamylamine on SSA. A. The blockade of the 596 

muscarinic receptors by the application of scopolamine increased the CSI (○) in most of the 597 

recorded IC neurons. The baseline CSI values (o) were fitted by a Sigmoidal curve (r2 = 598 

0.993, p < 0.001, gray line). The low and high 95% bootstrapped C.I. values (−) are 599 

displayed for each baseline CSI. Similarly, the absolute differences (expressed in positive 600 

values) between the CSI in the baseline and scopolamine condition (•) were fitted by a 601 

Gaussian curve (r2 = 0.52, p = 0.003, black line). B. Effect of nicotinic receptor blockade 602 

with mecamylamine. (•) Absolute differences between the CSI in the baseline and 603 
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mecamylamine condition. Same format as in A. Sigmoidal curve, r2 = 0.994, p < 0.001; 604 

Gaussian curve, r2 = 0.756, p < 0.0001. C. Box plot of the population CSI showing that 605 

scopolamine (Scop) increased the SSA as measured by the CSI (Friedman test, *p < 0.05, n 606 

= 19). D. Box plot of the population CSI indicating that the mecamylamine application did 607 

not affect the SSA (Friedman test, *p > 0.05, n = 28). E. Scatterplot of the change in the 608 

frequency-specific index (SIACh – SIbaseline) for f1 (SI1) and f2 (SI2) elicited by scopolamine 609 

(○) and mecamylamine (○). No difference between the change elicited in SI1 and SI2 by 610 

scopolamine (p = 0.502) and mecamylamine was found (p = 0.33, Mann-Whitney Rank 611 

Sum Test). F. Box plot of the frequency-specific index for both frequencies (SI1,2) under 612 

the baseline, scopolamine and recovery condition. Scopolamine increased the SI (Friedman, 613 

test, *p < 0.05, n = 38). G. Box plot of the SI1,2 indicating the lack of effect of 614 

mecamylamine (Friedman test, p > 0.05, n = 56). H. Mean driven response to the standard 615 

tone for each position (trial) in the oddball sequence in the baseline (•) and scopolamine 616 

conditions (•). The responses were adjusted by a double exponential function (black lines) 617 

with a fast and slow decay component and a steady-state part. Scopolamine decreased only 618 

the steady-state component. I. Time course of the response under the baseline (•) and 619 

scopolamine condition (•). Scopolamine did not affected the dynamics of adaptation. Same 620 

format as H.  621 

Figure 5. Anatomical location and physiological properties of the recorded IC 622 

neurons. A. Box plot of the baseline CSI values in our sample of IC neurons with 623 

recording sites localized in the central nucleus (CNIC), rostral (RCIC) and lateral cortex 624 

(LCIC) of the IC. Population CSI in the RCIC and LCIC were significantly larger than CSI 625 

from the CNIC (Kruskal-Wallis test, *p < 0.05). CSI values affected (−) and non-affected 626 
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(−) by ACh are displayed separately. B,C. Effect of the ACh on the CSI of neurons from 627 

the RCIC and LCIC (B) and CNIC (C). (o) Baseline CSI with its low and high 95% 628 

bootstrapped C.I. values (−). (○) CSI value under the ACh application. (•) Absolute 629 

difference (expressed in positive values) between the CSI under the baseline and ACh 630 

condition. The change exerted by ACh on the CSI of neurons from the RCIC was fitted by 631 

a Gaussian curve (r2 = 0.462, p < 0.0001, black line). D. The mean characteristic 632 

frequencies (CF) of neurons with different CSI (sorted into groups of CSI intervals of 0.1 633 

from 0.1 to 1) were fitted by a linear function (r2 = 0.533, p = 0.016, black line) indicating 634 

that neurons with low CSI are tuned to lower frequencies than those neurons with higher 635 

CSI. E. The duration of the driving response of IC neurons with different CSI (sorted into 636 

groups of CSI intervals of 0.1 from 0.1 to 1) were fitted by a linear function (r2 = 0.526, p = 637 

0.017, black line) indicating that neurons with higher CSI exhibited shorter responses than 638 

those neurons with higher CSI. 639 

Figure 6. Schematic diagram of the acetylcholine effect (and gabazine for comparison 640 

purposes) on the response (firing rate) and dynamics of adaptation (time course of 641 

adaptation). A. The microiontophoretic application of acetylcholine decreased the CSI by 642 

selectively increasing the responses to the standard tone (blue) alone. Note that the response 643 

to the deviant tone is virtually unaffected (red). B. The blockade of the GABAA receptors 644 

using the microiontophoretic application of gabazine decreased the CSI by increasing both, 645 

the response to the standard (blue) and deviant sound (red) as demonstrated by Perez-646 

Gonzalez et al., 2012. C. The time course of adaptation of the response to the standard tone 647 

is affected differently by gabazine and acetylcholine. Gabazine increased the three 648 
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components of adaptation, i.e., the fast and slow decay as well as the sustained component 649 

of adaptation while the acetylcholine increased the sustained component only. 650 

651 
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