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Cholinergic Modulation of Stimulus-Specific Adaptation in
the Inferior Colliculus
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Neural encoding of an ever-changing acoustic environment is a complex and demanding process that depends on modulation by neuro-
active substances. Some neurons of the inferior colliculus (IC) exhibit “stimulus-specific adaptation” (SSA), i.e., a decrease in their
response to a repetitive sound, but not to a rare one. Previous studies have demonstrated that acetylcholine (ACh) alters the frequency
response areas of auditory neurons and therefore is important in the encoding of spectral information. Here, we address how microion-
tophoretic application of ACh modulates SSA in the IC of the anesthetized rat. We found that ACh decreased SSA in IC neurons by
increasing the response to the repetitive tone. This effect was mainly mediated by muscarinic receptors. The strength of the cholinergic
modulation depended on the baseline SSA level, exerting its greatest effect on neurons with intermediate SSA responses across IC
subdivisions. Our data demonstrate that the increased availability of ACh exerts transient functional changes in partially adapting IC
neurons, enhancing the sensory encoding of the ongoing stimulation. This effect potentially contributes to the propagation of ascending

sensory-evoked afferent activity through the thalamus en route to the cortex.
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ignificance Statement

Neural encoding of an ever-changing acoustic environment is a complex and demanding task that may depend on the available
levels of neuroactive substances. We explored how the cholinergic inputs affect the responses of neurons in the auditory midbrain
that exhibit different degrees of stimulus-specific adaptation (SSA), i.e., a specific decrease in their response to a repeated sound
that does not generalize to other, rare sounds. This work addresses the role of cholinergic synaptic inputs as well as the contribu-
tion of the muscarinic and nicotinic receptors on SSA. This s the first report on the role of neuromodulation on SSA, and the results
contribute to our understanding of the cellular bases for processing low- and high-probability sounds.
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Introduction

Neural encoding of an ever-changing acoustic environment is a
complex and demanding task that depend on modulation by neu-
roactive substances (Sarter et al., 2005; Harris and Thiele, 2011; Ede-
line, 2012; Froemke, 2015). Synapses activated during different
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modulatory states lead to plasticity changes that alter the global and
fine-scale balance of excitation and inhibition (Froemke, 2015).

In the auditory brain, neurons that specifically decrease their
response to a repeated sound but resume their firing when devi-
ant stimuli are presented are found in the primary auditory cor-
tex (AC; Ulanovsky et al., 2003; von der Behrens et al., 2009),
auditory thalamus (Antunes et al., 2010), and inferior colliculus
(IC; Pérez-Gonzélez et al., 2005; Malmierca et al., 2009). This
differential response to repeated versus rare sounds is referred to
as “stimulus-specific adaptation” (SSA) and might reflect a spe-
cial type of short-term plasticity that transiently modulates
neural responsiveness in an activity-dependent manner (Jaiskel-
dinen et al., 2007; Nelken, 2014). SSA may contribute to the up-
stream encoding of mismatch signals to repeated and deviant
sounds observed at larger spatial and temporal scales in elec-
troencephalographic studies (Nelken and Ulanovsky, 2007;
Escera and Malmierca, 2014; Malmierca et al., 2014). In hu-
mans, the encoding of repeated and rare sounds is affected by
top-down processing (Todorovic and de Lange, 2012) and by
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the application of modulatory substances, such as cholinergic
compounds, that are known to vary across vigilance and cog-
nitive states (Moran et al., 2013; Grupe et al., 2014; Knott et al.,
2014).

It has been suggested that cholinergic modulation may shift
brain activity from a discrimination mode to a detection mode,
thus favoring the encoding of ongoing stimulation (Hasselmo
and McGaughy, 2004; Sarter et al., 2005; Jddskeldinen et al.,
2007). In the AC, ACh enhances responses to afferent sensory
input while decreasing intracortical processing (Metherate and
Ashe, 1993; Hsieh et al., 2000). Moreover, previous studies have
demonstrated that cholinergic modulation alters frequency re-
sponse areas of auditory neurons and therefore is important in
the encoding of spectral representation (Ashe et al., 1989; Me-
therate and Weinberger, 1989, 1990; Ji et al., 2001; Ma and Suga,
2005).

The main goal of the present study was to determine what role,
if any, ACh plays in generation or modulation of SSA. We used
microiontophoretic application of ACh and antagonists for nic-
otinic and muscarinic receptors to address how ACh affects the
responses of IC neurons that exhibit SSA. Preliminary reports
have been presented previously (Ayala and Malmierca, 2014,
2015).

Materials and Methods

Subjects and surgical procedures. Experiments were performed on 44 adult
female rats (Rattus norvegicus; Long—Evans) with body weights ranging
from 180 to 333 g. All surgical, recording, and histological procedures
were conducted at the University of Salamanca, Spain. The experimental
protocols were approved by Animal Care Committees of the University
of Salamanca and followed the standards of the European Union (Direc-
tive 2010/63/EU) for the use of animals in neuroscience research. De-
tailed procedures were given previously (Malmierca et al., 2003, 2005,
2009; Hernandez et al., 2005). Anesthesia was induced using a mixture of
ketamine chlorohydrate (30 mg/kg, i.m.; Imalgene 1000, Rhone
Méreuse) and xylazine chlorohydrate (5 mg/kg; Rompun, Bayer). Body
temperature was monitored with a rectal probe and maintained at 38 =
1°C with a thermostatically controlled electric blanket. The trachea was
cannulated, and atropine sulfate (0.05 mg/kg, s.c.; Braun) was adminis-
tered to reduce bronchial secretions. The animals were connected to a
ventilator (SAR-830/P; CWE Inc.), and expired CO, was monitored us-
ing a capnograph (Capstar-100; CWE Inc.). A craniotomy was per-
formed on the left and right parietal bones, exposing the cerebral cortex,
to gain access to the IC. To perform electrophysiological recordings from
IC neurons, anesthesia was maintained with an initial intraperitoneal
injection of urethane (750 mg/kg, Sigma-Aldrich) and with booster doses
of one-third of the initial amount.

Acoustic delivery and electrophysiological recording. Before surgery, au-
ditory brainstem responses (ABRs) to clicks (100 us, 10 Hz rate) deliv-
ered in 10 dB SPL ascending steps from 10 to 90 dB SPL were obtained to
check that the animal had normal hearing with thresholds lower than or
equal to 30 dB SPL. ABR recordings were performed inside a sound-
attenuated room, using a closed-field sound delivery system and a real-
time signal processing system (System 3, Tucker-Davis Technologies).
Subcutaneous needle electrodes placed at the vertex (active electrode),
the mastoid ipsilateral to the stimulated ear (reference electrode), and the
mastoid contralateral to the stimulated ear (ground electrode) were used
for the recordings. Evoked potentials were averaged from 500 presenta-
tions, and the final signal was filtered with a 300 Hz high-pass filter and a
3000 Hz low-pass filter, with hearing thresholds determined visually.
Afterward, the animal was placed in a stereotaxic frame in which the ear
bars were replaced by a hollow speculum that accommodated a sound
delivery system (Rees, 1990) using two electrostatic loudspeakers (EC1,
Tucker-Davis Technologies). Search stimuli were pure tones or white
noise driven by a Tucker-Davis Technologies System 2 that was con-
trolled by custom software for stimulus generation and on-line data
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visualization (Faure et al., 2003; Pérez-Gonzalez et al., 2005, 2006; Malm-
ierca et al., 2008). Action potentials were recorded with a Tucker-Davis
Technologies BioAmp amplifier, the 10X output of which was further
amplified and bandpass filtered (PC1, Tucker-Davis Technologies; fre-
quency cut, 0.5-3 kHz) before passing through a spike discriminator
(SD1, Tucker-Davis Technologies). Spike times were logged at 1 us res-
olution on a computer by feeding the output of the spike discriminator
into an event timer (ET1, Tucker-Davis Technologies) synchronized to a
timing generator (TG6, Tucker-Davis Technologies). Extracellular
single-unit responses were recorded in the left and/or right IC of each
animal to contralateral stimulation. The IC was approached from 20°
relative to the frontal plane so that the recording electrode moved caudal
and ventral during the penetration. The electrode was lowered into the
brain with a piezoelectric microdrive (Burleigh 6000 ULN) mounted on
a stereotaxic manipulator to a depth of 3.5-5 mm, where acoustically
driven responses were found. After a neuron was isolated, pure tone
stimuli with a duration of 75 ms (5 ms rise/fall time) were delivered to
obtain the monaural frequency response area (FRA), i.e., the combina-
tion of frequencies and intensities capable of evoking a suprathreshold
response. Five stimulus repetitions at each frequency (from 0.5 to 40
kHz, in 20-25 logarithmic steps) and intensity step (steps of 10 dB, from
0 to 80 dB SPL) were presented randomly at a repetition rate of 4 Hz.

Stimulus presentation paradigm. Pure tones (75 ms, 5 ms rise/fall time)
were presented in an oddball paradigm similar to that used to record
mismatch negativity responses in human studies (Niddtinen, 1992) and
more recently in animal studies of SSA (Ulanovsky et al., 2003, 2004).
Briefly, this paradigm consists of a flip-flop design using two pure tones
at two different frequencies ( fI and f2), both of which elicited similar
firing rates and response patterns at a level of 10-40 dB SPL above
threshold within the neural FRA. For most of the neurons (64%), the f1
and f2 tones were located around the characteristic frequency (CF; the
sound frequency that produces a response at the lowest stimulus level),
whereas the rest of the frequency pairs were both either lower (23%) or
higher (13%) than the CF. The frequency separations between f1 and f2
varied between 0.14 octaves and 0.53 octaves. A train of 300 or 400
stimulus presentations containing both frequencies was delivered in two
different sequences (sequences 1 and 2). The repetition rate of the train of
stimuli was 4 Hz, as this was demonstrated previously to elicit SSA in IC
neurons of the rat (Malmierca et al., 2009; Ayala et al., 2013). In sequence
1, the f1 frequency was presented as the standard tone with a high prob-
ability of occurrence (90%) within the sequence. Interspersed randomly
among the standard stimuli were the f2 frequency-deviant stimuli (10%
probability). After the sequence 1 data set was obtained, the relative
probabilities of the two stimuli were reversed, with f2 as the standard and
f1 as the deviant in sequence 2.

Electrodes and iontophoresis. A tungsten electrode (1-2.5 MQ); Mer-
rill and Ainsworth, 1972) was used to record single-neuron activity. It
was attached to a multibarrel borosilicate glass pipette that carried
drugs to be delivered in the vicinity of the recorded neuron. The tip of
the recording electrode protruded 15-25 um from the pipette tip. The
glass pipette consisted of five barrels in an H configuration (World
Precision Instruments, catalog no. 5B120F-4) with the tip broken to a
diameter of 20-30 wm. The center barrel was filled with saline for
current compensation (165 mm NaCl), whereas the others were filled
with 1 M ACh chloride (Sigma, catalog no. A6625), 0.5 M scopolamine
hydrobromide (Sigma, catalog no. S0929), or 0.5 M mecamylamine
hydrochloride (Tocris Bioscience, catalog no. 2843). The drugs were
dissolved in distilled water and their pH adjusted to 4-4.2. ACh
chloride acts at both muscarinic and nicotinic receptors, whereas the
scopolamine and mecamylamine are nonselective antagonists of mus-
carinic and nicotinic receptors, respectively. These compounds have
been used previously in the mammalian IC (Farley et al., 1983; Hab-
bicht and Vater, 1996). The drugs were retained in the pipette with a
—15 nA current and were ejected, when required, typically using
30-40 nA currents (Neurophore BH-2 system, Harvard Apparatus).
The duration of the drug ejection usually lasted 15-25 min, but could
be extended when no visual effect was observed to ensure the absence
of effect. After the drug ejection, we repeated the stimulation protocol
until we observed recovery of firing.
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Verification of the recording sites. Once the electrophysiological record-
ings were completed, electrolytic lesions (10-20 wA for 15 s) were ap-
plied for subsequent histological verification of the recording sites in 24
of the 44 animals. Brains were fixed using a mixture of 1% paraformal-
dehyde and 1% glutaraldehyde diluted in 0.4 M PBS (0.5% NaNO; in
PBS). After fixation, tissue was cryoprotected in 30% sucrose and sec-
tioned in the coronal or sagittal plane at a thickness of 50 um on a
freezing microtome. Slices were stained with 0.1% cresyl violet to facili-
tate identification of cytoarchitectural boundaries. The recorded units
were assigned to one of the four main subdivisions of the IC [the rostral
(RCIC), lateral (LCIC), or dorsal cortex of the IC (DCIC) or the central
nucleus of the IC (CNIC); Loftus et al., 2008; Malmierca et al., 2011;
Ayala et al., 2015], using as reference the standard sections from a rat
brain atlas (Paxinos and Watson, 2007).

Analysis of neural responses. For each neuron, the total raw number of
spikes in response to the standard and deviant stimuli were normalized to
the total number of deviant and standard trials, to account for the differ-
ent number of presentations in each oddball sequence. The degree of SSA
was quantified by the common SSA index (CSI) and the frequency-
specific SSA index (SI) reported previously (Ulanovsky et al., 2003, 2004;
Malmierca et al., 2009; von der Behrens et al., 2009; Antunes et al., 2010;
Pérez-Gonzaélez et al., 2012; Richardson et al., 2013). Both SSA indices
reflect the difference between the neural responses to the deviant and
standard stimuli, normalized to the sum of responses to both stimuli. The
CSI averages the response to fI and f2 while the SI quantifies them sepa-
rately. The CSI is defined as CSI = [d( f1) + d(f2) — s(fI) — s(f2)]/
[d(fI) + d(f2) + s(fI) + s(f2)], where d( f) and s( f) are responses to
each frequency f1 or f2 when they were the deviant (d) and standard (s)
stimuli, respectively. The SI was calculated separately for each frequency
and itis defined as SI( fi) = [d( fi) — s( fi)]/[d( fi) + s( fi)], wherei=1or
2. Positive CSI and SI values indicate that the neurons responded more
strongly to the frequencies when they were deviant compared to when
they were standard. A CSI value of 0.1 was used as cutoff between neu-
rons that exhibited or lacked SSA since it has been previously demon-
strated that CSIs of <0.1 are not statistically different from zero and are
due to random fluctuations in spike counts (Ayala et al., 2013). To test for
effects of the drugs on each individual neuron, the 95% confidence in-
tervals (CIs) for the baseline CSI were calculated using the bootstrapping
method (1000 repetitions, Antunes and Malmierca, 2011; Pérez-
Gonzélezetal., 2012). The limits of 95% Cls were calculated using the 2.5
and 97.5 percentiles of the CSI bootstrap distribution. An effect of the
drug was considered to be significant when the CSI value obtained under
the ejection condition was larger or smaller than the high or low 95% CI,
respectively.

To characterize the time course of adaptation, we plotted the averaged
response to the standard tone from all neurons as a function of the trial
position. For each of n trials, the sum of the raw number of spikes was
divided by the total number of standard presentations that occurred at
that » trial (mean spikes per trial). The mean response was plotted at the
original trial-long time scale. Then we performed a nonlinear least-
square fit to this population mean curve to find the best-fitting double
exponential function as follows: f(f) = A+ A,e /() + A e /7,
where A, A,, and A, are the magnitudes of the steady state and the rapid
and slow components, respectively, and 7, and 7, are the time con-
stants of the rapid and slow components (for details, see Pérez-Gonzalez
etal., 2012).

The best frequency (BF; sound frequency that evokes the maximal
response), CF, and threshold of each neuron were identified. Likewise,
the response strength (spikes/stimulus) and response latency to the BF
and CF were measured. The monotonicity index (MI; spike count at 80
dB SPL/maximum spike count), which refers to the degree of reduced
spiking at higher intensities, was calculated from the FRA measure at the
CF (Watkins and Barbour, 2011). Monotonic responses were those with
an MI of >0.75. We measured the sharpness of the FRA by calculating the
bandwidth and Q value at 10 and 30 dB SPL above the threshold, as in
previous studies (Hernandez et al., 2005; Izquierdo et al., 2008; Malm-
iercaetal., 2009; Duque et al., 2012; Ayala et al., 2013). The bandwidth is
the difference in kilohertz between the lowest and highest frequency of
the FRA, and the Q value is the CF divided by the bandwidth. Finally, the
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duration and temporal response patterns of the response to the fI and f2
tones were visually determined to characterize the baseline neuronal
response profiles. The temporal response patterns were classified follow-
ing criteria used previously (Rees et al., 1997; Duque et al., 2012).

Since the presence of spontaneous activity can affect the SSA indices
(Duque and Malmierca, 2014; Klein et al., 2014), we again calculated the
SSA indices from the evoked activity, but after subtracting spontaneous
activity. Spontaneous activity was estimated within a fixed 50 ms window
before each tone presentation across all the trials of the oddball paradigm
as described previously (Duque and Malmierca, 2014). Thus, for oddball
sequences of 400 trials, a time sample of 20 s was obtained. Then, a
corrected response was obtained by subtracting the average spontaneous
activity from the evoked firing rate in the same window used before to
evaluate SSA (evoked rate minus spontaneous rate in spikes per second).
The subtraction was done bin by bin (bin size of 1 s).

Unless stated otherwise, data are presented as the mean = SEM or the
median * interquartile range, as appropriate. Differences in the SSA
indices and strength and latency of the responses to deviant and standard
tones across baseline, drug application, and recovery conditions were
tested using a Friedman repeated-measures ANOVA on ranks test. Post
hoc comparisons were performed following Dunn’s method, and p <
0.05 was considered statistically significant. To test for significant effects
of drug application on a neuron’s response features (i.e., spontaneous
discharge, CF, MI, threshold), we performed a Wilcoxon signed rank
test. To compare response baseline profiles between groups of neurons,
we performed a Mann—Whitney ranks sum test or Kruskal-Wallis one-
way ANOVA, as appropriate. Finally, to measure the strength of associ-
ation between variables, we used the Spearman rank order correlation
coefficient. Analyses and figures were executed using SigmaPlot version
11 (Systat Software) and Matlab 13 (MathWorks).

Results

To explore the influence of cholinergic neuromodulation on SSA
in the IC of the rat, we recorded the responses of 152 well-isolated
single neurons to an oddball paradigm before, during, and after
microiontophoretic application of ACh (n = 105), scopolamine
(n =19), and mecamylamine (n = 28).

The strength of the ACh effect depends on the baseline

SSA level

The recorded neurons had different temporal response patterns
and exhibited (82%) or lacked (18%) SSA. Three example neu-
rons are shown in Figure 1. The first neuron (Fig. 1A) responded
with sustained firing of similar strength to both the deviant and
standard tones across all the tone presentations; therefore, it lacks
SSA (CSIpseline 0.08). Microiontophoretic application of ACh
did not change either the temporal response pattern or the ratio
between the responses to the standard and deviant sounds as
estimated by its CSI (CSI, 0.07; bootstrapping, 95% CI; Fig.
1A,B). Figure 1C illustrates a neuron that showed an onset re-
sponse type and a high level of SSA as depicted by its CSI (0.97).
It was also unaffected by ACh, even after a long period of appli-
cation (>2 h; Fig. 1C,D). In contrast, Figure 1, E and F, depicts
the response of a third neuron, with an intermediate CSI value
(0.732), that was strongly affected by ACh. In this neuron, the
firing response increased (Fig. 1E), and the CSI (0.41) decreased
significantly, but returned to baseline values during recovery
(Fig. 1F). Although Figure 1 illustrates the neuronal response to
only one oddball sequence, the mean responses (spikes per trial)
of the nonadapting (deviant, I, 7 = 0.11; f2, 8.15 * 0.12; stan-
dard, f1, 6 = 0.03; f2, 7.1 * 0.04), highly adapting (deviant, f1,
1.02 = 0.05; f2, 0.5 = 0.07; standard, fI, 0.01 = 0.01; 2, 0.01 =
0.01), and partially adapting neurons (deviant, f1, 1.6 = 0.09; /2,
2.1 £ 0.08; standard, f1, 0.33 = 0.03; /2, 0.24 £ 0.03) to fI and f2
were similar whether they were presented as the deviant or the
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displayed for each neuron.

standard stimulus. Thus, the very few spikes shown in Figure 1C
are indeed due to adaption rather than to a lack of sensitivity to
the standard tone.

Our data (n = 105) contain a wide range of CSI values from
—0.06 to 0.99 (Fig. 2A) and thus include neurons that lack or
exhibit different levels of SSA. Across the entire sample, the most
remarkable finding was that ACh differentially affected only a
subset of IC neurons (54 of 105; bootstrapping, 95% CI), mainly
by decreasing their CSIs (36 of 54). The majority of neurons with
intermediate CSI values were sensitive to the ACh application
(0.1 < CSI < 0.9; 43 of 62), whereas most of the neurons that
exhibited low (CSIL, =0.1; 15 of 19) or high (CSIL, =0.9; 17 of 24)
values were unaffected by ACh (Fig. 2A). The different baseline
CSI values of our sample of neurons were fitted by a sigmoidal
curve (r* = 0.99, p < 0.0001; Fig. 2B, gray line). We found that
the magnitude of the absolute change exerted by ACh on the CSI
followed a Gaussian distribution (> = 0.44, p < 0.001; Fig. 2B,
black line). The tails of the Gaussian curve correspond to the
weak or absent effect exerted on neurons with low or extremely
high CSI values, and the peak corresponds to the maximum effect
exerted on neurons with intermediate CSI values. These results
indicate a distinct dependence of the strength of the ACh effect on
the baseline CSI. This dependence was also evident in the nor-
malized responses to each frequency ( f1 or f2) estimated by the
SIs (Fig. 2C). There was no difference between the absolute
changes on SI1 and SI2 (Mann—Whitney rank sum test, p = 0.69,
T = 11250, n = 105), indicating that ACh affected both frequen-

cies similarly. Also, the absolute change exerted by ACh on the
CSI correlated with the changes elicited on SI1 (Spearman’s co-
efficient, 0.63; p = < 0.001; n = 2 X 105) and SI2 (coefficient,
0.59; p < 0.001; n = 2 X 105; Fig. 2D). The magnitude of change
on the SI was higher for the group of neurons with 0.1 < CSI <
0.9, whereas for the neurons with CSI values of =0.1 and =0.9,
this magnitude was similar (Kruskal-Wallis one way ANOVA,
p < 0.001, H = 38.76; Dunn’s method, p < 0.05; n = 2 X105).
Hence, we can safely conclude that ACh decreased both the CSI
and SI at the population level. The CSI decreased from 0.57 =
0.72t0 0.45 = 0.71 (Friedman test, p = 0.01, Xi* = 8.9, n = 105)
and the SI from 0.57 = 0.69 to 0.44 = 0.74 (Friedman test, p =
0.009, Xi* = 9.36; n = 2 X 105; Fig. 2E). The recovery values for
most neurons were virtually identical to the baseline cases (CSI, .,
0.52 = 0.66; S, 0.53 = 0.74). Twelve neurons that were ma-
nipulated with ACh (11% of the sample) were lost before the full
recovery. Nevertheless, those 12 neurons were distributed along
the whole spectrum of CSI values in the sample and were similarly
affected by ACh as other neurons with a similar baseline CSI.
Furthermore, ACh increased the spontaneous rate (from 0.17 =
0.94 to 0.28 = 1.72 spikes per second) of those IC neurons with
partial levels of CSI (0.1 < CSI < 0.9; Wilcoxon signed rank test,
W = 476, Z statics = 2.441, p = 0.015, n = 62) but did not affect
the spontaneous discharge of those with low (CSI, =0.1; p = 0.23;
n = 19) or high CSI values (CSI, =0.9; p = 0.37; n = 24). Based
on this result, we subtracted the spontaneous rate from the
evoked response and recalculated the SSA indices of all neurons
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population of neurons (Friedman test). The dashed lines within each box represent the
median values. The edges of the boxes delimit the 25th and 75th percentiles, the whisker
bars extend to the 10th and 90th percentiles, and the circles represent the 95th and 5th
percentiles. *p < 0.05.

to validate that the changes we observed were due to an ACh
effect on the driven responses. Under this manipulation, the SSA
indices across the baseline, ACh, and recovery conditions were
increased, but ACh still decreased the CSI (Friedman test, p =
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0.01, Xi* = 9.31, n = 105) and SI (Friedman test, p = 0.002,
Xi* = 12.04, n = 2 X 105, Fig. 2E), indicating a genuine cholin-
ergic effect on the evoked responses.

Acetylcholine differentially modulates the responses to
deviant and standard tones

In terms of spike count (spikes per trial), positive CSI values
reflect smaller spike counts for the standard tone than for the
deviant one. In agreement with this, the spike count for the stan-
dard sound was negatively correlated with the CSI (Spearman’s
coefficient, —0.93; p < 0.001; n = 105), whereas the response to
the deviant sound elicited a weaker correlation (Spearman’s co-
efficient, —0.51; p < 0.001; n = 105). Across the whole popula-
tion of neurons, the neural response was significantly affected by
the ACh (Friedman test, Xi> = 405.112, p < 0.001). The post hoc
analysis indicated that the spike count for the deviant tone was
higher (1.05 = 1.1 spikes per trial) than for the standard tone
(0.26 £ 0.96 spikes per trial) in the baseline condition as ex-
pected, since our sample was biased to positive CSI values (p <
0.05). ACh increased the spike count for both the deviant and
standard tones to 1.19 * 1.67 and 0.42 * 1.36 spikes per trial,
respectively (p < 0.05), without eliminating the difference be-
tween them (Fig. 3 A, B). In the recovery condition, the ACh effect
on neural firing was completely abolished and the response de-
creased to baseline values (1.12 = 1.27 and 0.25 % 1.08 for the
deviant and standard tones, respectively; p < 0.05). Since ACh
did not affect the CSIs of all neurons and the strength of its effect
was baseline dependent, next we explored how the spike count
changed for those partially adapting neurons whose CSI was af-
fected (n = 43). Most notably, for this group of neurons, we
found that ACh increased only the responses to the standard
tones (from 0.32 = 0.6 to 0.51 = 1.13), whereas the responses to
deviant stimuli remained unchanged (baseline, 1.14 + 0.92; ACh,
1.39 * 1.45; Friedman test, Xi*> = 204.85, p < 0.001; Fig. 3C,D).
Moreover, an effect on the responses to the standard but not to
the deviant stimuli was also apparent for all neurons with a sig-
nificant change in their CSI (n = 54; Friedman test, Xi% =232.58,
p < 0.001).

We analyzed the effect of ACh on the time course of the re-
sponse to the standard tone for those partially adapting neurons
with a significant change in their CSI. The dynamics of the re-
sponse to the standard tone was fit well by a double exponential
function under the baseline (r*> = 0.79) and ACh (> = 0.78)
conditions, displaying a rapid and a slow decay as well as a steady-
state component (Fig. 3E). ACh increased the response during
the steady-state component of the response from 0.63 spikes per
trial (95% ClIs, 0.62, 0.64) to 0.99 (95% ClIs, 0.98, 1; Fig. 3E)
without affecting either the timing or the magnitude of the fast
(baseline, 7, = 0.62 trial, A, = 4.97 spikes per trial; ACh, 7, =
0.59, A, = 6.54) or slow (baseline, 7, = 29.15, A, = 0.49; ACh,
T, = 26.7, A, = 0.52) component of the adaptation.

The differential effects exerted by ACh on the responses to
the standard and deviant tones were also reflected by the strength
of correlation between the changes in the CSI (CSI,¢;, minus
CSI}setine) and spike count. The change in the CSI was correlated
more strongly with the normalized change in the mean spiking
response to fI and f2 when presented as the standard tone (1> =
—0.7,p < 0.001, n = 105) than with the change in the response to
f1 and f2 when presented as the deviant tone (r> = —0.3, p <
0.001; Fig. 3F,G).

We explored the effect of ACh on the first spike latencies
(FSLs) of the responses to the deviant and standard tones as well
as on the temporal response patterns. As expected from previous
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Figure3. Effectof AChonthe neural responses to deviantand standard sounds. A, Box plot of the responses to the deviant and standard tones of the whole population of ICneurons before, during,

and after ACh ejection, indicating that ACh increased the responses to both tones. The box plot format is as in Figure 2, Cand D. B, Population PSTHs showing the baseline mean response for deviant
(red line) and standard tones (blue line) and during the ACh ejection (—) as well as the SEMs of both PSTHs (shaded areas). The mean == SEM was calculated bin by bin (bin size, 1 ms). The sound
duration is indicated by the black bar. €, Box plot of the firing response for those neurons with 0.1 << CSI << 0.9 whose CSI was significantly affected by ACh (bootstrapping, 95% Cl). ACh increased
only the response to the standard tone (Friedman test). The format is the same as in A. D, Population PSTHs. The format is the same as in B. E, Time course of adaptation for the mean response to
the standard tone for each position (trial) in the oddball sequence of neurons with 0.1 << CSI << 0.9 significantly affected by ACh. The baseline (open gray circles) and ACh data (orange circles) had
fastand slow decay components and a steady-state component that were fitted by a double exponential function (gray lines). ACh increased only the steady-state component. F, Normalized change
(ACh minus baseline) in the evoked response (mean spikes per trial) to deviant (red) and standard tones (blue) for those neurons whose CSl was changed (CS1 ¢, minus CSI, ;i) by ACh application
(bootstrapping, 95% Cl). G, Normalized change in the evoked response as in F, but for those neurons whose CSI was not affected by ACh (bootstrapping, 95% Cl). *p << 0.05.

IC studies (Malmierca et al., 2009), the FSL of the deviant tone
response (15.55 = 7.41 ms) was shorter than the FSL of the stan-
dard tone response (16.19 * 8.7 ms, p < 0.05) in the baseline
condition. ACh did not affect the FSL; the response latency to the
deviant tone remained shorter during the ACh ejection (deviant,
15.19 * 6.62 ms; standard, 15.86 = 8.71 ms) and recovery con-
ditions (deviant, 15.61 = 7 ms; standard, 15.71 * 8.69 ms; Fried-
man test, Xi> = 68.06, p < 0.001). The shape of the peristimulus
time histograms (PSTHs) was the same for deviant and standard
tones and did not change with ACh application. Our sample of IC
neurons showed mainly an onset response pattern (80%), but
also included on-sustained (9%), pauser (6%), long-latency on-
set (3%), and sustained responses (2%). From the 210 neural
responses explored (each neuron had a response to both fI and
12), only 6 responses changed from onset to on-sustained. These
results confirm that in the auditory midbrain of both awake
(Habbicht and Vater, 1996) and anesthetized mammals (Farley et
al., 1983), ACh affects the strength but not the temporal pattern
of the neural responses.

To ensure that the lack of effect on the CSI we observed in
some neurons was not due to a failed iontophoretic release of
ACh, we measured the CF, MI, and threshold of most of the
neuronal FRAs (96 of 105) before and during the ACh applica-
tion. We found that the threshold (Wilcoxon signed rank test,
W = —747, Z statics = —4.03, p < 0.001, n = 96) and Q,, value
(W = —1423, p = 0.009, n = 96) were affected, whereas the CF

(Wilcoxon signed rank test, W = —168, Z statics = —0.84, p =
0.41,n = 96) and MI (W = 211, Zstatics = 0.93, p = 0.35,n = 96)
remained unchanged by ACh. Moreover, the thresholds of both
groups of neurons, i.e., neurons with significant change in their
CSI (Wilcoxon signed rank test, W = —226, Z statics = —2.97,
p = 0.003, n = 50) and those whose CSI was unaffected by ACh
(W= —158, Zstatics = —2.75, p = 0.006, n = 46), were lowered
from 30 to 20 dB SPL. These results demonstrate that the differ-
ential effects elicited by ACh on the CSI were genuine and not an
artifact.

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

Two major classes of cholinergic receptors (muscarinic and nic-
otinic) are distributed throughout the IC (Morley and Kemp,
1981; Clarke et al., 1985; Kelly and Caspary, 2005). To examine
whether the ACh effects described above are mediated by the
muscarinic and/or nicotinic receptors, we recorded 47 additional
neurons before, during, and after the microiontophoretic appli-
cation of their respective antagonists, i.e., scopolamine and
mecamylamine. The application of scopolamine affected the CSI
of 15 of 19 neurons (Fig. 4A), whereas the mecamylamine af-
fected that of 16 of 28 neurons (Fig. 4B; bootstrapping, 95% CI).
The majority of the significantly affected neurons showed an in-
crease in their CSI under the blockade of the muscarinic (n = 12
of 15; Fig. 4A) and nicotinic (n = 12 of 16; Fig. 4B) receptors. The
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Figure4. Effects of scopolamine and mecamylamine on SSA. 4, The blockade of muscarinic receptors by the application

of scopolamine increased the CSI (gray circles) in most of the recorded IC neurons. The baseline CSI values (open circles)
were fitted by a Sigmoidal curve (r> = 0.99, p < 0.001, gray line). The low and high 95% bootstrapped Cl values (gray
dashes) are displayed for each baseline CSI. Similarly, the absolute differences (expressed in positive values) between the
(Sl in the baseline and scopolamine condition (black circles) were fitted by a Gaussian curve (r> = 0.52, p < 0.01, gray
line). B, Effect of nicotinic receptor blockade with mecamylamine. The format is the same as in 4 (Sigmoidal curve, r> =
0.99; Gaussian curve, r> = 0.76; p < 0.001). C, Box plot of the population CSI showing that scopolamine (Scop) increased
SSA as measured by the CSI (Friedman test). The box plot format is as in Figure 2, Cand D. D, Box plot of the population CSI
indicating that the mecamylamine (Mecam) application did not affect the SSA (Friedman test). E, Box plot of the frequency-
specific SSA index for both frequencies (SI1,2) under the baseline, scopolamine and recovery condition. Scopolamine
increased the SI (Friedman test). F, Box plot of the SI1,2 indicating the lack of effect of mecamylamine (Friedman test). G,
Mean response to the standard tone for each position (trial) in the oddball sequence in the baseline (open circles) and
scopolamine conditions (black circles). The responses were adjusted by a double exponential function (gray lines) with a
fastand slow decay component and a steady-state part. Scopolamine decreased only the steady-state component. H, Time
course of the response under the baseline (open circles) and mecamylamine conditions (black circles). Mecamylamine did
not affect the dynamics of adaptation. The format is the same as in G. *p << 0.05.
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magnitude of the effects of both antago-
nists exhibited the same dependence on
baseline CSI value as ACh. The greatest
changes elicited by the scopolamine and
mecamylamine were on neurons with in-
termediate CSI values, and the absolute
changes followed a Gaussian distribution
(r* = 0.52, p = 0.003 and r* = 0.76, p <
0.001, respectively; Fig. 4 A, B).

At the population level, only scopol-
amine significantly increased the CSI
(Friedman test, XiZ = 7,p=0.03,n=19;
Fig. 4C). Neurons with 0.1 < CSI < 0.9
(n = 14) were the most affected by scopol-
amine. The absolute CSI change was
0.16 = 0.15 for this group. Mecamyl-
amine application did not significantly in-
crease the CSI of the whole population
(Friedman test, Xi> = 1.52,p=0.47,n =
28; Fig. 4D) nor that of the group of neu-
rons with 0.1 < CSI < 0.9 values (Fried-
man test, Xi* = 5.286, p = 0.071,n = 17).
The magnitude of absolute change for the
group of 0.1 < CSI < 0.9 neurons was
0.11 *= 0.10. Likewise, the SI was affected
by scopolamine (Friedman test, Xi* =
7.36,p = 0.02,n = 38; Fig. 4E, F), but not
by mecamylamine (Friedman test, p =
0.36, Xi* = 2.02, n = 56; Fig. 4E,G). The
lack of effect of mecamylamine across the
whole sample of neurons might be due to
the higher proportion of neurons (11 of
28) with very low (CSI, =0.1) and very
high CSI values (CSI, =0.9) compared
with the sample of neurons tested under
scopolamine (5 of 19). The blockade of
the cholinergic receptors decreased the re-
sponse only to the deviant tone (Friedman
test, p < 0.001). The driving response
changed from 1.17 £ 1.52 to 0.95 % 0.63
spikes per trial under the scopolamine
ejection (Friedman test, Xi% = 66.37, p<
0.001; Dunn’s method, p < 0.05; n = 38),
and from 1.28 = 1.17 t0 0.95 = 0.83 spikes
per trial (Friedman test, Xi*> = 148.84, p <
0.001; Dunn’s method, p < 0.05, n = 56)
under mecamylamine application. Al-
though the mean population response to
the standard tone was not significantly af-
fected, we observed a clear change in the
temporal course of adaptation elicited by
muscarinic and nicotinic blockade (Fig.
4H,I). The standard responses of those
neurons with intermediate (0.1 < CSI <
0.9) and significant changes in their CSI
under scopolamine (r* = 0.66, n = 13)
and mecamylmine application (r*> = 0.61,
n = 14) were fitted by the double expo-
nential function described previously for
ACh. We found that scopolamine caused
a greater decrease in the response during
the steady state compared with mecamyl-
amine. Scopolamine led to a 53% reduc-
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adaptation (Fig. 4H ), from 0.61 spikes per

trial (95% Cls, 0.59, 0.63) to 0.29 (95% b
CIs, 0.27, 0.29), whereas mecamylamine
(Fig. 4I) caused a decrease of only 29%,
from 0.50 (95% CIs, 0.49, 0.52) to 0.36
spikes per trial (95% ClIs, 0.34, 0.37). The

magnitude and timing of the rapid and 6
slow decays of the response to the stan-
dard tone were not affected by cholinergic
blockade.

CSl baseline

LIl Illllll}H-Hb

Anatomical and physiological

correlates of the ACh effect 2 A
We determined the location of the major-

ity of the recorded neurons (64 of 105)

across IC subdivisions. Most of the neu- 0 1
rons were located in the RCIC (n = 34),
and the remaining neurons were distrib-
uted in the LCIC (n = 17) and CNIC (n =
13). The baseline CSI was higher in the
cortical subdivisions (RCIC, 0.62 * 0.57;
LCIC, 0.72 * 0.45) than in the central nu-
cleus (0.13 = 0.23; Kruskal-Wallis one
way ANOVA, H = 12.98, p = 0.002; Fig.
5A). Interestingly, the magnitude of
change exerted on the CSI by ACh in
RCIC and LCIC neurons followed the
same Gaussian distribution as the whole
population depicted in Figure 2B (r* =
0.47, p < 0.0001 and r> = 0.47, p = 0.01,
respectively; Fig. 5B, C), whereas the sample of neurons from the
CNIC showed a weak effect that did not follow a Gaussian distri-
bution (p = 1; Fig. 5D).

Finally, we explored whether response properties other than
the degree of SSA were affected by ACh. First, we found that the
neuron’s spontaneous discharge rate, response strength to BF,
response strength and response latency to CF, and bandwidth
and Q value at 30 dB SPL above threshold correlated with CSI
levels (Spearman’s coefficient, p = < 0.05; Table 1). Second,
when these parameters were compared between groups of neu-
rons affected (n = 54) or unaffected (n = 51) by ACh, we ob-
served differences only in the spontaneous discharge (unaffected,
42 £ 53.75 spikes per second; affected, 67.5 = 47), response
strength (unaffected, 3 * 3.56 spikes per stimulus; affected,
4.25 * 5.25), and latency (unaffected, 13.91 * 8.46 ms; affected,
10.17 = 2.76) to BF and in the MI (unaffected, 0.92 * 0.33 ms;
affected, 1 = 0.20). The lack of consistent differences between
groups might be due to an averaging out due to pooling neurons
with extreme response features in the unaffected CSI group. Also,
these data indicate that there is a continuum of neuronal re-
sponse types with different response features and sensitivities to
cholinergic modulation instead of two segregated neural popula-
tions, i.e., sensitive and insensitive to ACh.

Figure 5.

Discussion

We demonstrated that application of ACh decreases the SSA of IC
neurons by increasing the response to the standard tone and that
this effect is mainly mediated by muscarinic receptors. Moreover,
we found that the strength of the cholinergic modulation de-
pends on the baseline SSA level, exerting its greatest effect on
neurons with intermediate SSA responses. To the best of our
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Anatomical location of the recorded IC neurons. 4, Box plot of the baseline (Sl values in our sample of IC neurons with
recording sites localized in the RCIC, LCIC, and CNIC. The box plot format s as in Figure 2, Cand D. Median CSI from the RCICand LCIC
were significantly larger than the CSI from the CNIC (Kruskal—Wallis test). Neurons with CSl values affected (orange dashes) and not
affected (black dashes) by ACh are displayed separately. B-D, Effect of ACh on the CSIs of neurons from the RCIC (B), LCIC (C), and
CNIC (D). Shown are the baseline CSls (open circles) with their low and high 95% bootstrapped Cl values (gray dashes), CSI values
under ACh application (gray circles), and absolute differences (expressed in positive values) between the CSls under the baseline
and ACh conditions (orange circles). The change exerted by ACh on the Sls of neurons from the RCIC (r2 = 0.47, p < 0.001), LCIC
(r*= 0.47,p < 0.001), and CNIC (r* = 2.42 X 10 ") was fitted by a Gaussian curve (gray lines).*p < 0.05.

knowledge, this is the first study demonstrating that auditory SSA
is sensitive to cholinergic modulation.

A selective effect of ACh on frequency processing has been
described in AC neurons of anesthetized animals. A repeated
single-frequency stimulus simultaneously paired with the ionto-
phoretic application of ACh (Metherate and Weinberger, 1989,
1990) or electrical stimulation of the nucleus basalis (Bakin and
Weinberger, 1996) produced a highly specific change in the re-
sponse to the paired frequency rather than a general change in
excitability. More recent studies in the AC (Froemke et al., 2007;
Froembke et al., 2013) using an ACh—tone pairing protocol indi-
cated that ACh exerts transient synaptic disinhibition by shifting
first the excitatory tuning curves followed by a delayed change in
inhibitory tuning, i.e., producing a stimulus-specific decrease in
tone-evoked inhibition (Froemke, 2015). These studies have led
to the notion that cholinergic disinhibition leads to long-term
potentiation and heterosynaptic plasticity of excitation and inhi-
bition after repetitive sensory stimulation (Froembke, 2015). Since
the synapses activated by the standard tone were more active
under ACh application, it is possible that similar synaptic plastic-
ity mechanisms underlie the selective increase in the response to
the standard tone.

The observed decrease in the adaptation to the standard tones
also agrees with diminished spike-frequency adaptation caused
by ACh in other sensory areas (Metherate et al., 1992; McCor-
mick, 1993; Martin-Cortecero and Nunez, 2014). Likewise, ACh
affected SSA mainly through the activation of the muscarinic
rather than the nicotinic receptors (Fig. 4G,H). A previous ion-
tophoretic study suggests that muscarinic receptors are the most
predominant cholinergic receptors in the IC (Watanabe and Si-
mada, 1973). Muscarinic receptors are expressed both presynap-
tically and postsynaptically, so they can alter the excitability of the
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Table 1. Physiological response properties of the recorded IC neurons
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Response Spontaneous Response Response Response Response

sl duration discharge Threshold to BF latency toCF latency
interval n  (ms) (spikes/s) (dBSPL)  BF (kHz) (spikes/stim)  to BF (ms) CF (kHz) (spikes/stim)  to CF (ms) Miat CF BW;, Qo BW;, Q3
=01 19 69535 254139 37* 1003 =141 63911 1382109 1236169 139026 17312092 084005 661118 22025 159375 0948 =0.13
=02 M 7146 £698 248+137 285 1135+251 9.88+324 1483 =425 1219*+17 193*£046 1855+213 088+008 923*+137 143*£022 1604535 121+039
=03 6 54171325 04902 15%2 814106 713237 1016026 1002+ 054 171083 1828247 079016 838271 25094 1344548 1.74*0.63
=04 9 5533*+871 522*+268 21+3 10.26 =244 478077 1206 =149 13.66 =21 161049 1716 =168 0.75*+0.11 13.09*+282 157 =042 18.08 £6.03 1.03+0.27
=05 5 47 1518 0.04 £0.03 347 799092 32092 1024158 1350+364 11054 1449172 083017 768307 275+114 1355+677 136028
=06 4 5125*+1125 08074 30*+4 426+208 294*+16 1624682 11.61 =709 092+022 285 *+724 043019 6.15*+229 141 £05 887 =444 097 £03
=07 7 NBETE 109064 174 10761132 529+098 1095097 1324 =143 098 =015 1977 £176 095003 1012205 162027 2334882 072+0.14
=08 8 5563783 0340714 30x5 1057 =14 484+125 11.29+153 1252+237 1.09*0.18 20.56 = 1.85 10 1637 =416 126 =034 27.26 £ 9.64 0.58 +0.18
=09 12 5475+£746 025011 23*=4 1503+£275 333069 117812 17.05*£238 096 =016 2539+428 084005 1115171 172021 2335*674 084£0.15
=1 24 4267 =448 0.6 =0.08 28*+2 M77+£19 276025 1684+ 154 1412 *+162 097 £013 2186 +13 078006 1029+ 139 158015 2337 £487 0.69 + 0.08
Correlation —0.61 —0.65% —0.09 0.48 —0.7% 0.12 0.81%* 0.78** 0.66% 0.08 0.52 —0.25 0.65% —0.7%

coefficient

The mean = SEM of different response and spectral properties of the 105 recorded neurons under ACh ejection are shown for different CSlintervals. BW, o and BW, are the bandwidth at 10 and 30 dB SPLs above the threshold, respectively.
The bandwidth is the frequency width of the frequency response area of each neuron at the specified intensities. @, and Qs are the quality factors reflecting the relative sharpness of tuning by the CF divided by the bandwidth at 10and 30

dB SPLs above the threshold, respectively. Some of those response properties correlated with the CSI. stim, Stimulus.

*p < 0.05; **p < 0.01 (Spearman’s coefficient).

neurons as well as the release probability of other neurotransmit-
ters (Zhang et al., 2002; Thiele, 2013). In the IC, at least two types
of muscarinic receptors (M1 and M2 types) can modify neural
firing (Habbicht and Vater, 1996). Since we used scopolamine,
which is a general antagonist for muscarinic receptors, we cannot
discriminate between the effects of the two muscarinic subtypes,
but it is likely that most of the excitatory effect exerted by ACh
was mediated by the activation of the M1 type, since selective
blockade of the M1 receptor mostly leads to inhibition, whereas
the opposite effect occurs with selective blockade of the M2 type
(Habbicht and Vater, 1996).

The excitatory effects elicited by ACh might be mediated
through the regulation of K™ channels (McCormick and Prince,
1986; Krnjevi¢, 2004). The activation of the M1-type receptor
induces a reduction in hyperpolarizing potassium currents
through the closure of K™ channels such as the slow afterhyper-
polarization K* channel or the inward-rectifier K type 2 chan-
nel, which in turn reduces spike frequency adaptation and
increases driven and spontaneous activity (Cole and Nicoll, 1984;
Krause and Pedarzani, 2000; Thiele, 2013). Changes in potassium
conductance can act as an activity-dependent adaptation mech-
anism (Sanchez-Vives et al., 2000a,b) that contributes to a signif-
icant fraction of cortical auditory adaptation (Abolafia et al.,
2011). For those reasons, K *-mediated adaptation has been pro-
posed as a potential mechanism underlying SSA (Abolafia et al.,
2011; Malmierca et al., 2014). ACh might also increase the tone-
evoked responsivity in the IC by modulating the release of other
neurotransmitters as reported in the AC (Metherate, 2011),
where the activation of cholinergic receptors decreases the release
of GABA from interneurons (Salgado et al., 2007) or elicits the
activation of NMDA receptor-mediated glutamatergic neu-
rotransmission (Metherate and Hsieh, 2003; Metherate, 2004;
Liang et al., 2008).

It is worth mentioning here that the present results do not
exclude a prominent role of the nicotinic receptors in shaping
SSA. In vitro studies in neocortical neurons suggest that ACh
ejection favors the activation of the muscarinic receptors over
nicotinic receptors because of the different synaptic distribution
and time course of desensitization and inactivation of their cur-
rents (Hedrick and Waters, 2015). ACh ejection, compared with
ACh release from cholinergic axons (as, for example, elicited by
optogenetic manipulation), results in a relatively slow and wide-
spread increase, more likely activating muscarinic receptors that
are located extrasynaptically. Although, we used the most gener-
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Figure 6.  Schematic diagram of the effect of acetylcholine on the responses of IC neurons.

The microiontophoretic application of acetylcholine decreased the CSI by selectively increasing
the responses to the standard tone (baseline, solid blue; ACh ejection, light blue). Note that the
responses to the deviant tone (red) were virtually unaffected.

ally used concentration of the cholinergic antagonists (Farley et
al., 1983), and we cannot rule out that other concentrations may
yield different results. The role of the biophysical properties of the
cholinergic receptor subtypes and the impact of ACh concentra-
tions on SSA modulation require further study.

Our finding that ACh exerts a very delicate modulation by
selectively increasing the evoked response to the standard
sound (Fig. 6) contrasts with the previously described gain
control that is exerted by GABA ,-mediated inhibition (Pérez-
Gonziélez et al., 2012; Duque et al., 2014). The blockade of the
GABA, receptors exerts a dramatic, overall increase in the
neural responsiveness of IC neurons to both deviant and stan-
dard tones (Pérez-Gonzélez et al., 2012). Likewise, our finding
showing that cholinergic manipulation (Figs. 3E, 4H,I) af-
fected only the steady state of the time course of adaptation
markedly contrasts with the substantial changes affecting the
fast and slow decays of adaptation when the GABA , receptors
were blocked or activated. In agreement with our observations
on the evoked response (Fig. 3A—E) and FSL, a change in
strength but not in latency was found to be elicited by ACh in
somatosensory cortical neurons (Martin-Cortecero and
Nunez, 2014). From these results, we can conclude that ACh in
the IC contributes to maintenance of the encoding of repeti-
tive acoustical input by decreasing adaptation. This appears to
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occur mainly through the activation of muscarinic receptors
and acts at a different time course than that of GABAergic
inhibition.

The absent, modest, or profound effects of ACh on SSA (Figs.
2B, 4A, B, 5B) might be explained by differences in the membrane
potential of the neurons, expression of different subtypes of cho-
linergic receptors, and/or the strength of cholinergic inputs.
These factors may enable IC neurons with partial levels of SSA to
filter sensory information according to different global brain
states (e.g., deep sleep, wakefulness, attention). Neurons exhibit-
ing extreme SSA could play a more prominent role as specialized
filters for redundant information insensitive to fine modulation.
Likewise, it is possible that the strength of the cholinergic modu-
lation on SSA would depend on the context of stimulation (e.g.,
relative deviant and standard probabilities or stimulation rate)
able to elicit different levels of SSA on the same neuron (Malm-
ierca et al., 2009; von der Behrens et al., 2009; Ayala et al., 2013).
These issues require further analysis and follow-up experiments.

Cortical and subcortical SSA show many similarities. For ex-
ample, both show multiple time scales of adaptation and fre-
quency hyperacuity (Ulanovsky et al., 2003; Malmierca et al.,
2009; Ayala et al., 2013). However, cortical SSA is stronger in the
sustained component of the neural responses (Ulanovsky et al.,
2003), whereas subcortical SSA is stronger in the onset part
(Duque etal.,, 2012). Thus, SSA occurring in the AC and in the IC
may play different roles (Nelken, 2014). Moreover, due to their
different sources of cholinergic projections, we cannot generalize
our results to ACh effects on cortical SSA. The main source of
ACh to the AC is the basal forebrain (Edeline et al., 1994; Za-
borszky et al., 2012; Bajo et al., 2014), while cholinergic input to
the IC originates in the pontomesencephalic tegmentum (PMT;
Motts and Schofield, 2009; Schofield, 2010). These different ACh
sources may constitute two parallel pathways for modulating
change detection in the AC and IC. However, it is likely that
changes in cortical excitability may affect subcortical SSA by trig-
gering the release of ACh, since AC neurons innervate the PMT
cholinergic neurons that project to the IC (Schofield and Motts,
2009; Schofield, 2010). Deactivation of the AC exerts a heteroge-
neous control on SSA in the IC (Anderson and Malmierca, 2013)
that could be indirectly mediated by ACh through a disynaptic
AC — PMT — IC projection. Thus, different states of cortical
activation might exert a top-down control on the sensory signals
being processed at the IC by gating the PMT cholinergic input.
The presence of neurons either sensitive or insensitive to ACh
within the same IC subdivision (Fig. 5A) together with track-
tracing data (Schofield, 2010; Schofield et al., 2011) and radiola-
beling studies of cholinergic receptors (Rotter et al., 1979; Clarke
et al., 1984, 1985; Cortés and Palacios, 1986) suggest that the
cholinergic projection is diffuse throughout the IC and targets
specific synaptic domains populated by neurons with intermedi-
ate SSA. Alternatively, ACh may modulate specific features such
as the spectral sensitivity of one type of neuron and the SSA of
others.

We found that the microiontophoretic application of ACh in
the IC of the anesthetized rat reduces SSA, which is consistent
with the low SSA indices observed in awake animals (von der
Behrens et al., 2009; Duque and Malmierca, 2014) where ACh
levels are higher (Kametani and Kawamura, 1990; Marrosu et al.,
1995). Furthermore, we found that ACh increased sensitivity to
frequencies at the limen of detectability by decreasing the thresh-
old and broadening the spectral tuning of the FRAs. This result
suggests an improvement in the encoding abilities of IC neurons
under cholinergic modulation. Rapid and dynamic plastic changes
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of the receptive fields are also known to occur in auditory cortical
neurons under behavioral tasks that engage attentional demands
(Fritz et al., 2003, 2005, 2007a,b) as well as immediately after the
electrical stimulation of the nucleus basalis (Bakin and Weinberger,
1996; Kilgard and Merzenich, 2002; Froemke et al., 2013).

Our finding that local augmentation of ACh increases neural
excitability (Fig. 3A) and attenuates adaptation to a repetitive
sound (Fig. 3E) agrees with the effect of systemic manipulation of
ACh levels on population neural sensitivity to repetitive sounds.
Recently, using blocks of tone repetitions in an electroencepha-
lographic study in humans, Moran et al., 2013 found that the
decreased responses to consecutive presentation of the same
tone (i.e., repetition suppression) were markedly attenuated
by systemic application of galantamine, an acetylcholinest-
erase inhibitor.

In conclusion, we showed that ACh exerts transient functional
changes in partially adapting IC neurons, enhancing the sensory
encoding of repetitive stimuli. This effect might potentially con-
tribute to the propagation of ascending sensory-evoked afferent
signals through the thalamus en route to the cortex.
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