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Abstract

Neural encoding of an ever-changing acoustic environment is a complex and demanding
task that may depend on modulation by the animal’s attention. 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
microiontophretic application of ACh modulates SSA in the IC. We found that ACh
decreased SSA in IC neurons by increasing the response to the repetititve 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 cortical IC subdivisions. Our data demonstrates that
ACh alters the sensitivity of partially-adapting IC neurons by switching neural
discriminability to a more linear transmission of sounds. This change serves to increase
ascending sensory-evoked afferent activity propagated through the thalamus en route to the
cortex. Our results provide empirical support for the notion that high ACh levels may
enhance attention to the environment, making neural circuits more responsive to external

sensory stimuli.
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Introduction

Neural encoding of an ever-changing acoustic environment is a complex and demanding
task that may depend on modulation by an animal’s attention or by the demands of ongoing
activity (Sarter et al., 2005; Thiel and Fink, 2008; Edeline, 2012). Neural mechanisms for
detecting sensory changes engage a distributed network of neural circuits that are sensitive

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

In the auditory brain, neurons that specifically decrease their response to a
repeated sound but resume their firing when deviant stimuli are presented are found in the
primary auditory cortex (AC, Ulanovsky et al., 2003; von der Behrens et al., 2009),
auditory thalamus (Antunes et al., 2010) and inferior colliculus (IC, Perez-Gonzalez, 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 special type of short-term
plasticity that transiently modulates neural responsiveness in an activity-dependent manner
(Jaaskeldinen et al., 2007; Nelken, 2014). SSA may contribute to the upstream encoding of
mismatch signals to repeated and deviant sounds observed at larger spatial and temporal
scales in electroencephalographic studies (Nelken and Ulanovsky, 2007; Escera and
Malmierca 2014; Malmierca et al., 2014). In humans, the encoding of repeated and rare
sounds is affected by top-down processing (Todorovic et al., 2011) and by the application
of modulatory substances, such as cholinergic compounds, that are known to vary across

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

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

demanding tasks (Himmelheber et al., 2000; Passetti et al., 2000). The increase in ACh
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modifies circuit dynamics in response to internal and external inputs (Sarter et al., 2005;
Hasselmo and McGaurghy, 2004; Picciotto et al., 2012). 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 (Sarter et al., 2005; Hasselmo and
McGaughy, 2004; Jaaskeldinen 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 response areas of auditory neurons and therefore is important
in the encoding of spectral representation (Ashe et al., 1989; Metherate and Weinberger,

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

The main goal of the present study was to analyse what role, if any, ACh plays in
generation or modulation of SSA. We employed microiontophretic application of ACh to
address how ACh affects the responses of IC neurons that exhibit SSA. Preliminary reports

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

Subjects and surgical procedures

Experiments were performed on 44 adult female rats (Rattus norvegicus, Rj: Long-Evans)
with body weights ranging from 180-333 g (median + SEM: 210 + 0.76 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 (Directive
2010/63/EU) for the use of animals in neuroscience research. Detailed procedures are given
elsewhere (Malmierca et al., 2003; Malmierca et al., 2009; Perez-Gonzalez et al., 2012).
Anesthesia was induced using a mixture of ketamine chlorohydrate (30 mg/kg, 1.M.,
Imalgene 1000, Rhone M¢éreuse, Lyon, France) and xylazine chlorohydrate (5 mg/ Kg,
Rompun, Bayer, Leverkusen, Germany). 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 sulphate (0.05 mg/kg, s.c., Braun, Barcelona, Spain)
was administered to reduce bronchial secretions. The animals were connected to aventilator
(SAR-830/P) and expired CO, was monitored using a capnograph (Capstar-100). A
craniotomy was made in the caudal part of the left and right parietal bone, exposing the
cerebral cortex, in order to gain access to the IC. To perform electrophysiological
recordings from IC neurons, anesthesia was maintained with an initial i.p. injection of
urethane (750 mg/kg, Sigma-Aldrich Corp., St Louis, MO, USA) and with booster doses of

one-third of the initial amount.

Acoustic delivery and electrophysiological recording
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Prior to surgery, auditory brainstem responses (ABRs) to clicks (100 us, 10 Hz rate)
delivered 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 or at 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 (Tucker-Davis Technologies System 3, Alachua,
Florida, USA). 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 presentations, and the final signal was filtered with a 500-Hz high-
pass filter and a 3000-Hz low-pass filter with hearing thresholds determined visually.
Afterwards, 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 (TDT-EC1). Search stimuli were pure tones or white
noise driven by a TDT System 2 (TDT, Tucker-Davis Technologies, Florida, USA) that
was controlled by custom software for stimulus generation and on-line data visualization
(Faure et al., 2003; Pérez-Gonzalez et al., 2005; Malmierca et al., 2008). Action potentials
were recorded with a TDT BIOAMP amplifier, the x10 output of which was further
amplified and bandpass-filtered (TDT PC1; fc: 0.5-3 kHz) before passing through a spike
discriminator (TDT SDI). Spike times were logged at one microsecond resolution on a
computer by feeding the output of the spike discriminator into an event timer (TDT ET1)
synchronized to a timing generator (TDT TG6). 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
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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 combination of frequencies
and intensities capable of evoking a suprathreshold response. To do this, 5 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.

Simulus 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 (Naitdnen, 1992) and
more recently in animal studies of SSA (Ulanovsky et al., 2003; Malmierca, et al., 2009,
von der Behrens et al., 2010). Briefly, this paradigm consists of a flip-flop design
employing two pure tones at two different frequencies (fl1 and f2), both of which elicited
similar firing rates and response patterns at a level of 1040 dB SPL above threshold within
the neural FRA. For most of the neurons (64%), the f1 and 2 tones were located around the
characteristic frequency (CF, the sound frequency that produces a response at the lowest
stimulus level) while the rest of the frequency pairs were both either lower (23%) or higher
(13%) than the CF. The frequency separations (Af) 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 (sequence 1 and 2). The repetition rate

of the train of stimuli was 4 Hz, as this has been previously demonstrated to elicit SSA in
8
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IC neurons of the rat (Malmierca et al., 2009; Ayala and Malmierca, 2013). In sequence 1,
the f1 frequency was presented as the standard tone with a high probability of occurrence
(90%) within the sequence. Interspersed randomly among the standard stimuli were the {2
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. The responses to the standard and deviant stimuli were
normalized to spikes per stimulus, to account for the different number of presentations in

each condition.

Electrodes and iontophoresis

A tungsten electrode (1-2.5 MQ, Merrill 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 pum from the pipette tip. The glass pipette consisted of five barrels in H-
configuration (World Precision Instruments, SB120F-4) with the tip broken to a diameter of
20-30 pum. The center barrel was filled with saline for current compensation (165 mM
NaCl), while the others were filled with 1 M ACh chloride (Sigma, A6625), 0.5 M
scopolamine hydrobromide (Sigma, S0929) or 0.5 M mecamylamine hydrochloride
(Tocris, 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 while the scopolamine and
mecamylamine are non-selective antagonists of muscarinic and nicotinic receptors,
respectively. These compounds have been used previously in the mammalian IC (Farley et
al., 1983; Habbicht 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

9
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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 in order to ensure the
absence of effect. After the drug injection, we repeated the stimulation protocol until we

observed recovery of firing.

Verification of the recording sites

Once the electrophysiological recordings were completed, electrolytic lesions (10-20 pA
for 15 s) were applied for subsequent histological verification of the recording sites in 24 of
the 44 animals. Brains were fixed using a mixture of 1% paraformaldehyde and 1%
glutaraldehyde diluted in 0.4 M phosphate buffer saline (0.5% NaNO3 in PBS). After
fixation, tissue was cryoprotected in 30% sucrose and sectioned in the coronal or sagital
plane at a thickness of 50 um on a freezing microtome. Slices were stained with 0.1%
cresyl violet to facilitate identification of cytoarchitectural boundaries. The recorded units
were assigned to one of the four main subdivisions of the IC (rostral, lateral and dorsal
cortices or central nucleus, Loftus et al., 2008; Ayala et al., 2015) using as reference the

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

Analysis of neural responses

For each neuron, 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;
Malmierca et al., 2009; von der Behrens et al., 2009; Richardson et al., 2013). Both SSA
indices reflect the normalized difference between the neural response to the deviant
stimulus and the response to the standard, averaging (CSI) or quantifying separately (SI)

the responses to f1 and 2. The CSI is defined as

10
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CSI = [d(f1) + d(f2) — s(f1) — s(£2)] / [d(f1) + d(£2) + s(f1) + s(f2)]

where d(f) and s(f) are responses to each frequency f1 or 2 when they were the deviant (d)
or standard (s) stimulus, respectively. The SI was separately calculated for each frequency

and it is defined as
SI(fi) = [d(f1) — s(f1)] / [d(f1) + s(f1)]

where 1 = 1 or 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 neurons that exhibited or lacked SSA since
it has been previously demonstrated that CSIs < 0.1 are not statistically different from zero

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

To characterize the time course of adaptation, we averaged the response of all
neurons to the standard tone (mean spikes per trial). This was done trial by trial for the total
of stimulus presentations under the oddball paradigm. The mean response was plotted at
their 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(t) — ASS +Ar . eft/’c(r) +As . eft/‘r(s),

where Ag, A; and Ag are the magnitudes of the steady state, and the rapid and slow
components, respectively, and 1. and 1, are the time constants of the rapid and slow

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

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

= spike count at 80 dB SPL / maximum spike count) that refers to the degree of reduced

11
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spiking at higher intensities was calculated from the FRA measure at the CF (Watkins and
Barbour, 2011). Monotonic responses were those with a MI > 0.75. Finally, we measured
the sharpness of the FRA by calculating the Q-value at 10 above the threshold as in
previous studies (Hernandez et al., 2005; Malmierca et al., 2009; Duque et al., 2012; Ayala
et al., 2013). The Q;o-value was calculated as the CF divided by the bandwidth which is the
difference in kHz between the lower and upper frequencies of the FRA. To test for
significant effects of the drugs on each individual neuron, the 95% confidence intervals
(C.Is.) for the baseline CSI were calculated using the bootstrapping method (1000
repetitions). The limits of 95% ClIs 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 injection condition was larger or smaller than the high or low

95% C.I., respectively.

To study the contribution of spontaneous activity on the SSA, we again calculated
the SSA indices from the evoked activity but with subtracted spontaneous activity bin by
bin (evoked activity minus spontaneous activity in spikes/s). Spontaneous activity was
estimated within a 50 ms window before each tone presentation in the oddball paradigm as
described previously (Duque and Malmierca, 2014). Unless otherwise stated, results are
presented as median + SEM. To test for significant differences among medians,
distributions across baseline, drug application and recovery conditions we performed the
Friedman Repeated Measures Analysis of Variance on Ranks. Post hoc comparisons were
performed following Dunn’s method and a p < 0.05 was considered statistically significant.
To measure the strength of association between variables we used the Spearman Rank
Order Correlation Coefficient. Analyses and figures were executed using SigmaPlot

12
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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 SSA (18 %). Three example neurons 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 (CSlpaseline = 0.076).
Microiontophoretic application of ACh did not change either the temporal response pattern
or the ratio between the responses to the standard and deviant sound as estimated by its CSI
= 0.072 (Bootstrapping, 95% C.I., Fig. 1A,B). Figure 1C illustrates another neuron that
showed an onset response type and a high level of SSA as depicted by its CSI (0.974). It
was also unaffected by ACh, even after a long period of application (more than 2 hours;
Fig. 1C,D). In contrast, Figure 1E,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, Fig. 1F) decreased significantly but

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

Our data (n = 105) contains a wide range of CSI values from —0.063 to 0.994 (Fig.
2A) and thus includes 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
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IC neurons (54 out of 105, Bootstrapping, 95% C.1.), mainly by decreasing their CSI (36
out 54). The majority of neurons with intermediate CSI values were sensitive to the ACh
application (0.1 < CSI < 0.9, 43 out 62), whereas most of the neurons that exhibited low
(CSI <0.1; 15 out 19) or high (CSI > 0.9, 17 out 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 (r* = 0.44, p <
0001, 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 normalized responses to each frequency (fl or f2)
estimated by the SIs (Fig. 2C). There was no difference between the absolute change on SI1
and SI2 (Mann-Whitney Rank Sum Test, p = 0.696, T = 11250, n = 105), indicating that
ACh affected both frequencies similarly. Also, the absolute change exerted by ACh on the
CSI correlated with the changes elicited on SI1 (Spearman’s coefficient: 0.63, p = < 0.001,
n = 210) and SI2 (coefficient: 0.59, p <0.001, n = 210, Fig. 2D). The magnitude of change
on SI was higher for the group of neurons with 0.1 < CSI < 0.9 while for the neurons with
CSI < 0.1 and CSI > 0.9, this magnitude was similar (Kruskal-Wallis One Way ANOVA, p
< 0.001, H = 38.759, Dunn’s Method, p < 0.05, n = 210). Hence, we can safely conclude
that ACh decreased both the CSI and SI at the population level. The CSI decreased from
0.57 £ 0.034 to 0.452 + 0.035 (Friedman test, p = 0.01, Xi* = 8.9, n = 105) and the SI from

0.574 + 0.025 to 0.443 + 0.025 (Friedman test, p = 0.009, Xi* = 9.36, n =210, Fig. 2E). The
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recovery values for most neurons were virtually identical to the baseline cases (CSli. =
0.522 + 0.036, Sl = 0.535 + 0.027). Twelve neurons that were manipulated with ACh
(11% of the sample) were lost before the full recovery (crosses in Figure 2A). Nevertheless,
those 12 neurons were distributed along the whole spectrum of CSI values in the sample
and followed the same trend. They were similarly affected by ACh as other neurons with a
similar baseline CSI (Figure 2A, crosses). Furthermore, ACh increased the spontaneous rate
(from 0.17 £+ 0.49 to 0.28 £+ 0.97 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
=0.232, n = 19) or high CSI values (CSI > 0.9, p = 0.375, n = 24). Based on this result we
subtracted the spontaneous rate from the evoked response and recalculated the SSA indices
of all neurons in order 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 condition were increased, but the ACh still decreased the CSI (Friedman test,
p=0.01, Xi* =9.31, n = 210) and SI (Friedman test, p = 0.002, Xi* = 12.04, n = 210, Fig.

2E) indicating a genuine cholinergic 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 count to
the standard tone than to the deviant one. In agreement with this, the spike count to the
standard sound was negatively correlated with the CSI (Spearman’s coefficient = —0.932, p
< 0.001, n = 105), while the response to the deviant sound elicited a weaker correlation
(—0.512, p < 0.001, n = 105). The firing rate of the neural responses was significantly

affected by the ACh (Friedman test, Xi* = 405.112, p < 0.001). The post hoc analysis
16
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indicated that the spike count to the deviant was higher (1.05 £ 0.106 spikes per trial) than
to the standard tone (0.262 + 0.102 spikes per trial) in the baseline condition as expected,
since our sample was biased to positive CSI values (p < 0.05). ACh increased the spike
count to both the deviant and standard tones to 1.188 + 0.133 and 0.421 + 0.128 spikes per
trial, respectively (p < 0.05) without eliminating the difference between them (Fig. 3A,B).
In the recovery condition, the ACh effect on the neural firing was completely abolished and
the response decreased to baseline values; 1.125 £+ 0.122 and 0.246 £+ 0.116 for the deviant
and standard tone, respectively (p < 0.05). Since ACh did not affect all neurons with
different CSI values equally, we explored the change in the spike count of those partially
adapting neurons whose CSI was significantly changed by ACh application (n = 43). Most
notably, for this group of neurons we found that ACh only increased the response to the
standard tone (Friedman test, Xi* = 204.847, p < 0.001, Fig. 3C,D). Moreover, the
differential effect exerted by ACh on the response to the standard stimulus was also
apparent for all neurons with a significant change in their CSI (n = 54, Friedman test, Xi* =

232.583, p <0.001).

We analyzed the effect of ACh on the time course of the response to the standard
tone for those partially adapting neurons with a significant change in their CSI. The
dynamics of the response to the standard tone was fit well by a double exponential function
under the baseline (r* = 0.7871) and ACh (r* = 0.7767) condition, 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 0.6343 spikes per trial (95% C.Is.:
0.6246, 0.6441) to 0.9932 (0.9825, 1.004) (Fig. 3E) without affecting either the timing or

the magnitude of the fast (baseline: T,= 0.6165 trial, A; = 4.973 spikes per trial; ACh: 1,=
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0.596, A;= 6.536) and slow (baseline: t,=29.15, A;= 0.4969; ACh: 1,=26.7, A;=0.5197)

components of the adaptation.

The differential effect exerted by ACh on the response to the standard and deviant
tone was also reflected by the strength of correlation between the change in the CSI
(CSIach — CSlpaseline) and spike count. The change in the CSI was correlated stronger with
the normalized change in the mean spiking response to fl and f2 when presented as
standard (r* = —0.7, p < 0.001, n = 105) than with the change in the response to fl and f2
when presented as deviant tone (r* = —0.3, p < 0.001, Fig. 3F,G). We explored the effect of
ACh on the first spike latency (FSL) of the response to the deviant and standard tone. As
expected from previous IC studies (Malmierca et al., 2009), the FSL of the deviant (15.55 +
0.43 ms) was shorter than the FSL of the standard response (16.2 + 0.67 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 injection (deviant: 15.2 + 0.46 ms; standard: 15.87 + 0.64 ms)
and recovery conditions (deviant: 15.61 = 0.54 ms; standard: 15.71 £ 0.75 ms) (Friedman

test Xi* = 68.064, p < 0.001).

Next, to assure 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 out 105) before and during the ACh application. We found
that the threshold was affected (Wilcoxon Signed Rank Test, W = =747, Z-statics = —4.037,
p < 0.001, n = 96) while the CF (Wilcoxon Signed Rank Test, W = —168, Z-statics =
—0.836, p = 0.406, n = 96) and MI (Wilcoxon Signed Rank Test, W = 211, Z-statics =
0.934, p = 0.353, n = 96) remained unchanged by ACh. Moreover, the threshold of both

groups of neurons, i.e., neurons with significant change in their CSI (Wilcoxon Signed
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Rank Test, W = =226, Z-statics = —2.973, p = 0.003, n = 50) as well as those whose CSI
was unaffected by ACh (Wilcoxon Signed Rank Test, W = —158, Z-statics = —2.747, p =
0.006, n = 46) was lowered from 30 to 20 dB SPL. These results demonstrate that the

differential 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 nicotinic) 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 application of their respective antagonists; i.e., scopolamine and
mecamylamine. The application of scopolamine affected the CSI of 15 out 19 neurons (Fig.
4A) while the mecamylamine affected 16 out 28 neurons (Fig, 4B, Bootstrapping, 95%
C.I.). The majority of the significantly affected neurons showed an increase in their CSI
under the blockade of the muscarinic (n = 12 out of 15, Fig. 4A) and nicotinic (n = 12 out
of 16, Fig. 4B) receptors. The magnitude of the effect of both antagonists exhibited the
same dependence on baseline CSI value as with ACh. The greatest changes elicited by the
scopolamine and mecamylamine were on neurons with intermediate CSI values and the
absolute changes followed a Gaussian distribution (r* = 0.52, p = 0.003 and 1* = 0.756, p <

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

At the population level, only scopolamine significantly increased the CSI
(Friedman test, Xi* = 7, p = 0.03, n = 19, Fig. 4C). Mecamylamine application did not

significantly increase the CSI of the whole population (Friedman test, Xi*= 1.52, p = 0.468,
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n = 28, Fig. 4D) neither for the group of neurons with intermediate CSI values that were
most affected at the single-neuron analysis (0.1 < CSI < 0.9) (Friedman test, Xi* = 5.286, p
=0.071, n = 17). Likewise, the SI was affected by scopolamine (Friedman test, Xi* = 7.357,
p = 0.025, n = 38, Fig, 4E.F) but not by mecamylamine (Friedman test, p = 0.364, Xi* =
2.02, n = 56, Fig. 4E,G). The blockade of the cholinergic receptors decreased the response
only to the deviant tone (Friedman test, p < 0.001). The driving response changed from
1.171 £ 0.166 to 0.95 = 0. 111 spikes per trial under the scopolamine injection (Friedman
test Xi? = 66.375, p <0.001, Dunn’s Method, p < 0.05, n = 38) and from 1.283 + 0.132 to
0.95 + 0.139 spikes per trial (Friedman test Xi* = 148.844, p < 0.001, Dunn's Method, p <
0.05, n = 56) under the mecamylamine application. Although the mean population response
to the standard tone was not significantly affected, we observed a clear change in the
temporal course of adaptation elicited by the muscarinic and nicotinic blockade (Fig. 4H,I).
The standard responses of those neurons with intermediate (0.1 < CSI < 0.9) and significant
change in their CSI under the scopolamine (r* = 0.66) and mecamylmine application (r* =
0.61) were fitted by the double exponential function previously described for ACh. We
found that scopolamine caused a greater decrease in the response during the steady-state in
comparison with mecamylamine effect. The response showed a 53% change from 0.6084
spikes per trial (C.I. 95%: 0.59, 0.6268) to 0.2857 (0.2733, 0.2981) with application of
scopolamine (Fig. 4H) while the change was only 29%, from 0.5043 (0.487, 0.5216) to
0.3565 (0.3448, 0.3682) with mecamylamine application (Fig. 4I). The magnitude and
timing of the rapid and slow decay of the response to the standard were not affected by

cholinergic blockade.

Anatomical and physiological correlates of the ACh effect
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We determined the location of the majority of the recorded neurons (64 out 105) across IC
subdivisions. Most of the neurons were located in the RCIC (n = 34) and the remaining
neurons were distributed in the LCIC (n = 17) and CNIC (n = 13). The baseline SSA was
higher in the cortical subdivisions (RCIC: 0.62 + 0.058; LCIC: 0.72 + 0.076) than in the
central nucleus (0.13 = 0.069) (Kruskal-Wallis One Way ANOVA, H = 12.983, 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 (1> = 0.47, p < 0.0001 and 1> = 0.47, p = 0.011, respectively) (Fig. 5B) while the
sample of neurons from the CNIC showed a weak effect that was not Gaussianly distributed

(p =1, Fig. 5C).

Finally, we wished to test whether any other response feature in addition to the
baseline CSI correlates with the presence or absence of ACh effect on SSA. We found that
the MI of the group of neurons whose CSI was affected by the ACh (1 £ 0.0229, n = 54)
was slightly higher than the MI of the group of neurons with non-affected CSIs (0.929 +
0.0322, n = 51) (Mann-Whitney Rank Sum Test, U-statics = 996.5, T = 2322.5, p = 0.037),
but in both cases the MIs were monotonic. Neither group differed in other parameters such
as the response duration (67.55 + 3.466 and 42 + 3.634 ms for affected and unaffected
groups, respectively, Mann-Whitney Rank Sum Test, p =0.614), threshold (30 = 1.879, 30
+2.008 dB SPL, p =0.263), Q1o (1.426 = 0.123, 1.556 + 1.204, p = 0.601) or CF (11.245 +
1.026, 11.199 £ 0.998 kHz, p = 0.605). The CF (Spearman’s coefficient = 0.806, p = 0.003,
Fig. 5D) as well as the response duration (Spearman’s coefficient = —0.612, p = 0.053, Fig.
5E) correlated with the CSI at the baseline condition, i.e. neurons with higher CSI are tuned
to higher frequencies and have shorter response durations. Then, the median CF and
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DISCUSSION

We have 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 have found that the strength of the cholinergic
modulation depends on the baseline SSA level, exerting its greatest effect on neurons with
intermediate SSA responses. To the best of our 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. A repeated single-frequency stimulus simultaneously paired with the iontophoretic
application of ACh produced a highly specific change in the response to the paired
frequency rather than a general change in excitability (Metherate and Weinberger, 1989).
The effect was mediated by muscarinic receptors. Similar mechanisms may underly the
selective change in the response to the standard tone that we observed (Fig. 3C,D), since
this tone was repeated many more times than the deviant tone under ACh application. The
observed decrease in the adaptation to the standard tones agrees with diminished spike-
frequency adaptation exerted by ACh in other sensory areas (Metherate et al., 1992;
McCormick, 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). Muscarinic receptors are expressed both pre- and postsynaptically so they can alter the
excitability of the neurons as well as the release probability of other neurotransmitters
(Zhang et al., 2002; Thiele, 2013). In the IC, at least two types of muscarinic receptors
(M1- and M2-types) can functionally modify neural firing (Habbicht and Vater, 1996).

Since we used a general antagonist for muscarinic receptors, we cannot discriminate
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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; Krnjevic, 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 after-hyperpolarization K" (Ksanp) or the inward rectifying K"
of type 2 (KIR2) 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
mechanism (Sanchez-Vives et al., 2000a,b) that contributes to a significant fraction of
cortical auditory adaptation (Abolafia et al.,, 2011). For those reasons, K'-mediated
adaptation has been proposed as a potential mechanism underlying SSA (Abolafia et al.,
2011; reviewed in Malmierca et al., 2014). ACh might also increase the tone-evoked
responsivity in 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 neurotransmission (Metherate and Hsieh, 2003; Metherate, 2004;

Liang et al., 2008).

Our finding that ACh exerts a very delicate modulation by selectively increasing
the evoked response to the standard sound contrasts with the gain control exerted by

GABA-mediated inhibition in IC (Perez-Gonzalez et al., 2012) and MGB neurons (Duque
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et al., 2014), where the blockade of the GABA, receptors exerts a dramatic, overall
increase in the neural responsiveness to both deviant and standard tones (Fig. 6A,B).
Likewise, our finding showing that cholinergic manipulation (Fig. 3E, 4H,I) affected 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 GABA4 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 Nuifiez, 2014). From these results,
we can conclude that ACh in the IC contributes to maintain the encoding of repetitive
acoustical input by decreasing adaptation. This occurs mainly through the activation of

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

A second difference between cholinergic and inhibitory modulation of SSA is that
the strength of the cholinergic effect depends on the baseline level of SSA exhibited by the
IC neurons (Fig 2B, 4A,B, 5B) whereas GABA s-mediated inhibition affects the firing of all
IC neurons, regardless of the neural type, i.e., adapting and non-adapting neurons (Perez-
Gonzalez et al., 2012). Differences in the membrane potential of the neuron and/or
expression of cholinergic receptors might explain the lack, modest or profound effects of
ACh. Thus, we suggest that neurons with partial levels of SSA filter sensory information
according to different cognitive states, such as attention in which ACh levels increase
(Passetti et al., 2000; Hasselmo and McGaughy, 2004), while neurons exhibiting extreme
SSA are likely to play a role as specialized filters for redundant information, i.e., repetitive

sounds.
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Although cortical SSA (Ulanovsky et al., 2003) and subcortical SSA (Malmierca
et al., 2009) show many similarities, they are not the same and 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; Zaborszky 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 AC and IC. However it is likely
that changes in cortical excitability may affect subcortical SSA by trigering the release of
ACh since AC neurons inervate the PMT cholinergic neurons that project to the IC
(Schofield and Motts, 2009; Schofield, 2010). Deactivation of the AC exerts a
heterogeneous 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 IC by gating the PMT cholinergic input.

The presence of sensitive and insensitive neurons to ACh within the same IC
subdivision (Fig. 5A) together with track-tracing data (Schofield, 2010; Schofield et al.,
2011) and radiolabelling studies of cholinergic receptors (Rotter et al., 1979; Clarke et al.,
1984; Clarke et al., 1985; Cortes and Palacios, 1986) suggest that the cholinergic projection
is diffuse throughout the IC and targets specific synaptic domains populated by neurons
with intermediate SSA. Alternatively, ACh may modulate specific features such as the
spectral sensitivity of one type of neuron and SSA of others. Future studies are needed to
address these possibilities. Here, we found that the microiontophoretic application of ACh
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in the IC of the anesthetized rat reduces SSA which agrees 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). Since
attention is known to increase ACh levels and neural activity (Ranganath and Rainer, 2003;
Deco and Thiele, 2009, 2011), our study provides a starting point to understand how
attention-demanding states (Passetti et al., 2000; Himmerlheber et al., 2000) might

modulate subcortical SSA.

Our finding that local augmentation of ACh increases the neural excitability (Fig.
3A) and attenuates adaptation to the repetitive sound (Fig. 3E) agrees with a general model
of how ACh affects sensory processing (reviewed in Thiele, 2013). According to this
model, ACh enhances the influence of feedforward afferent input relative to feedback so an
augmentation in ACh increase feedforward synaptic efficacy favoring information relayed
through the thalamus over ongoing intracortical activity. Studies in the AC (Metherate and
Ashe, 1993; Hsieh et al., 2000) and in other brain areas (Hasselmo and Bower, 1992;
Kimura, 2000; Hasselmo and McGaughy, 2004; Deco and Thiele, 2011) also support this
notion. Likewise, our findings support a key formulation of the predictive coding
framework (Friston, 2005, 2008); namely that the reduction in the neural signals evoked by
a repeated or predicted stimulus is attenuated by top-down processes such as attention (Kok
et al., 2012) or augmented by prior expectation (Todorovic et al., 2011). Recently, using
blocks of tone repetitions in an electroencephalographic 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,
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an acetylcholinesterase inhibitor. Thus, the increased availability of ACh enhances the

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

In conclusion, we showed that ACh alters the sensitivity of partially-adapting 1C
neurons by switching neural discriminability to a more linear transmission of sounds
(encoding most of the stimulus occurrences). This effect potentially contributes to
propagation of ascending sensory-evoked afferent signals through the thalamus en route to
the cortex. Our results provide empirical support for the notion that high ACh levels may
enhance attention to the environment, making neural circuits more responsive to external

sensory stimuli.
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LEGENDS

Figure 1. Examples of neurons recorded in this study. A. Dot rasters of the response to
the oddball paradigm of an on-sustained neuron lacking SSA (CSI = 0.076) under baseline,
ACh and recovery conditions. B. Time course of the Common SSA index (CSI) before,
during and after the microiontophoretic injection of ACh. Neither the firing response nor
the CSI were changed by the ACh application (Bootstrapping, 95% C.1.). C. Response of a
neuron showing strong SSA (CSI = 0.974) with a distinct onset firing pattern that was
unaffected by ACh (Bootstrapping, 95% C.I.). D. As, in B, the CSI of the strongly
adapting neuron remained unchanged. E. Dot raster of the response of a neuron with
moderate level of SSA (CSI = 0.732) that was profoundly affected by ACh showing an
increase of firing rate. F. The CSI of this partially adapting neuron decreased during ACh
injection (Bootstrapping, 95% C.1.). The tone duration (75 ms) is represented by the black
bar in A,C,E. The duration of the ACh injection is represented by the shaded area in B,D,F.

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

Figure 2. ACh effect on SSA in IC neurons. A. The recorded IC neurons (n = 105)
showed different levels of CSI in the baseline condition (©) from —0.063 to 0.994. The low
and high 95% confidence interval (C.1.) of each baseline CSI is displayed (—). The CSI of a
subset of IC neurons changed during the application of ACh, being higher or lower than the
C.Is. of the baseline CSI value (orange symbols) while another subset of IC neurons was
insensitive to ACh application (green symbols). Most of the neurons insensitive to ACh

lacked SSA (CSI < 0.1) or exhibited extremely high values (CSI > 0.9) in the baseline
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condition (vertical histogram, left inset). Twelve neurons did not have a measurement in the
recovery condition (orange and green crosses) as they were lost before full recovery. B. The
strength of the effect of ACh depended on the baseline CSI. The baseline CSI values (0)
were fitted by a Sigmoid curve (* = 0.99, p < 0.0001, gray line) while the absolute
difference (e, expressed in positive values) between the baseline and ACh condition
followed a Gaussian curve (I* = 0.44, p < 0.0001, black line). C. Scatter plot of the
difference in the frequency-specific index for f1 (SI1) and f2 (SI2) between the ACh and
baseline condition (CSIach — CSlpaseline) for neurons with low (o: CSI < 0.1), intermediate
(0: 0.1 £CSI<0.9) and high CSI values (o CSI > 0.9). Each dot represents one neuron. D.
The absolute change (positive values) in the CSI correlated similarly with the absolute
changes elicited by ACh in the SI1 (Spearman’s coefficient = 0.63, p < 0.001) and SI2
(0.59, p < 0.001) indicating that changes in the response to both frequencies contributed
similarly to the CSI change. Symbols with the same format as C. E. Box plots of the CSI
(left panel) and SI1,2 (right panel) under the baseline, ACh and recovery conditions. ACh
decreased the SSA indices in the population of neurons (Friedman test, *p < 0.05). The
decrement in the SSA persisted after the spontaneous activity (SA) was subtracted to the
driving response for each neuron. The dashed lines within each box represent the median
values, the edges of the box delimit the 25™ and 75" percentiles, the whisker bars extent to

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

Figure 3. Effect of ACh on the driving response to deviant and standard sounds. A.
Box plot of the response to the deviant (red) and standard tone (blue) of the whole
population of IC neurons (n = 105) before, during and after ACh injection, indicating that
ACh increased responses to both tones (Friedman test, * p < 0.05). B. Population PSTHs
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(mean + STD, shaded) for deviant (red) and standard (blue) tones in the baseline and ACh
(orange) conditions. Bin size = 1 ms; sps: spikes per second. C. Box plot of the firing
response for those neurons with 0.1 < CSI < 0.9 whose CSI was significantly affected by
ACh (Bootstrapping, 95% C.I., n = 43). ACh increased only the response to the standard
tone (Friedman test and Dunn’s method as post hoc test, p < 0.05, *p < 0.05). Same format
as A. D. Population PSTHs. Same format as 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 (n =43). The baseline (®) and ACh data
(®) had fast and slow decay components and a steady-state component that were fitted by a
double exponential function (blue lines). ACh increased only the steady-state component.
F. Normalized change (ACh — baseline) in the driving response (mean spikes per trial) to
deviant (¢) and standard tone (¢) for those neurons whose CSI was changed (CSlach —
CSlpaseline) by ACh application (Bootstrapping, 95% C.I., n = 54). G. Normalized change in
the driving response as in F but for those neurons whose CSI was not affected by ACh

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

Figure 4. Effect of scopolamine and mecamylamine on SSA. A. The blockade of the
muscarinic receptors by the application of scopolamine increased the CSI (©) in most of the
recorded IC neurons. The baseline CSI values (0) were fitted by a Sigmoidal curve (r* =
0.993, p < 0.001, gray line). The low and high 95% bootstrapped C.I. values (—) are
displayed for each baseline CSI. Similarly, the absolute differences (expressed in positive
values) between the CSI in the baseline and scopolamine condition (¢) were fitted by a
Gaussian curve (r* = 0.52, p = 0.003, black line). B. Effect of nicotinic receptor blockade
with mecamylamine. (¢) Absolute differences between the CSI in the baseline and
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mecamylamine condition. Same format as in A. Sigmoidal curve, = 0.994, p < 0.001;
Gaussian curve, r* = 0.756, p < 0.0001. C. Box plot of the population CSI showing that
scopolamine (Scop) increased the SSA as measured by the CSI (Friedman test, *p < 0.05, n
=19). D. Box plot of the population CSI indicating that the mecamylamine application did
not affect the SSA (Friedman test, *p > 0.05, n = 28). E. Scatterplot of the change in the
frequency-specific index (SIacn — Slpaseline) for f1 (SI1) and f2 (SI2) elicited by scopolamine
(o) and mecamylamine (o). No difference between the change elicited in SI1 and SI2 by
scopolamine (p = 0.502) and mecamylamine was found (p = 0.33, Mann-Whitney Rank
Sum Test). F. Box plot of the frequency-specific index for both frequencies (SI1,2) under
the baseline, scopolamine and recovery condition. Scopolamine increased the SI (Friedman,
test, *p < 0.05, n = 38). G. Box plot of the SI1,2 indicating the lack of effect of
mecamylamine (Friedman test, p > 0.05, n = 56). H. Mean driven response to the standard
tone for each position (trial) in the oddball sequence in the baseline (*) and scopolamine
conditions (). The responses were adjusted by a double exponential function (black lines)
with a fast and slow decay component and a steady-state part. Scopolamine decreased only
the steady-state component. I. Time course of the response under the baseline (¢) and
scopolamine condition (¢). Scopolamine did not affected the dynamics of adaptation. Same

format as H.

Figure 5. Anatomical location and physiological properties of the recorded IC
neurons. A. Box plot of the baseline CSI values in our sample of IC neurons with
recording sites localized in the central nucleus (CNIC), rostral (RCIC) and lateral cortex
(LCIC) of the IC. Population CSI in the RCIC and LCIC were significantly larger than CSI
from the CNIC (Kruskal-Wallis test, *p < 0.05). CSI values affected (—) and non-affected
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(—) by ACh are displayed separately. B,C. Effect of the ACh on the CSI of neurons from
the RCIC and LCIC (B) and CNIC (C). (o) Baseline CSI with its low and high 95%
bootstrapped C.I. values (—). (©) CSI value under the ACh application. () Absolute
difference (expressed in positive values) between the CSI under the baseline and ACh
condition. The change exerted by ACh on the CSI of neurons from the RCIC was fitted by
a Gaussian curve (r* = 0.462, p < 0.0001, black line). D. The mean characteristic
frequencies (CF) of neurons with different CSI (sorted into groups of CSI intervals of 0.1
from 0.1 to 1) were fitted by a linear function (r* = 0.533, p = 0.016, black line) indicating
that neurons with low CSI are tuned to lower frequencies than those neurons with higher
CSI. E. The duration of the driving response of IC neurons with different CSI (sorted into
groups of CSI intervals of 0.1 from 0.1 to 1) were fitted by a linear function (r* = 0.526, p =
0.017, black line) indicating that neurons with higher CSI exhibited shorter responses than

those neurons with higher CSI.

Figure 6. Schematic diagram of the acetylcholine effect (and gabazine for comparison
purposes) on the response (firing rate) and dynamics of adaptation (time course of
adaptation). A. The microiontophoretic application of acetylcholine decreased the CSI by
selectively increasing the responses to the standard tone (blue) alone. Note that the response
to the deviant tone is virtually unaffected (red). B. The blockade of the GABA, receptors
using the microiontophoretic application of gabazine decreased the CSI by increasing both,
the response to the standard (blue) and deviant sound (red) as demonstrated by Perez-
Gonzalez et al., 2012. C. The time course of adaptation of the response to the standard tone

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

650  of adaptation while the acetylcholine increased the sustained component only.
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Activation of Blockade of Change in the time course
cholinergic receptors GABA, receptors of adaptation
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