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Abstract Rapid behavioral responses to unexpected

events in the acoustic environment are critical for survival.

Stimulus-specific adaptation (SSA) is the process whereby

some auditory neurons respond better to rare stimuli than to

repetitive stimuli. Most experiments on SSA have been

performed under anesthesia, and it is unknown if SSA

sensitivity is altered by the anesthetic agent. Only a direct

comparison can answer this question. Here, we recorded

extracellular single units in the inferior colliculus of awake

and anesthetized mice under an oddball paradigm that

elicits SSA. Our results demonstrate that SSA is similar,

but not identical, in the awake and anesthetized prepara-

tions. The differences are mostly due to the higher spon-

taneous activity observed in the awake animals, which also

revealed a high incidence of inhibitory receptive fields. We

conclude that SSA is not an artifact of anesthesia and that

spontaneous activity modulates neuronal SSA differen-

tially, depending on the state of arousal. Our results suggest

that SSA may be especially important when nervous sys-

tem activity is suppressed during sleep-like states. This

may be a useful survival mechanism that allows the

organism to respond to danger when sleeping.

Keywords Auditory � SSA � Anesthesia � Awake animal �
Inferior colliculus � Change detection � Spontaneous

activity

Introduction

The inferior colliculus (IC) is important for integrating all

information arising from the auditory brainstem (Malmi-

erca 2003; Malmierca and Ryugo 2011), but it may also

play a previously unknown role in gating thalamic activity,

and hence controlling cortical activation (Winer et al.

1996; Peruzzi et al. 1997; Ito et al. 2009). In recent years,

significant progress has been made in the understanding of

auditory subcortical plasticity (Chandrasekaran and Kraus

2010), and evidence against a strict and simple input–

output role for the IC is abundant (Skoe et al. 2013a, b;

Skoe and Kraus 2010; Malmierca et al. 2014). Some

authors even suggest that the IC is analogous to the main

visual cortical region in processing complexity (King and

Nelken 2009).

How anesthesia may alter plasticity in the IC is an

important issue since there is little doubt that anesthesia may

alter some neuronal properties. For example, degradation of

temporal coding (Tollin et al. 2004; Song et al. 2011) and

ITD sensitivity (Fitzpatrick et al. 1995) by anesthesia has

been reported in the IC. Likewise, a much higher level of

spontaneous activity has been reported in the IC of awake

rabbits compared with anesthetized cats (Kuwada et al.

1989) and, recently, Chung and colleagues (2014) observed

that unmasking of spontaneous activity in the awake state

revealed suppressive responses to electric stimulation that

were rarely observed in anesthetized animals. Moreover, a

reduction in response adaptation kinetics has been shown in

the IC of the awake gerbil (Ter-Mikaelian et al. 2007).

D. Duque � M. S. Malmierca

Auditory Neurophysiology Unit, Laboratory for the

Neurobiology of Hearing, Institute of Neuroscience of Castilla Y

León, University of Salamanca, C/Pintor Fernando Gallego,

1, 37007 Salamanca, Spain

M. S. Malmierca (&)

Department of Cell Biology and Pathology, Faculty of Medicine,

University of Salamanca, Campus Miguel de Unamuno,

37007 Salamanca, Spain

e-mail: msm@usal.es

123

Brain Struct Funct

DOI 10.1007/s00429-014-0862-1



Stimulus-specific adaptation (SSA; Ulanovsky et al.

2003), the decrease that some auditory neurons show in

response to repetitive sounds while maintaining respon-

siveness to uncommon sounds, has been extensively stud-

ied in anesthetized preparations. While SSA was originally

described in the auditory cortex (AC; Ulanovsky et al.

2003), it has been shown to also occur at the levels of the

midbrain and thalamus (for a review see Ayala and

Malmierca 2013; Antunes and Malmierca 2014). However,

most SSA experiments have been performed under anes-

thesia. Interestingly, the levels of SSA reported in the few

experiments on awake animals (von der Behrens et al.

2009; Fishman and Steinschneider 2012; Thomas et al.

2012; Nir et al. 2013; Richardson et al. 2013) are consid-

erably lower than those found in anesthetized animals

(Malmierca et al. 2009; Antunes et al. 2010; Antunes and

Malmierca 2011; Zhao et al. 2011; Duque et al. 2012,

2014; Pérez-González et al. 2012; Ayala et al. 2013). Thus,

one might argue that SSA may be profoundly affected by

anesthetic state or even represent an artifact due to anes-

thesia (Jones et al. 2012). But studies comparing SSA in

awake and anesthetized using the same preparation are

missing. Here we investigate what effect, if any, urethane

anesthesia has on SSA in the IC of the mouse.

In the present account, we compared single-unit IC

responses in awake and anesthetized mice. Our results

demonstrate that SSA in the two conditions is qualitatively

similar. The only significant difference between the two

preparations was a much higher rate of spontaneous

activity in the awake animals. Therefore, we conclude that

SSA is a genuine property of some IC neurons and not

simply the result of anesthesia.

Materials and methods

Animals

Experiments were performed on 28 animals, 16 awake and

12 anesthetized young-adult, male CBA/J mice (Mus mus-

culus) aged between 2 and 6 months. The CBA/J strain

exhibits normal hearing sensitivity during the first 2 years of

life (Willott et al. 1988). All experimental procedures were

carried out at the University of Salamanca with the approval

of, and using methods conforming to the standards of, the

University of Salamanca Animal Care Committee.

Surgical procedures: anesthetized preparation

Anesthesia was induced (1.5 g/kg, i.p., 20 % solution) and

maintained (0.5 g/kg, i.p. given as needed) with ure-

thane as routinely done in our lab (e.g., Malmierca et al.

2005, 2008, 2009; Hernández et al. 2005, 2006; Pérez-

González et al. 2005, 2012; Izquierdo et al. 2008; Duque

et al. 2012; Ayala et al. 2013). The animal was placed in a

stereotaxic frame inside a sound-attenuated room and body

temperature was maintained at 38 ± 1 �C by a heating

blanket. The head was stabilized and leveled with ear bars;

care was taken not to damage the eardrums. An incision

was made in the scalp along the midline, and the skin was

reflected laterally. A duralumin headpost (1 g) was glued to

the skull with a one-component self-etching light-cured

adhesive (G-BondTM, GC Corporation, Tokyo, Japan) and

secured using a light-curing hybrid composite (Charisma�,

Heraeus Kulzer, Hanau, Germany). A silver ground wire

was glued onto the skull over the left cerebral cortex and a

craniotomy was performed to expose the right IC. After the

craniotomy, the ear bars were removed and sound was

delivered to the left ear canal via polypropylene tubing.

Surgical procedures: awake preparation

Awake surgical procedures followed those of Bryant and

colleagues (2009) and Portfors and collaborators (Portfors

et al. 2009, 2011; Holmstrom et al. 2010; Muniak et al.

2012). Animals were anesthetized with isoflurane inhala-

tion and placed in a stereotaxic frame. The surgical pro-

cedure was the same as described above: the head was

stabilized and a headpost was cemented on the skull with

the same light-cured adhesives. The analgesic buprenor-

phine (Buprex�, RB Pharmaceuticals, Berkshire, UK) was

injected ip (0.03 mg/kg) and topical triple antibiotic

(Dermisone�, Novartis, Barcelona, Spain) was applied to

the wound. The animal was returned to its cage to recover

from surgery for 2 days prior to starting electrophysio-

logical recordings. Before the recording sessions began, the

animals were acclimated to the recording chamber and

were given a food reward (sweetened full cream condensed

milk diluted 50:50 with water) at the end of every habit-

uation session. During recordings, the head was immobi-

lized by fixing the headpost to a custom-made clamp. In

order to limit body movements the body was inserted in a

loose fitting plastic tube. The mild sedative acepromazine

(Equipromacina, Fatro Ibérica, Barcelona, Spain) was

given if the mouse struggled excessively during the

recording sessions (2 mg/kg, ip). If the animal continued

struggling, we terminated the daily recording session.

Electrophysiological recording

Extracellular single unit responses were recorded using a

tungsten electrode (1–2 MX, Merrill and Ainsworth 1972)

lowered by means of a piezoelectric microdrive (Burleigh

6000 ULN). Acoustic stimuli were delivered through a

sealed acoustic system (Malmierca et al. 2009) using two

electrostatic loudspeakers (TDT-EC1: Tucker Davis
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Technologies) driven by two TDT-ED1 modules. Search

stimuli were pure tones (75 ms with a 5 ms rise/fall time)

monaurally delivered under computer control using TDT

System II hardware and custom software (Faure et al. 2003;

Malmierca et al. 2009). The output of the system at the left

ear was calibrated in situ using a free-field �00 condenser

microphone (model 4133, Brüel & Kjær) and a dynamic

signal analyzer (Photon?, Brüel & Kjær). The maximum

output of the TDT system was flat from 1 to 40 kHz

(*89 ± 4.3 dB SPL). The highest frequency produced by

this system was limited to 40 kHz. The proportion of

neurons responding to frequencies above this range is rel-

atively low (*15 %, Ehret 1979; Stiebler and Ehret 1985;

cf. Figure 3B in Portfors et al. 2011). The second and third

harmonic components in the signal were at least 40 dB

lower than the level of the fundamental at the highest

output level (Malmierca et al. 2009). Action potentials

were recorded with a BIOAMP amplifier (TDT), the 109

output of which was further amplified and bandpass-filtered

(TDT PC1; fc, 500 Hz and 3 kHz) before passing through a

spike discriminator (TDT SD1). Spike times were logged

with a resolution of &150 ls on a computer by feeding the

output of the spike discriminator into an event timer (TDT

ET1) synchronized to a timing generator (TDT TG6).

Generation of acoustic stimuli was exactly as described by

Malmierca et al. (2009). From each isolated neuron, we

measure the frequency response area (FRA) by presenting

pure tones using an automated procedure with 5 stimulus

repetitions at each frequency (from 1 to 40 kHz, in 25

logarithmic steps, presented randomly) and intensity

(10 dB steps, presented from lower to higher intensities).

The spike counts evoked at each combination of frequency

and intensity were then plotted using MATLAB�. We used

the FRA to calculate the minimum threshold and the best

frequency of response, i.e., the sound frequency that can

elicit a response at the minimum intensity.

Data analysis

For the acoustic stimuli, we chose pairs of frequencies (f1
and f2) that were 10–20 dB above the best frequency

threshold for evaluating SSA using an oddball paradigm

(Näätänen et al. 1978; Ulanovsky et al. 2003). Briefly, a

train of 400 stimuli containing both frequencies f1 and f2
was presented under the oddball paradigm: one frequency

(f1) was presented as the standard (90 % occurrence) while,

interspersed randomly among the standards, the deviant

stimuli (10 % occurrence) were presented at the second

frequency (f2). After obtaining one data set, the relative

probabilities of the two stimuli were reversed, with f2 as the

standard and f1 as the deviant. Dot raster plots are used to

illustrate the responses obtained to the oddball paradigm,

plotting individual spikes (e.g., Fig. 1; red dots indicate

responses to the deviant; blue dots indicate responses to the

standard). Stimulus presentations are marked along the

vertical axis. The responses to the standard and deviant

stimuli were also expressed as spikes per stimulus in the

peri-stimulus histogram (PSTH), to account for the differ-

ent number of presentations in each condition, due to the

different probabilities.

The amount of SSA was quantified by two indices: (1) the

frequency-specific index SI(fi), where i = 1 or 2, defined for

each frequency as SI(fi) = [d(fi) - s(fi)]/[d(fi) ? s(fi)] and

(2) the common-SSA index (CSI) defined as

CSI = [d(f1) ? d(f2) - s(f1) - s(f2)]/[d(f1) ? d(f2) ?

s(f1) ? s(f2)], where d(f) and s(f) are responses to each fre-

quency f1 or f2 when they were the deviant (d) or standard

(s) stimulus (Ulanovsky et al. 2003; Malmierca et al. 2009).

The SI reflects the extent to which the response to a given

frequency as standard is suppressed respect to the same

frequency as deviant, i.e. is a frequency-specific index for

SSA. CSI reflects the same effect but for a pair of frequen-

cies, demonstrating that the SSA levels observed in the SI are

extensible to other frequencies of the neuron, i.e. provides an

approximate neuronal level of SSA. The values of both

indices range from -1 to ?1, being positive if the response to

the deviant stimulus is greater. The same paradigm was

repeated varying the interstimulus interval [ISI = 125 ms

(8 Hz), 250 ms (4 Hz) and 1000 ms (1 Hz)] and the fre-

quency contrast (Df) between the standard and deviant

stimulus [Df = 0.04 (0.057 octaves), 0.10 (0.141 octaves)

and 0.37 (0.526 octaves)]; where Df = (f2 - f1)/(f2 9 f1)1/2.

Since the levels of spontaneous activity (SR) in the

awake animal are notably high, we considered two differ-

ent approaches for evaluating SSA. At first, we analyzed

the response, adjusting the limits of the response analysis

window based on the shape of the PSTH—considering only

the evoked response to the sound—and trying to avoid the

inclusion of the SR in the response window used for the

analysis of the SSA. In the second approach, considering

that the SR was constant even during the presentation of

the tones, we computed the SSA indices, but directly

subtracting the SR. To do so, SR was estimated with a fixed

window established 50 ms before the presentation of the

stimuli while we presented the oddball paradigm

(50 ms 9 400 trials = 20 s sample window). Then, a dri-

ven rate was obtained by subtracting the averaged SR from

the evoked firing rate in the same time windows used

before to evaluate SSA (driven rate = firing rate - SR).

The subtraction of the SR was directly done bin by bin

(evoked responses in spikes/s minus spontaneous activity

in spikes/s). The obtained driven rate was then used to

calculate again the levels of SSA in each condition. It

should be noticed that because the calculation of SR is not

intended to include evoked activity (especially at repetition

rates of 8 Hz), cases that showed a likely rebound-off
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activity (i.e., post-stimulus suppression or forward mask-

ing) were not included in the analysis.

Classification of the type of response was based on

previous reports (Rees et al. 1997; Duque et al. 2012): on,

long-latency on, on-sustained, sustained, pauser and on–

off. On responses show a robust response confined to the

first 40 ms of the stimulus. Long-latency on responses

started 50–80 ms after the beginning of the tone. On-sus-

tained responses exhibit a clear on response followed by a

sustained portion, with at least a 50 % decrease of firing

rate compared with the on portion. Sustained responses

show a constant response that lasts 50 ms or more. Pauser

responses show a cessation of firing rate between a clear on

and a sustained portion. On–off responses had two different

components, with an on and off portion (after the end of the

stimulus).

Histology

Neuron location was assigned to each of the main IC

subdivisions based on stereotaxic coordinates (Franklin and

Paxinos 2007), response properties (Egorova et al. 2001;

Portfors et al. 2011; Malmierca and Ryugo 2011) and by

reconstruction of the electrode tracks from the position of

electrolytic lesions (14 lA for 10 s) in Nissl-stained brain

sections. Histological procedures were as described by

Duque et al. (2012).

Results

To characterize SSA in the mouse, we recorded responses

from 93 well-isolated single neurons in the IC under an

Fig. 1 Single-unit responses in the IC of the awake (a) and the

anesthetized (b) mouse. Top panels show FRAs of neurons in the IC

that exhibited high CSI values. Black dots over the FRAs indicate the

pair of frequencies selected for analyzing SSA (Df = 0.37). Insets in

the FRAs show waveforms of the spikes recorded from these single

units. Below the FRAs, dot raster plots are illustrated for the oddball

paradigm under three different repetition rates: 1 Hz (left column),

4 Hz (middle column) and 8 Hz (right column). In the top row f1 and

f2 are the standard and deviant stimuli, respectively (awake: 18.86 and

27.28 kHz; anesthetized: 15.80 and 22.87 kHz). In the middle row, in

the reverse condition, f2 and f1 are the standard and deviant stimuli,

respectively (awake: 27.28/18.86 kHz; anesthetized: 22.87/

15.80 kHz). In the bottom row, PSTHs show averaged responses

for both conditions: deviant (red) and standard (blue). CSI values

obtained in each condition are shown as insets in the PSTHs. Shaded

backgrounds indicate the duration of the stimulus
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oddball paradigm. Fifty-four units were recorded from 16

awake mice and 39 units from 12 anesthetized mice. For

both populations, we determined the basic temporal and

spectral response properties of each neuron and chose a

pair of frequencies within the FRA to evaluate SSA under

different conditions (i.e., variations in frequency contrast

and repetition rate). Our major goal was to study the effect

of anesthesia on SSA sensitivity in the IC of the mice. In

the following, we will compare the levels of SSA, the

neuronal response properties and the levels of spontaneous

activity of IC neurons in the awake and the urethane-

anesthetized mouse.

SSA and response properties in the awake

and anesthetized preparation

Since there were no available SSA data for the IC in

mouse, and for purposes of comparison, we performed the

same experiments and analysis in two different prepara-

tions: awake and anesthetized. Figure 1a shows a FRA of

an individual neuron in the awake preparation while

Fig. 1b shows a FRA of an individual neuron in the

anesthetized preparation. The black dots over the FRAs

indicate the frequencies and the intensity chosen for the

oddball paradigm (Fig. 1a: 18.86 and 27.28 kHz at 20 dB

SPL; Fig. 1b: 15.80 and 22.87 kHz at 30 dB SPL). The

neurons illustrated exhibit significant SSA, showing a

cessation of the responses to the repetitive stimuli (Fig. 1a,

b: blue dots in the dot rasters, especially at 4 and 8 Hz)

while the responses to the deviant stimuli are maintained

(Fig. 1a, b: red dots in the dot rasters). The normalized

response in each condition is depicted by the corresponding

PSTHs (Fig. 1a, b, bottom row); the average response to

the deviant stimuli (red traces) is higher than the average

response to the standard stimuli (blue traces) in all condi-

tions. The only readily visible difference in the dot rasters

(and also in the FRAs) between the awake and anesthetized

preparation is the great amount of spontaneous activity

(SR) observed in the awake preparation (Fig. 1a). Despite

the SR, the levels of SSA depicted by the common SSA

index (CSI, insets in the PSTHs) are comparable between

the awake and the anesthetized preparation.

We quantified and compared the degree of neuronal

adaptation in the awake and the anesthetized preparation by

computing the CSI and the frequency-specific SSA index

(SI, Fig. 2) under several experimental conditions. The

overall degree of SSA was characterized at a standard

condition with a frequency contrast (Df) of 0.37 and a

repetition rate of 4 Hz (awake: n = 31; anesthetized:

n = 29). Under this condition, CSI levels in the awake

preparation range from -0.017 to 0.854 with an average of

0.43 ± 0.24 (mean ± SD). In the anesthetized preparation

the levels show a comparable range from -0.043 to 0.985

with a similar average level (Table 1, mean ± SD

0.48 ± 0.33). A CSI cut-off value of ?0.18 was defined as

significant SSA based on previous data (Antunes et al.

2010; Duque et al. 2012, 2014). Using this criterion, in the

awake preparation 25 neurons (81 %) showed significant

SSA, while the remaining 6 (19 %) did not. In the anes-

thetized preparation, 21 neurons (73 %) showed significant

SSA, while the remaining 8 (27 %) lacked significant SSA

(Table 1). Twenty-nine of the 39 neurons recorded in the

anesthetized preparation were histologically localized.

Anatomical analysis revealed that 6 neurons were located

in the central nucleus of the IC (lemniscal), while 23 were

located in the collicular cortices (non-leminscal): 4 in the

dorsal, 5 in the rostral and 14 in the lateral cortex (data not

shown). Neurons located in the collicular cortices showed

the largest degree of SSA (mean CSInon-lemniscal:

0.70 ± 0.24; mean CSIlemniscal: 0.36 ± 0.27). Four of the

seven neurons that lacked SSA were from the central

nucleus, supporting previous findings that SSA is biased

towards the non-lemniscal IC regions. On the other hand,

recordings from awake animals limit the ability to localize

individual recorded neurons. However, we recovered

lesions from 7 of the 16 mice at the end of the last

recording session, which allowed us to confirm that we

were also biased towards the non-lemniscal regions of the

IC.

To quantify the adaptation at the population level we

compared the SSA indices across different conditions and

between the two preparations. The SI is depicted in Fig. 2

for different conditions (awake: burgundy dots and crosses;

anesthetized: green dots and crosses). These scatter plots

show the individual SI values for each frequency pair and

demonstrate significant SSA when the values are located in

the upper right quadrant. Crosses represent the median CSI

values while the mean CSI values are also indicated as

insets in each condition. As expected from previous studies

(Ulanovsky et al. 2003; Malmierca et al. 2009; Antunes

et al. 2010), SSA values are positively correlated with the

frequency contrast and the repetition rate in both prepara-

tions (two-way ANOVA; awake: FDf = 6.62, p = 0.002

FHz = 14.85, p \ 0.001; no interaction effect: F = 0.72,

p = 0.58; post hoc Tukey test confirmed differences

between Df = 0.37 and Df = 0.04 - 0.1 and between 1

and 4–8 Hz; p \ 0.05; anesthetized: FDf = 9.37,

p \ 0.001; FHz = 11.32, p \ 0.001; no interaction effect:

F = 0.30, p = 0.88; post hoc Tukey test confirmed dif-

ferences between Df = 0.37 and Df = 0.04 - 0.1 and

between 1 and 4–8 Hz; p \ 0.05). However, at both

preparations, SSA is still present at a small frequency

contrast (Df = 0.04) and at a repetition rate as low as 1 Hz.

No differences in CSI were found at any condition between

the awake and the anesthetized preparation (Mann–Whit-

ney rank sum test, p [ 0.05 for all conditions). Despite not
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Fig. 2 Population SSA

comparison between awake and

anesthetized mouse. Scatter

plots of the SI(f1) versus SI(f2),

for the different Df (top row:

0.04; middle row, 0.1; bottom

row: 0.37) and ISIs (left column:

1 Hz; middle column: 4 Hz;

right column: 8 Hz). Pairs of

frequencies obtained in the

awake (burgundy dots) and

anesthetized (green dots)

preparations are shown. [For

comparison, we also show SSA

data values from previous

experiments in the anesthetized

rat (light violet crosses) from

Malmierca et al. 2009, and Zhao

et al. 2011]. The burgundy

(awake) and green

(anesthetized) crosses indicate

the median and the 25th–75th

interquartile range for each axis.

As each neuron was tested using

different combinations of

parameters, individual neurons

may be represented in more than

one panel. Median CSI values

for each condition are shown as

insets in each scatter plot

Table 1 Neuronal responses in

the awake and the anesthetized

preparations

a Average firing rate response

20 dB above the best frequency

threshold
b Data from Duque et al. (2012)
c Data from Malmierca et al.

(2009)
d Data from Perez-Gonzalez

et al. (2012)

Preparation Mice Rat

Awake Anesthetized Anesthetized

n (all neurons) 79 46 95b

Type of FRA

V-shaped (%) 12 (15) 13 (28) 20 (21)b

Non-V-shaped (%) 50 (63) 33 (72) 75 (79)b

‘Inhibitory’ (%) 17 (22) 0 (0) 0 (0)b

Mean firing rate (spk/s)a 94.27 ± 71.19 70.12 ± 43.6 69.22 ± 52.72b

Mean spontaneous activity (spk/s) 7.16 ± 9.29 0.98 ± 1.86 1.47 ± 5.01b

n (Df = 0.37 at 4 Hz) 31 29 69c

SSA (CSI C0.18) (%) 25 (81) 21 (73) 52 (75)c

Non-SSA (CSI \0.18) (%) 6 (19) 8 (27) 17 (25)c

Mean CSI ± SD 0.43 ± 0.24 0.48 ± 0.33 0.46 ± 0.32c

Median CSI (25th–75th percentile) 0.40 (0.27–0.61) 0.49 (0.14–0.77) 0.47 (0.17–0.80)c

Mean latency difference (ms) 4.34 ± 6.59 9.04 ± 10.34 7.54 ± 14.44c

Adaptation values (mean ± 95 % c.i.)

s(r) (trial) 0.86 ± 0.38 0.58 ± 0.33 0.92 ± 0.13d

Ar (spk/trial) 5.00 ± 2.77 7.68 ± 7.47 9.48 ± 1.56d

s(s) (trial) 34.27 ± 8.58 34.71 ± 14.23 44.54 ± 6.26d

As (spk/trial) 0.64 ± 0.11 0.34 ± 0.10 0.68 ± 0.07d

Astst (spk/trial) 1.13 ± 0.02 1.04 ± 0.02 0.36 ± 0.01d
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being statistically different, we found slightly different

values at Df = 0.1 at 8 Hz; Df = 0.37 at 4 Hz and

Df = 0.37 at 8 Hz (Fig. 2).

To better understand the dynamics of adaptation over

time, we plotted the responses to the standard tone in the

condition with Df = 0.37 at 4 Hz over the consecutive

trials (Fig. 3, awake preparation in burgundy trace:

n = 62; anesthetized preparation in green trace: n = 58).

We fitted the responses with a double exponential func-

tion defined as f ðtÞ ¼ Astst þ Ar � e�t=sðrÞ þ As � e �t=sðsÞ

(Perez-Gonzalez and Malmierca 2012; Perez-Gonzalez

et al. 2012; Duque et al. 2014). The responses to the

deviant tones, because of minimal adaptation, do not fit

this function and for this reason they were not depicted in

the figure. The response to the standard stimulus is

reduced immediately after the first stimulus trials in both

preparations (Fig. 3). This double exponential function

contains both a rapid (r) and a slow (s) component, after

which the response reaches a steady state (Astst). In terms

of magnitude, the fast component, which occurs during

the first trials, presents the largest degree of adaptation.

The slow component defines the final steady-state

response. Comparing the time course of adaptation to the

standard stimuli between the awake and the anesthetized

preparation, only the magnitude of the slow component

(As) and the asymptote of the curve (Astst) were statisti-

cally different (Table 1).

Since these higher time course of adaptation indices

could imply that the firing rate was different in the awake

and the anesthetized preparation, we compared the basic

temporal and spectral responses of the recorded units in

both conditions. We found that the firing rate, the PSTH

response type and the response latencies were similar to

those recorded in the awake preparation. No differences in

firing rate at a common point in the FRA (we calculate the

average firing rate response 20 dB above the best fre-

quency threshold) were found between the awake and the

anesthetized preparation (Table 1; Mann–Whitney rank

sum test, T = 2151, p = 0.13). Next, we characterized the

basic temporal and spectral responses of the recorded units

in an attempt to determine whether there is a correlation

between SSA and any of these features, including PSTH

response type and response latency. We classified the

response types of the units according to the PSTH shape in

response to the standard condition Df = 0.37 at 4 Hz as:

on, long-latency on, on-sustained, sustained, pauser and

on–off responses (see ‘‘Materials and methods’’). In the

awake preparation, the most common type found in our

sample was the on response (15 units, 48 %), followed by

the on-sustained (9 units, 29 %) and the pauser (5 units,

16 %) types. One sustained unit (3 %) and one on–off

response (3 %) completed our data set. The highest levels

of SSA were seen in the on and on-sustained units, while

pauser and sustained units showed the weakest levels of

SSA (one-way ANOVA; p = 0.031). In the anesthetized

preparation, on responses (16 units, 55 %) were also the

most common type of response, followed by the on-sus-

tained (7 units, 24 %), sustained (3 units, 10 %), pauser (2

unit, 7 %), and long-latency on responses (1 units, 4 %).

No on–off responses were found in our anesthetized data

set. Thus, the proportion of response types do not vary

between the awake and the anesthetized preparation (Chi

square test for sampling distributions, v2 = 4.5,

p = 0.479), although it is difficult to make definitive

conclusions due to the small number of neurons in our

sample. Finally, we also evaluated the effects on spike

latency by computing the latency difference, defined as the

difference between the median first spike latency to the

standard and the deviant condition for each frequency.

Across the population, a high SSA level is correlated with a

large latency difference (Spearman rank order correlation

coefficient: 0.36, p \ 0.001). Interestingly, no differences

in latency difference were found as a function of repetition

rate or frequency contrasts in the awake preparation (two-

way ANOVA; FDf = 0.82, p = 0.44; FHz = 2.09,

p = 0.13; no interaction effect: F = 1.09, p = 0.36) while

they were evident in the anesthetized preparation (two-way

ANOVA; FDf = 10.42, p \ 0.001; FHz = 3.01, p = 0.05;

no interaction effect: F = 0.93, p = 0.45; Tukey test

confirmed differences between Df = 0.37 and

Df = 0.04 - 0.1 and between 1 and 8 Hz; p \ 0.05). At

some conditions, latency difference was larger in the

anesthetized mice compared with the awake ones (e.g.

Table 1; Mann–Whitney rank sum test for Df = 0.37 at 1

and 4 Hz, p = 0.001), but those differences did not gen-

eralize to all the conditions (Mann–Whitney rank sum test,

Fig. 3 Time course of adaptation in the awake and the anesthetized

mouse. Averaged population firing rate responses (spikes/stimulus) to

the standard stimulus at the condition with a Df = 0.37 at 4 Hz for the

awake (burgundy, n = 62) and the anesthetized (green, n = 58)

preparations. The upper right inset shows the first 50 trials extended
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p [ 0.05). Such small latency difference in the awake

animal is likely due to the random integration of sponta-

neous spikes into the analysis window.

Urethane anesthesia decreases spontaneous activity

Even simple visual inspection suggested a high SR for the

majority of units during the recording sessions in the awake

mouse (68 % of the neurons recorded showed a SR larger

than 2 spikes/s, Fig. 4, burgundy histogram). At a popu-

lation level, the range of SR was from 0.11 to 28.31 spikes/

s and the mean SR was 7.16 ± 9.29 spikes/s (Table 1). On

the other hand, the mean SR in the anesthetized preparation

was very low or negligible: 0.98 ± 1.86 spikes/s (Fig. 4,

green histogram; SR range from 0 to 2.51 spikes/s). Only

16 % of the neurons recorded showed a SR larger than 2

spikes/s and 46 % of the neurons showed no SR at all.

Thus, median SR in the awake preparation was signifi-

cantly higher than that seen in the anesthetized mouse

(Anesthetized: 0.222 spikes/s; Awake: 3.8 spikes/s; Mann–

Whitney rank sum test, p \ 0.001). Moreover, for some

units in the awake preparation the SR was so high that no

sound-evoked response could be distinguished out of the

SR. In those cases, which account for almost a quarter of

our sample (Table 1, 17/79; 22 %), the SR allowed us to

detect suppression of responses to different combinations

of frequencies and intensities, resulting in a distinct and

Fig. 4 Histogram of the SR in the awake and the anesthetized mouse.

Note that the x-axis is logarithmic to account for the great difference

in SR between the anesthetized (green histogram) and the awake

preparation (burgundy histogram)

Fig. 5 Examples of iFRAs in

the IC of the awake mouse.

Three examples of inhibitory

frequency response areas

(iFRA) are shown in the left

panel. Averaged PSTHs

obtained for each neuronal

example are shown in the right

panel next to each iFRA to

show that no excitatory

response was elicited before the

suppression of the SR. Dotted

lines indicate the mean averaged

SR for each neuronal example.

Firing rate values for each iFRA

shared the y-axis of the

averaged neuronal PSTH
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unambiguous ‘inhibitory’ FRA (iFRA: Fig. 5). Unfortu-

nately, due to the lack of driven activity, we could not test

those neurons showing iFRAs with the oddball paradigm,

nor they did show any sign of SSA in the SR region. The

significant difference in SR may explain why we did not

find iFRAs in the anesthetized preparation (Table 1, 0/45).

Since the high SR rates in the awake preparation might

have affected the levels of SSA in some conditions (Fig. 2,

e.g. Df = 0.37 at 4 Hz), we next proceeded to extract the

SR and reevaluate the levels of CSI of the neurons recorded

for the awake preparation. To do that, we subtracted the SR

(see ‘‘Materials and methods’’), in an attempt to mimic the

anesthetized preparation. Figure 6a shows the same fre-

quency pair example as in Fig. 1a, with a Df = 0.37 at

4 Hz. The depicted PSTHs are shown in Fig. 6b, c, with

and without SR, respectively. Interestingly, the subtraction

of the SR demonstrates a distinct increase in the CSI level.

In order to shed light on the role, if any, of the SR in the

modulation of SSA, we plotted the CSI values of each

neuron as a function of its SR and found that they were

inversely correlated (Fig. 6d, Df = 0.37 at 4 Hz, Spearman

rank order correlation coefficient: -0.58, p \ 0.001). The

same analysis was performed to the neurons in the anes-

thetized preparation, and a similar trend occurred. How-

ever, here the correlation was not significant, most

probably because many neurons in this group totally lacked

of SR and the sample of neurons with SR turned very

small (n = 9; Spearman rank order correlation coefficient:

-0.45, p = 0.204, data not shown). Moreover, despite the

large variability in SR across the population, the compu-

tation of the PSTH grand average showed a clear increase

of the deviant to standard response ratio after the SR

subtraction (Fig. 6e, Df = 0.37 at 4 Hz). At a population

level, this trend is maintained. Figure 7a shows the scatter

plots for the same pairs of neurons recorded in the awake

preparation, before and after the SR subtraction (burgundy

and orange, respectively). The neurons that showed low

levels of SSA (CSI \0.4) remain mostly unaltered when

the SR was subtracted, while the neurons with higher levels

(CSI C0.4) showed an increase of SSA (data not shown).

That happened regardless of the condition, but was most

clearly noticeable when the levels of CSI were consistently

high (for that reason in Fig. 7 we only show 4 of the 9

conditions shown in Fig. 2; i.e., Df = 0.1 and Df = 0.37 at

4 and 8 Hz). Interestingly, the qualitative non-significant

differences found between the awake and the anesthetized

preparation (Fig. 2) seem to disappear when the SR is

subtracted (Fig. 7b).

Discussion

The present study demonstrates high levels of SSA in the

mouse IC and, more importantly, it shows that SSA in the

awake mouse is comparable to that seen in the urethane-

anesthetized preparation. The SSA observed in mice is

equivalent in most respects to that seen in the rat IC

(Malmierca et al. 2009; Duque et al. 2012; Ayala and

Malmierca 2013). Our results further reveal that urethane

anesthesia does affect other response properties in the

mouse IC, most notably the SR. Although previous studies

have shown SSA in awake preparations in different species

or brain regions, our study is the first to directly compare

the effect of anesthesia in the IC. Overall, the results

demonstrate that SSA is a genuine property of some IC

neurons and not an artifact attributable to anesthesia, but

that it is dynamically modulated by the animal’s state

through the neuronal SR.

A detailed examination of SSA at the population level

revealed no major differences between the anesthetized

and the awake conditions in the proportion of neurons

showing SSA and in the overall level of SSA that the

Fig. 6 Relation between spontaneous activity and SSA. a Dot raster

plots for the same frequency pair illustrated in Fig. 1a, with a

Df = 0.37 at 4 Hz. b PSTHs for the averaged responses for the

frequency pair before subtracting the spontaneous rate (SR). c PSTHs

for the averaged responses for the frequency pair after subtracting the

SR. d Correlation between the SR and the level of CSI in the standard

condition, at Df = 0.37 and 4 Hz (n = 31). e Grand average for the

standard condition, with a Df = 0.37 at 4 Hz (n = 31). Deviant and

standard responses for the neurons before the subtraction of the SR

are shown as burgundy and blue lines, respectively. Deviant (orange)

and standard (light blue) responses after the subtraction of the SR are

also shown
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neurons exhibited (Table 1). However, we did find some

differences in other properties, including a much larger

mean SR in the awake preparation (Table 1) as well as an

increase in the slow component (As) and the steady-state

(Astst) indices in the dynamics of adaptation (Fig. 3;

Table 1). Urethane anesthesia produces a decrease of

spontaneous glutamate output in rat cerebral cortex

(Moroni et al. 1981) and could have a similar effect on the

IC. The high rates of SR allowed us to uncover a high

incidence of inhibition in the IC and revealed a large

proportion of purely inhibitory response maps (iFRAs). To

the best of our knowledge, iFRAs have not been previ-

ously documented in the mouse IC, either in the anes-

thetized or the awake preparation. Similar inhibitory

receptive fields have been described in the dorsal cochlear

nucleus of the unanesthetized decerebrate cat (Young and

Brownell 1976), the anesthetized guinea pig (Stabler et al.

1996), the awake mouse (Roberts and Portfors 2008) and,

very rarely, in the IC of the anesthetized rat (Hernandez

et al. 2005). Previous studies have shown higher evoked

and spontaneous firing rates in the awake rabbit IC

(Kuwada et al. 1989; Chung et al. 2014). We did not find

higher evoked firing rates in the awake mice, but higher

SR does seem to slightly decrease the levels of SSA

(Figs. 6, 7). Although, theoretically, subtraction of SR will

necessarily increase SSA based on the equation for CSI

(i.e., without SR numerator will remain constant while

denominator will become smaller by 4 times the SR), in

practice, we observed a full range of changes. As a rule,

neurons showing low levels of SSA also had the lowest

variations of CSI levels (median variation: 0.02) while

neurons with higher levels of SSA presented higher vari-

ations (median variation: 0.10; Mann–Whitney rank sum

test, p = 0.027). These results are in accordance with our

theoretical approximation, as we subtracted the SR

according to the evaluation of the difference in the

response with respect to a basal level. A recent study

(Klein et al. 2014) discussed the possibility that sponta-

neous activity might be responsible for the low levels of

SSA in the auditory cortex. The present data show that in

the IC the SR has some effect on SSA sensitivity. Our

data are in accord with previous elegant work that sug-

gests a basal adaptive state due to high spontaneous

activity rates (Abolafia et al. 2011). However, these

potassium currents suggested by Abolafia and colleagues

do not completely explain SSA (because they would affect

all inputs and thus, will not be stimulus-specific). Such

pre-adaptive situation will produce less adaptation to both

the standard and deviant stimuli, decreasing the ratio

between the deviant and the standard response, therefore

reducing the levels of SSA. Indeed, since high SR in the

awake behaving animals are related to a reduction of

adaptation (Chung et al. 2002; Castro-Alamancos 2004), it

is likely that attention during task engagement modulates

both the evoked and the spontaneous firing rate (Buran

et al. 2014). In this respect, we found a clear correlation

between the CSI levels and the SR such that the higher the

CSI level, the lower the SR (Fig. 6d). Thus, it is tempting

to speculate that the attentional state might be dynamically

Fig. 7 Population comparison between the awake neurons before and

after the subtraction of the spontaneous activity. a Scatter plots of the

SI(f1) versus SI(f2), for different Df (top row 0.1; bottom row 0.37)

and ISIs (left column 4 Hz; right column: 8 Hz). Pairs of frequencies

obtained in the awake mouse before (burgundy dots; median value

showed as a burgundy cross) and after (orange dots; median value

showed as an orange cross) the subtraction of the spontaneous

activity. Median CSI values for each condition are shown as insets in

each scatter plot. b Box plots showing the median value of CSI

(straight line) for the anesthetized (green), awake (burgundy) and

awake without spontaneous activity (orange) neurons of the mice IC.

Mean values are showed as a dashed line. The box plots are for the

same conditions showed in Fig. 7a. The box delimits the 25th and the

75th percentiles, whiskers indicate the 10th and 90th percentiles, and

dots indicate the 5th and 95th percentiles
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increasing the SR and, consequently, affecting the levels

of SSA. One plausible mechanism would be through

GABAergic inhibition. We have previously demonstrated

that GABAA mediated inhibition acts as a gain control

system that sharpens and enhances SSA (Perez-Gonzalez

et al. 2012; Duque et al. 2014) and thus, might suppress

the SR to increase SSA.

Since most reports on SSA from IC neurons have been

in the anesthetized rat (Pérez-González et al. 2005, 2012;

Malmierca et al. 2009, Lumani and Zhang 2010; Zhao et al.

2011; Duque et al. 2012; Perez-Gonzalez and Malmierca

2012; Ayala et al. 2013), it is pertinent to compare our

current results with those in the rat. Table 1 and Fig. 2 not

only compare the anesthetized and the awake mouse

recordings, but they also include previous data from the

anesthetized rat IC. All but one of these experiments

employed urethane anesthesia (Lumani and Zhang 2010,

used ketamine-xylazine). Urethane has been the anesthetic

agent of choice in many electrophysiological recordings,

since it produces (1) minimal disruption of breathing, heart

rate and reflexes (Maggi and Meli 1986), (2) small changes

in the receptor system by non-selectively affecting both the

excitatory and inhibitory currents (Hara and Harris 2002)

and (3) little effect on the time-course and amplitude of

inhibitory and excitatory responses (Sceniak and MacIver

2006). As stated before, the greater amount of inhibition

observed in the awake preparation allowed us to confirm

the presence of iFRAs compared with the absence of these

type of response areas in anesthetized preparations (Chi

square test for sampling distributions, v2 = 34.271,

p \ 0.001). No significant differences were found between

previous data obtained in rat IC and the current work in the

awake and the anesthetized mouse in the level of SSA

(Table 1, Kruskal–Wallis ANOVA on ranks test:

p = 0.895) or in the proportion of neurons showing SSA

(Chi square test for sampling distributions, v2 = 0.586,

p = 0.746). In fact, the levels of SSA in the awake mice

are unexpectedly similar to the ones in the anesthetized

animals considering that anesthetic and inter-specific dif-

ferences affect other features such as latency difference,

firing rate and, particularly, spontaneous activity (Table 1,

Kruskal–Wallis test: p = 0.012, p = 0.042, p \ 0.001,

respectively). For example, the latency difference is

smaller for some conditions in the awake preparation

compared with the anesthetized ones. We usually inter-

preted the delay in the response latency to the standard

stimuli as a consequence of an independent input pro-

cessing of the deviant and the standard frequencies. In such

scenario, the latency of the response to the standard sound

will be progressively delayed up to a point where the

response to the repeated sound is no longer strong enough

to evoke a response. Such a latency difference reduction in

the awake preparation could be the result of a decrease in

the general level of adaptation due to the pre-adaptive state

(Abolafia et al. 2011). Moreover, the time course of

adaptation shows slightly higher values in rat, but probably

because the population used in that experiment presented

an intentional bias towards highly adapting neurons (Perez-

Gonzalez et al. 2012: median CSI: 0.78).

Our study is the first to compare the effect and influence

of anesthesia on SSA by directly comparing awake and

anesthetized responses in the IC in the same preparation.

We were initially surprised by the similarity of the results

we obtained in the awake and anesthetized preparations, as

previous studies found SSA levels in awake experiments

considerably lower than those found in anesthetized prep-

arations. Several differences in the experimental paradigms

may help to explain the discrepancies. First, some experi-

ments were carried out at relatively high intensities (Von

der Behrens et al. 2009) or employed fixed tones to assess

SSA (Nir et al. 2013). Both of these factors may have

influenced the level of SSA, as we have previously dem-

onstrated that SSA is both level and frequency dependent

(Duque et al. 2012). Further, the anatomical location of the

recording sites may also have significantly influenced the

reported values of SSA. For example, it is likely that the

majority of the recordings in the IC of a recent study in an

awake bat preparation (Thomas et al. 2012) were from the

central nucleus, as bats possess a hypertrophied central

nucleus and very small cortical regions compared to rats

and mice (Zook et al. 1985). Similarly, studies in the

medial geniculate body in the awake rat included a large

number of units from ventral and dorsomedial geniculate

neurons (Richardson et al. 2013) where SSA is weak

(Antunes et al. 2010; Antunes and Malmierca 2011). Fur-

ther, while the use of multi electrodes allowed for a large-

scale examination of SSA in monkey A1 (Fishman and

Steinschneider 2012), they might also result in averaging

out high SSA values. Interestingly, the current IC data from

mice contrasts with a previous report on the medial

geniculate body in mice (Anderson et al. 2009), as the

levels of SSA found in the IC are markedly higher. Most

likely, the different anesthesia regime (ketamine-medeto-

mine), anatomical sampling and stimulation protocols used

in the medial geniculate body study may explain the low

levels of SSA reported there, since a degradation of the

SSA sensitivity along the auditory pathway is unlikely

(Perez-Gonzalez et al. 2012; Dhruv and Carandini 2014;

Duque et al. 2014; Escera and Malmierca 2014). Moreover,

it is generally accepted that anesthesia can have a more

pronounced effect on the auditory cortex than on the IC

(Maggi and Meli 1986; Sloan 1998; laboratory unpublished

observations), since more indirect input pathways—as the

auditory cortex—are more likely to be affected by anes-

thesia (Goldstein and Abeles 1975). Therefore, it would be

very interesting to directly compare how SSA is in the
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auditory cortex in awake and anesthetized animals as we

have done here in the IC in further experiments. Finally, it

should be emphasized that the current experiments only

provide an unequivocal demonstration that SSA is not

generated by urethane anesthesia; the effect of other

anesthetic agents remains unknown.

SSA has been associated with important sensory tasks,

namely novelty detection or change detection (Pérez-Gon-

zález and Malmierca 2014) and its electrophysiological

correlates, i.e. the mismatch negativity auditory evoked

potential or the middle-latency response studied in detail in

both humans (Näätänen et al. 1978; Slabu et al. 2010; Grimm

et al. 2011) and small rodents using both the anesthetized

(Tikhonravov et al. 2008; Astikainen et al. 2011; Shiramatsu

et al. 2013) and awake (Nakamura et al. 2011; Jung et al.

2013) preparations. Recent studies have shown that the

moderate urethane effects on neurotransmission seem to

perfectly mimic natural sleep (Clement et al. 2008; Pag-

liardini et al. 2012, 2013), a state that implies a reduction of

behavioral responsiveness (Rechtschaffen et al. 1966).

While mismatch negativity shows some attenuation during

natural sleep (Loewy et al. 1996; Ruby et al. 2008), our study

is in agreement with a recent account (Nir et al. 2013) that

showed that natural sleep does not affect the generation of

SSA in the auditory cortex. Nevertheless, while urethane

anesthesia closely mimics the alternations of forebrain

rhythms found in the EEG components during sleep

(Clement et al. 2008), the overall SR is dramatically affected

by urethane, at least in the IC. Such a reduction of the SR

could be related to a general tendency for high levels of SSA

during sleep-like states. As we demonstrate, SSA is similar

but certainly not identical, in the awake and anesthetized

preparations. This suggests that during sleep we may need

more robust resources to react to danger than in an awake

state in which attention is already preactivated. Attenuation

of SR during sleep could improve this essential response.

In conclusion, our study shows that while SSA is not due

to urethane anesthesia, the awake preparation is different in

that neurons show a much higher SR. These findings,

neglected so far for technical reasons, should be considered

in future studies, especially in view of recent work (Buran

et al. 2014) demonstrating the importance of modulating

the SR in attention and behavior. Our results also confirm

the validity and the importance of studying SSA in the IC

of the mouse because these results provide the baseline for

future studies and open new avenues to the study genetic

modifications affecting the auditory brain in transgenic

mice. Moreover, because the IC acts as a computational

center in the auditory midbrain that may gate thalamic

activity (Winer et al. 1996; Peruzzi et al. 1997; Ito et al.

2009), the simple and old-fashioned IC as a relay center

can be ruled out (Skoe et al. 2013a, b; Skoe and Kraus

2010; Malmierca et al. 2014), hence supporting the idea of

the IC is a key controller of cortical activation, including

cortical SSA.
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