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a b s t r a c t

The inferior colliculus is an auditory structure where inputs from multiple lower centers converge,
allowing the emergence of complex coding properties of auditory information such as stimulus-specific
adaptation. Stimulus-specific adaptation is the adaptation of neuronal responses to a specific repeated
stimulus, which does not entirely generalize to other new stimuli. This phenomenon provides a mech-
anism to emphasize saliency and potentially informative sensory inputs. Stimulus-specific adaptation has
been traditionally studied analyzing the somatic spiking output. However, studies that correlate within
the same inferior colliculus neurons their intrinsic properties, subthreshold responses and the level of
acoustic stimulus-specific adaptation are still pending. For this, we recorded in vivo whole-cell patch-
clamp neurons in the mouse inferior colliculus while stimulating with current injections or the classic
auditory oddball paradigm.

Our data based on cases of ten neuron, suggest that although passive properties were similar, intrinsic
properties differed between adapting and non-adapting neurons. Non-adapting neurons showed a
sustained-regular firing pattern that corresponded to central nucleus neurons and adapting neurons at
the inferior colliculus cortices showed variable firing patterns. Our current results suggest that synaptic
stimulus-specific adaptation was variable and could not be used to predict the presence of spiking
stimulus-specific adaptation. We also observed a small trend towards hyperpolarized membrane po-
tentials in adapting neurons and increased synaptic inhibition with consecutive stimulus repetitions in
all neurons. This finding indicates a more simple type of adaptation, potentially related to potassium
conductances. Hence, these data represent a modest first step in the intracellular study of stimulus-
specific adaptation in inferior colliculus neurons in vivo that will need to be expanded with pharma-
cological manipulations to disentangle specific ionic channels participation.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The inferior colliculus (IC) is a midbrain structure that integrates
auditory inputs from ascending and descending pathways in the
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auditory system. The IC is the first auditory structure where inputs
from lower auditory centers, including the cochlear nucleus, su-
perior olivary complex and lateral lemniscus, converge and send
information to the thalamus (Ito and Malmierca, 2018; Malmierca,
2015). The IC is divided into the central nucleus (CNIC) within the
lemniscal pathway and the surrounding cortices (dorsal, lateral and
rostral) belonging to the nonlemniscal pathway (Ito andMalmierca,
2018; Loftus et al., 2008; Malmierca et al., 2011, 1993). Both path-
ways present different connection patterns and neuronal type or-
ganization (Ito and Malmierca, 2018; Malmierca, 2015). The
multiple patterns of afferent convergence allow the emergence of
complex coding properties of auditory information such as
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List of abbreviations

AP action potential
CNIC central nucleus of the inferior colliculus
CSI common stimulus-specific adaptation index
DCIC dorsal cortex of the inferior colliculus
DEV deviant tones
EPSP excitatory postsynaptic potentials
EPSP-CSI excitatory postsynaptic potential common stimulus-

specific adaptation index
FRA frequency response area
IC inferior colliculus
IPSP inhibitory postsynaptic potentials

IPSP-CSI inhibitory postsynaptic potential common stimulus-
specific adaptation index

last-STD last-standard tones before a deviant events
LCIC lateral cortex of the inferior colliculus
next-STD next-standard tones after a deviant events
n.s. non-statistically significant difference
PSPs postsynaptic potentials
PSTH peristimulus time histogram
SEM standard error of the mean
SSA stimulus-specific adaptation
STD all standard tones
Vm membrane potential
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stimulus-specific adaptation (SSA; Ayala and Malmierca, 2013;
Duque et al., 2012; Lumani and Zhang, 2010; Malmierca et al.,
2009a,b; P�erez-Gonz�alez et al., 2005; Zhao et al., 2011). SSA is the
adaptation of neuronal responses to a specific repeated stimulus,
which does not entirely generalize to other different stimuli
(Movshon and Lennie, 1979; Ulanovsky et al., 2003). Comparing the
responses to a highly repeated standard sound and a rare deviant
sound in an oddball paradigm, strong SSA occurs when the re-
sponses to the deviant sound are much larger than those for the
standard events. This phenomenon provides a mechanism to
emphasize salient and potentially informative sensory inputs,
which may serve multiple functions such as deviance detection,
auditory memory and recognition of acoustic objects (Ayala and
Malmierca, 2013).

The IC is also the first region where SSA is evident in the
mammalian auditory pathway (Ayala et al., 2013; Duque et al.,
2018; P�erez-Gonz�alez et al., 2005), but the cellular mechanisms
that govern and contribute to SSA generation are elusive. SSA is
typically measured for the somatic spiking output, which results
from the interaction between membrane properties, especially the
spiking threshold, synaptic inputs, and the tuning characteristics of
the inputs. SSA is not evenly distributed within the IC. Neurons in
the cortices exhibit strong SSA, while neurons in the CNIC typically
have much weaker or lack SSA (Ayala and Malmierca, 2013; Duque
et al., 2012; Malmierca et al., 2009a). The inputs associated with the
neurons of both the cortices and the CNIC of the IC have been
characterized (Ayala et al., 2016). There is a diversity of IC mem-
brane properties, but they broadly fit into onset, accommodating
and sustained classes (Geis and Borst, 2013; Kuwada et al., 1997;Ma
et al., 2002; Peruzzi et al., 2000; Rabang et al., 2012; Sun et al.,
2006; Tan et al., 2007; Wu et al., 2004). Post-synaptic responses
to randomly presented pure tones have also been characterized in
the IC and are similar to suprathreshold activity. The dorsal cortex
of the IC (Geis and Borst, 2013; Geis et al., 2011) shows broad and
complex frequency response areas, whereas the CNIC displays
sharp tuning, clear tonotopic organization and shorter-latency re-
sponses (Geis and Borst, 2009). However, to fully understand SSA,
the intrinsic biophysical excitability of a neuron should be inte-
grated with its synaptic physiology, which shapes dynamic infor-
mation processing (Malinowski et al., 2019). To date, studies that
determine within the same neurons their intrinsic neuronal prop-
erties, subthreshold responses and their level of acoustic SSA are
still pending in the IC in vivo. It is important to study these in-
teractions because they might help to understand why non-
lemniscal or cortical IC regions exhibit stronger SSA. We propose
the hypothesis that adapting (SSA) neurons and non-adapting (no
SSA) neurons in the IC differ in their intrinsic neuronal properties
and/or subthreshold responses. Thus, the present study aims at
determining the possible correlation between the intrinsic
neuronal properties (i.e., firing patterns in response to current in-
jections), passive membrane properties, subthreshold responses
with their adaptation properties of the IC neurons. These correla-
tions can only be addressed with intracellular recordings, which
allow measuring subthreshold postsynaptic responses and re-
sponses to current injection. Likewise, we can correlate the level of
adaptation from the synaptic input with that of the spiking output
response.

2. Methods

2.1. Surgical procedure

Experiments were performed in 10 adult mice (CBA/J; body
weights: 22e36 g; ~2e3 months old). All experimental procedures
were carried out at the University of Salamanca using methods
conforming to the standards of the European Union Directive 2010/
63/EU and the Spanish Royal Decree 53/2013 for the use of animals
in research and approved by the Bioethics Committee of the Uni-
versity of Salamanca.

Surgical anesthesia was induced with an intraperitoneal injec-
tion of ketamine-acepromazine-dexmedetomidine (75,1 and 1mg/
kg, respectively), which is an optimum cocktail recommended for
long surgical or experimental procedures (Flecknell, 2009). A stable
anesthetic level was maintained with supplementary doses of ¼ of
the induction dose when pedal withdrawal reflexes were present.
Body temperature was maintained at 37 �C with a homeothermic
blanket system (Cibertec). Glucosaline solution was administered
subcutaneously to prevent dehydration (~0.25 ml). The animal was
placed in a stereotaxic frame and the skull was surgically exposed.
A head-post was cemented with dental acrylic to immobilize the
head during recordings. To expose the IC, a craniotomy of ~2 mm in
diameter was performed and the dura was removed.

2.2. Whole-cell patch-clamp electrophysiological recordings

We obtained in vivo whole-cell recordings with a non-visually
guided or blind approach (Margrie et al., 2002). We pulled boro-
silicate glass pipettes with filament (1.5 mm outer diameter,
0.315 mm wall thickness; World Precision Instruments) to have a
resistance of 8 ± 1 MU (1e2 mm tip, P-1000 puller from Sutter In-
struments). Pipettes were filled with intracellular solution con-
taining (in mM): K-gluconate 125, KCl 20, EGTA 0.5, HEPES 10, Na2-
phosphocreatine 10, Mg-ATP 4 and Na2-GTP 0.3 (pH 7.2 with KOH
and osmolarity between 290 and 300 mOsm).

To keep the brain surface moist and reduce the cerebral pulsa-
tions during recordings, the craniotomy was covered with a thin
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layer of 2% agarose in ringer solution ([in mM]: NaCl 135, KCl 5.4,
MgCl2 1, CaCl2 1.8 and HEPES 5 [pH 7.2 with NaOH]). The pipette
was introduced into the mouse IC with penetration angles from 10�

to 30� and advanced with a micromanipulator (Scientifica). The
initial pipette pressure was ~200 mmHg and the pressure was
reduced to ~30 mmHg when approaching a cell. The recorded
neurons were located at penetration depths ranging from 81 to 600
mm.
2.3. Current injection protocol

We recorded membrane potential (Vm) variations in current-
clamp mode during sound stimulation (see section 2.4. below)
and during the injection of square current pulse series from �400
pA to 200 pA above the firing threshold, with 100 pA steps and
300 ms pulse lengths. Signals were sampled at 10 kHz, low-pass
filtered at 10 kHz and amplified with a MultiClamp 700B Ampli-
fier (Molecular Devices). Command pulse generation and data
acquisition were performed with the Axon™ Digidata® 1550A
Low-Noise Data Acquisition System plus HumSilencer™ Adaptive
Noise Cancellation (Molecular devices) controlled by pCLAMP
10.5.0.9 software (Molecular Devices). Thereby, we determined the
action potential (AP) threshold and the discharge pattern, the
interspike interval, the depolarizing sag generated by hyper-
polarizing current pulses (Almanza et al., 2012) and the number of
rebound APs of each neuron. We estimated the AP threshold as the
value of the current injection at which each neuron discharged
AP(s). The amplitude of the depolarizing sag was calculated as the
ratio between the voltage at the maximum peak of the most
hyperpolarizing pulse (�400 pA) and the voltage of the stable state
at the end of the most hyperpolarizing pulse. We assessed the time
constant tau adjusting the most hyperpolarizing pulse to a single-
exponential function (correlation coefficient > 0.99).

Based on the discharge pattern, we classified neurons as sus-
tained, accommodating, accelerating or burst onset cells. We used
the term “accommodating” instead of adapting used by others
(Sivaramakrishnan and Oliver, 2001) to avoid confusion with the
SSA property treated in the context of this paper. Firing patterns
were determined following the work of Sivaramakrishnan and
Oliver (2001) and Tan et al. (2007). Briefly, firing patterns were
classified at 100 pA above the smallest suprathreshold current in-
jection. Burst-onset cells fire a cluster of two or more APs at the
depolarization onset. Accelerating neurons increase their firing rate
alongwith the depolarizing current injection. Accommodating cells
present precisely the opposite profile with decreasing firing rates.
Sustained neurons fire with a nearly constant interspike interval
during the depolarizing pulse. Cells with rebound spikes present
them after hyperpolarization pulses. The interspike interval was
measured as the time between spikes, while the instantaneous
frequency was calculated (automatically by clampfit) by converting
each interspike interval into a frequency, and then, averaging these
frequencies together.

Membrane potentials were corrected offline for an
estimated �11 mV junction potential (Neher, 1992). Data of passive
properties (capacitance and membrane resistance) were acquired
online and verified offline. We performed analyses offline using
Clampfit in the pClamp 10.5.0.9 bundle (Molecular Devices) and
SigmaPlot® 11.0 software. To ensure reliable data quality, neurons
were discarded from the study when membrane voltage depolar-
ized beyond �44 mV and did not recover the initial membrane
potential; auditory or current injection protocols were incomplete;
cells did not show APs nor PSPs after sound stimulation with pure
tones, following previous work (Tan et al., 2007).
2.4. Sound stimulation and data analyses

We performed experiments in a sound-attenuating chamber.
Stimuli were delivered through an electrostatic open-field speaker
(TDT-EC1, Tucker-Davis Technologies [TDT]) placed close to the
contralateral ear. Stimulus generation and online data visualization
were controlled with the RZ6 Multi I/O Processor (TDT), pCLAMP
10.5 (Molecular Devices) and custom software programmed with
OpenEx Suite (TDT) and MATLAB (Mathworks). We calibrated the
sound system in situ using a ¼ inch condenser microphone (model
4136, Brüel & Kjær) and a dynamic signal analyzer (Photonþ, Brüel
& Kjær). The maximum sound system output was flat between 0.5
and 4.5 kHz (77.11 ± 0.38 dB SPL) and between 5 and 40 kHz
(~85 ± 5 dB SPL). The second and third signal harmonics were at
least 40 dB lower than the fundamental frequency at the highest
output level (Malmierca et al., 2009a).

The monaural frequency response area (FRA; i.e., the combina-
tion of frequencies and intensities capable of evoking a response),
was then obtained using a randomized presentation of pure tones.
Pure tones lasted 75 ms (5 ms rise/fall ramps) and were separated
by an onset-to-onset interval of 250 ms. Frequency and intensity of
the stimulus varied randomly (0e70 dB SPL in 10 dB steps and
0.1e40 kHz in 25 frequency steps to cover approximately 2e3 oc-
taves above and below the best frequency (i.e., the frequency with
the lowest intensity threshold; Hern�andez et al., 2005).

To study the level of SSA per neuron, we used the classic oddball
paradigm following previous studies in our laboratory (Ayala et al.,
2013; Ayala and Malmierca, 2018, 2015; Duque et al., 2016, 2012;
Malmierca et al., 2019, 2009a; P�erez-Gonz�alez et al., 2012, 2005;
Vald�es-Baizabal et al., 2017). We selected two frequencies from the
FRA of each cell to generate the oddball paradigm. The two fre-
quencies elicited comparable firing rates in the FRA. They were
around the characteristic frequency, which is the tone frequency
that produces a response at the lowest stimulus level. We pre-
sented trains of 400 stimuli at a specific repetition rate (4 Hz) and a
level of 10e40 dB above the response threshold. For each neuron,
sequences consisted of pure tones of two different frequencies with
a ~0.28-octave frequency separation, which were selected within
its excitatory FRA. One frequency (f1) was presented as standard
(i.e., a higher probability of occurrence within the sequence,
p¼ 0.9); interspersed pseudo-randomly with the second frequency
(f2) presented as deviant (i.e., low probability within the sequence,
p ¼ 0.1). Sequences began with a minimum of 10 repetitions of
standard stimuli, and a minimum of 3 standard tones separated
deviant events. After obtaining one data set, the relative probabil-
ities of the two stimuli were reversed, with f2 as the standard and f1
as the deviant. Pure tones lasted 75 or 30 ms (5 ms rise/fall ramps)
and were separated by an onset-to-onset interval of 250 or 300 ms,
respectively.

We analyzed and illustrated data with Clampfit 10.5 (Molecular
Devices), SigmaPlot® 11.0 software and custom-written MATLAB
scripts. We computed spike counts and peristimulus time histo-
grams (PSTH) with the AP times in response to every stimulus and
tested condition, both in the FRA and oddball paradigm. To visu-
alize responses to oddball paradigms, PSTHs were computed with
the mean firing rate of the 40 trials of deviant events, 360 trials of
standard events and the 40 trials of the standard events preceding
the deviant tones (i.e., the tones with the strongest adaptation;
named from now onwards as last-standard stimuli). To calculate
the adaptation properties of each neuron, we computed the Com-
mon SSA Index (CSI); we measured the total firing rate for each
condition as the average spike count within the 40 trials of deviant
tones and the 40 trials of the last-standard events. The CSI de-
termines the level of SSA for both frequencies of the oddball
paradigm at each condition and classifies neurons as adapting
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(CSI > 0.25) and non-adapting (CSI � 0.25) as previous studies
(Antunes et al., 2010; Ayala et al., 2015, 2013; Duque et al., 2012;
Malmierca et al., 2009a). The CSI was calculated with the spike
counts for each neuron and the two frequencies of the oddball
paradigm (f1 and f2):

CSI¼
P

DeviantðfiÞ � P
StandardðfiÞP

DeviantðfiÞ þ P
StandardðfiÞ

; i¼1;2

where Deviant (fi), Standard (fi) are spike counts in response to
frequency fi presented as a deviant and standard event, respec-
tively. CSI reflects to what extent the response of standard stimuli
was suppressed or adapted. The index ranges between �1 and 1,
being positive if the response to the deviant stimulus was greater
than the response to the standard stimulus. Thereby, we classified
neurons as classically done with CSI values derived from APs
measurements. Similarly, we also computed CSIs with postsynaptic
potentials (PSPs) to determine whether SSA is reflected in mem-
brane potentials at the subthreshold level. Hence, we can correlate
the adaptation-level of the final firing output response with the
synaptic input of each cell. Accordingly, we tested the changes in
the membrane voltage around stimulus presentation. For this
purpose, we removed spiking activity from the voltage trace by
replacing the spike with a linear interpolation between the start to
the end of the spike and measured the mean membrane potential
and areas of excitatory PSPs (EPSPs) and inhibitory PSPs (IPSPs) in
analysis windows. We defined the baseline window 75 ms before
each stimulus onset and the analysis window of 0e150 ms after
stimulus onset for both onset-to-onset intervals and tone dura-
tions. Excitatory areas were measured above the mean membrane
potential of the baseline plus 1 standard deviation, whereas
inhibitory areas were measured below the mean membrane po-
tential of the baseline minus 1 standard deviation. We then
computed the CSI values for the excitatory (EPSP-CSI) and the
inhibitory (IPSPeCSI) areas in separate with the same CSI equation.
This time instead of using the number of APs, we computed the
response to standard events as the sum of the area measurements
of the 40 stimulus repetitions of the last-standard stimuli and the
response to deviant events the sum of the 40 deviant events
similarly to previous work in the auditory cortex (Chen et al., 2015).
With the measurement of excitatory and inhibitory PSPs areas, we
could calculate the CSI with the previous equation. Additionally, to
explore the time course of EPSPs and IPSPs, we analyzed the onset
latencies of the largest excitatory and inhibitory areas as the first
time point of each stimulus repetition. Mean latencies were
calculated separately for excitation and inhibition per neuron and
stimulus condition.

In the same analysis window from 0 to 150 ms after stimulus
onset, we also analyzed mean evoked responses of the excitatory
areas, inhibitory areas and the membrane potential according to
each stimulus condition: deviant tones, all standard tones, last-
standard tones, next-standard tones after deviant events and the
standard tones separated according to the number of consecutive
standard tones previously presented. To be considered for the
analysis, at least a minimum of 20 repetitions of each condition
within a stimulation sequence needed to occur. We normalized
each response variable within each neuron with the greatest
response of all stimuli presented as part of the two oddball se-
quences. We then determined the correlation between the number
of consecutive standard repetitions and the mean values of the
normalized mean membrane potential responses, excitatory or
inhibitory areas in the entire population with Pearson correlation
analyses.
2.5. Statistical testing

Data are denoted as means ± standard error of the mean (SEM).
To statistically compare the analyzed parameters between neurons
grouped according to their CSI levels (adapting neurons, non-
adapting neurons and non-spiking neurons with sound-evoked
PSPs [i.e., neurons without tone-evoked APs but with tone-
evoked PSPs]), we calculated One-Way ANOVA as denoted in Re-
sults. When comparisons were statistically different, samples were
tested with a Holm-Sidak method. The significance level was set at
a ¼ 0.05.

2.6. Histology

One cell was biocytin-labeled for histological identification. We
used an intracellular solution containing 1% biocytin, which was
ejected during the current injection protocol. Five min after injec-
tion, the patch pipette was retracted slowly. The animal was
transcardially perfused with 4% paraformaldehyde in phosphate-
buffered saline and cryoprotected in 30% sucrose. 40 mm sections
were cut in the coronal plane with a freezing microtome. The
location of biocytin-filled neurons was visualized with an avidin-
biotinylated horseradish peroxidase complex with minor modifi-
cations to that described by Brandt and Apkarian (1992); Veenman
et al. (1992).

3. Results

We recorded in vivo whole-cell patch-clamp neurons in the
mouse IC while using two types of stimulation: current injection
and auditory stimulation. We successfully recorded 10 neurons
with an adequate average resting membrane potential
of �57.8 ± 3.06 mV, average membrane capacitance of 9 ± 2 pF and
average membrane resistance of 510 ± 63.5 MU. The access resis-
tancewas 14.1 ± 3.7 MU. Fig. 1 shows one of these neurons that was
histologically labeled in the dorsal cortex of the IC with a pipette
solution containing 1% biocytin as control of whole-cell patch-
clamp. For all neurons, we recorded their FRA and selected the
tones comprising the oddball paradigms (tones of a range of fre-
quencies [2.9e31 kHz; mean 14.95 ± 1.10 kHz] and intensities
[20.2e57.2 dB SPL; mean 36.19 ± 2.56 dB SPL].

3.1. Classification of the inferior colliculus neurons by their
adaptation levels

To quantify the degree of SSA using the oddball paradigm, we
computed the CSI with the spiking activity. This analysis allowed us
to classify 4 neurons as adapting neurons (CSI > 0.25; mean
CSI ¼ 0.79 ± 0.09), 3 as non-adapting neurons (CSI � 0.25; mean
CSI ¼ �0.05 ± 0.04) and 3 additional neurons as non-spiking with
sound-evoked PSPs (see CSI values in Table 1; Fig. 2 for examples of
membrane potential traces). These 3 non-spiking neurons did not
fire APs but responded with PSPs to pure tones. Also, the non-
spiking neurons with sound-evoked PSPs discharged APs during
the injection of current pulses. The adapting neurons exhibited
non-V-shaped FRAs without a clear best frequency characteristic of
the cortices of the IC (Neuron 3 on Fig. 3A), whereas the non-
adapting neurons showed V-shaped FRAs with characteristic fre-
quencies typical of the CNIC (Neuron 5 on Fig. 3A). CSI values
accurately represented the adaptation properties of a neuron. CSI
levels within the same neurons classified equally across the various
stimulation conditions (frequencies, tone duration, intensity and
onset-to-onset interval; see Table 1 for specificities) and thus, data
weremerged for subsequent comparisons according to their CSI. All
neuronal groups had two stimulus durations and onset-to-onset



Fig. 1. Anatomical location of neurophysiological recordings. Histological coronal section (40 mm thickness) of one of the non-spiking neurons with sound-evoked PSPs (neuron 10)
that was biotinylated (1% of the intracellular solution and a reduced K-gluconate concentration to 115 mM) together with the location of fields of the IC on a mouse brain atlas
(bregma �5.3 mm). At higher magnification, this neuron shows a partially labeled dendritic tree extending parallel to the cortical surface. This neuron was localized in the dorsal
cortex of the IC. The dark region above the cell is due to the pipette’s positive pressure that leaks out biocytin while approaching the cell. The location of biocytin-filled neurons was
visualized with an avidin-biotinylated horseradish peroxidase complex with minor modifications to that described by Brandt and Apkarian (1992); Veenman et al. (1992). LCIC:
lateral cortex of the inferior colliculus, DCIC: dorsal cortex of the inferior colliculus, CNIC: central nucleus of the inferior colliculus.

Table 1
Common stimulus-specific adaptation indices computed with the absolute number of evoked action potentials (CSI), the sum of excitatory response areas of the membrane
voltage (EPSP-CSI) and the sum of inhibitory response areas of the membrane voltage (IPSPeCSI) for all the recorded stimulus conditions.

Neuron # Onset-to-onset interval
(ms)

Tone duration (ms) Frequencies
(KHz)

Intensity (dB SPL) CSI EPSP-
CSI

IPSP-
CSI

Adapting neurons 1 300 30 11.6 & 14.2 32.5 0.76 0.03 �0.03
300 30 10.6 & 15.3 32.5 0.95 0.06 �0.19
300 30 16.2 & 19.8 39.5 0.69 0.14 �0.25
300 30 14.4 & 20.8 39.5 1 0.45 �0.42

2 250 75 8.3 & 10.1 43.2 0.86 0.00 0.02
3 250 75 16.2 & 19.8 30.2 0.96 0.07 �0.09
4 250 75 13.0 & 16.0 47.2 0.28 �0.06 0.07

Non-adapting neurons 5 250 75 9.0 & 11.0 39.5 �0.05 0.01 �0.01
250 75 9.5 & 10.5 39.5 �0.09 0.00 �0.01
300 30 9.6 & 11.7 25.5 �0.14 0.00 �0.10
300 30 10.0 & 11.2 25.5 �0.11 0.00 0.02
300 30 9.5 & 10.5 39.5 �0.05 0.00 0.02

6 300 30 12.7 & 15.5 49.5 �0.1 �0.00 0.05
7 250 75 18 & 22 20.4 0.17 0.03 0.07

Non-spiking neuronswith sound-evoked PSPs 8 250 75 25 & 31 48.5 e �0.00 �1
300 30 21.0 & 26.0 21.5 e 0.06 �0.25

9 250 75 2.9 & 3.5 57.2 e 0.15 �0.17
10 250 75 23.3 & 28.4 20.2 e 0.04 �0.08
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intervals and frequencies and intensities were comparable across
groups (One-Way ANOVA, frequencies [p ¼ 0.170], intensities
[p ¼ 0.589]).

Adaptation is a property that has been traditionally studied
analyzing APs. However, it is currently unknown whether the
neuronal subthreshold responses differ between IC neurons
adapting their spiking response to those non-adapting neurons.
Given that cochlear nucleus neurons do not exhibit adaptation
(Ayala et al., 2013; Duque et al., 2018), then the question arises as to
whether or not spiking adaptation results from PSP adaptation in
the IC. To correlate the PSPs with the classic CSIs of spiking activity,
we computed the CSI for inhibitory and excitatory areas separately
to explore what influence excitation and inhibition have under the
deviant and standard conditions (Fig. 3C, EPSP-CSI and IPSP-CSI in
Table 1). EPSP-CSI and IPSP-CSI were around 0, meaning that
deviant and standard tones evoked a comparable amount of exci-
tation and inhibition. Interestingly, a non-spiking neuron with
sound-evoked PSPs showed higher inhibitory responses to the last-
standard tones than deviant events (IPSPeCSI ¼ �1). Overall, this
data demonstrated no general differences in the excitatory or
inhibitory synaptic inputs that each neuron receives regardless of
its oddball adaptation profile. This finding supports the notion that
there is a synaptic signal arrival in the form of PSPs after auditory
stimulation regardless of the SSA properties of the APs.
To explore the time course of EPSPs and IPSPs, we further

analyzed the mean onset latencies of the largest excitatory and
inhibitory areas in deviant and last-standard events. Latencies of
EPSPs for deviant and standard tones separately and all stimuli
together across groups were comparable (Table 2; One-Way
ANOVA, deviant tones [p ¼ 0.558], standard tones [p ¼ 0.327]
and all stimuli [p ¼ 0.221]). By contrast, inhibitionwas significantly
faster in the non-adapting neurons than the adapting neurons after
standard tones but not after deviant stimuli (One-Way ANOVA,
standard events [p ¼ 0.035] and deviant tones [p ¼ 0.05]).
3.2. Comparisons of membrane potential responses between
stimulus conditions

We grouped normalized responses within neurons of evoked
responses measured according to stimulus condition. Evoked re-
sponses were computed as mean membrane potentials, as well as
excitatory and inhibitory areas after stimulus presentation. The
stimulus conditions were analyzed as deviant tones, all standard
tones, last-standard tones, next-standard tones and the standard
tones separated according to the number of consecutive standard
tones previously presented (i.e., including up to 9 standard



Fig. 2. Examples of membrane voltage traces of an adapting neuron (neuron 2), non-adapting neuron (neuron 7) and a non-spiking neuron with sound-evoked PSPs (neuron 9)
classified based on their CSI levels of spiking activity. Horizontal red (deviant tones) and blue (standard tones denoting in separate the last- and next-standard events respect to
deviant tones) bars indicate the epoch of sound stimulation. Action potentials and postsynaptic potentials were classified as deviant or standard stimuli accordingly from stimulus
onset. Seconds denote time elapsed from the beginning of the stimulation sequence. Pure tones lasted 75 ms with an onset-to-onset interval of 250 ms.
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stimulus repetitions). Comparisons among all these conditions of
the mean membrane voltage and excitatory areas did not show any
significant differences across groups of neurons (One-Way ANOVA
with Repeated-Measures; p > 0.05 for all). However, inhibitory
areas of deviant and next-standard tones were different between
non-adapting and non-spiking neurons with sound-evoked PSPs
(One-Way ANOVA with Repeated-Measures; p < 0.05). Interest-
ingly, the 7th standard repetition demonstrated larger normalized
IPSPs for the non-adapting neurons than the adapting cells (0.84
and 0.63, respectively p ¼ 0.019). Next, we explored whether dif-
ferences were within groups of neurons separately. Mean mem-
brane potentials, excitatory and inhibitory areas for all stimulus
conditions were similar within adapting neurons, non-adapting
neurons and non-spiking neurons with sound-evoked PSPs (One-
Way ANOVA; p > 0.05). Only adapting neurons showed a signifi-
cantly more depolarized mean Vm of deviant events than all the
other types of standard events (p < 0.001).
3.2.1. Data trends in the sequence of consecutive standard stimuli
We explored the membrane potential across the consecutive

presentation of standard tones to find a possible link between the
number of sound repetitions and the neuron’s membrane potential.
We performed Pearson correlation analyses between the number of
consecutive standard repetitions and the mean values of the
normalized mean Vm, excitatory or inhibitory areas in the entire
population to determine a possible correlation. Results showed a
significant relationship between the membrane potential from the
1st to the 6th consecutive standard presentation; mean membrane
voltage tended to hyperpolarize in the group of the adapting neu-
rons and slightly depolarized in the non-adapting neurons
(adapting neurons, Pearson correlation coefficient ¼ �0.84,
p ¼ 0.04; non-adapting neurons, Pearson correlation
coefficient ¼ 0.57, p ¼ 0.24; non-spiking neurons with sound-
evoked PSPs, Pearson correlation coefficient ¼ 0.03, p ¼ 0.95;
population, Pearson correlation coefficient ¼ �0.24, p ¼ 0.64; see
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Fig. 4), whereas inhibition rose with an increasing number of
consecutively presented standard tones at the population level
(Pearson correlation coefficient ¼ 0.69, p ¼ 0.13) with only small
trends within individual groups (adapting neurons, Pearson cor-
relation coefficient¼ 0.16, p¼ 0.76; non-adapting neurons, Pearson
correlation coefficient ¼ 0.10, p ¼ 0.85; non-spiking neurons with
sound-evoked PSPs, Pearson correlation coefficient ¼ 0.34,
p ¼ 0.51; see Fig. 4). By contrast, no strong correlation between
excitatory areas and the number of consecutive standard tones was
found (adapting neurons, Pearson correlation coefficient ¼ 0.61,
p ¼ 0.20; non-adapting neurons, Pearson correlation
coefficient �0.10, p ¼ 0.85; non-spiking neurons with sound-
evoked PSPs, Pearson correlation coefficient ¼ 0.49, p ¼ 0.32;
population, Pearson correlation coefficient ¼ 0.15, p ¼ 0.77; Fig. 4).

We also analyzed the response mean membrane potential,
inhibitory and excitatory areas to standard tones depending on the
number of consecutive presentations for each neuron in separate
(One-Way ANOVA and post hoc pairwise multiple comparisons
with Holm-Sidak method; Table 3). Most significant differences
were found in the groups of adapting neurons and non-spiking
neurons with sound-evoked PSPs. These findings highlight a lack
of adaptation for the membrane voltage in those non-adapting
neurons that showed low SSA levels in their spiking output.

3.3. Morphological characterization of postsynaptic potentials

We next analyzed the morphological properties of the PSPs
evoked in response to standard tones versus deviant tones to study
whether those PSPs differed in some features even if the absolute
area count was comparable to both conditions. Then, we compared
all deviant tones with the last-standard stimuli just before deviant
events and next-standard stimuli (i.e., the subsequent tone to
deviant events). The adapting neurons with the highest SSA levels
had significant differences, such as amplitude, half-width, max rise/
decay slopewhen comparing PSPs evoked by deviant stimuli versus
standard stimuli (all standard events together and standard stimuli
in specific positions before or after a deviant event, Table 4, Fig. 5).
One example is neuron 3 that showed a moderate adapting in the
PSPs and very high CSI levels even close to the index maximum for
some recording conditions. Interestingly, its analyzed parameters
were higher for the PSPs evoked by standard tones (Fig. 5). By
contrast, the non-adapting group only showed few differences
between deviant and standard events for the same properties and
the non-spiking neurons with sound-evoked PSPs presented a
small number of differences in some of the parameters.

3.4. Membrane passive properties of neurons of the inferior
colliculus

To correlate adaptation properties with passive neuronal prop-
erties, we compared these passive membrane properties across
groups of cells. Although we did not find significant differences
across neuronal groups, there was a tendency for higher capaci-
tance values and smaller membrane resistance in the group of
adapting neurons. By contrast, the smallest capacitance values and
highest membrane resistances were found in the non-adapting
neurons (Table 5).

3.5. Intrinsic properties of neurons of the inferior colliculus

To analyze the intrinsic properties of the IC neurons, we studied
the presence of depolarizing sags after the application of hyper-
polarizing current pulses. We also analyzed the firing pattern, the
interspike interval, the AP threshold and the rebound potential in
response to current injection pulses. Two neurons displayed a
depolarizing sag; neuron 2 showed a 5 mV sag with a 35 ms tau
while neuron 8 showed an 11 mV sag with a 23 ms tau (Fig. 6).
These two neurons corresponded to different groups, namely, the
adapting and non-spiking neurons with sound-evoked PSPs.
Therefore, it was not possible to relate the presence of the sag to
any particular neuronal class. Interestingly, it should be mentioned
that all the remaining neurons that lacked sags (n ¼ 8) had an AP
response threshold at a current injection of 100 pA, while the two
neurons with sag had a higher AP threshold at 200 pA.

Next, we analyzed the AP firing patterns to investigate whether
physiological parameters beyond basic biophysics could serve to
characterize the three classes of neurons. Therefore, we calculated
the interspike interval and the instantaneous frequency or firing
rate at the AP threshold. Only the non-adapted neurons lacked
rebound APs. In accord with the firing pattern and interspike in-
terval, neurons were classified as sustained, accommodating,
accelerating and burst onset cells (Sivaramakrishnan and Oliver,
2001; Tan et al., 2007). All classes of neurons showed an expo-
nential decrease in their instantaneous frequencies with different
behaviors depending on the neuronal type. Sustained neurons
showed a gradual/constant decrease in the instantaneous fre-
quency according to its interspike intervals, while the accommo-
dating, accelerating, and burst onset did so in an irregular/non-
constant manner (Fig. 6B). The groups of adapting neurons and
non-spiking neuronswith sound-evoked PSPs showed variability in
the types of firing patterns, while the group of non-adapting neu-
rons showed a sustained firing pattern (Fig. 6 & Table 6). Thus, one
important difference between adapting and non-adapting neurons
is their firing patterns.

4. Discussion

In this study, we have recorded 10 neurons in whole-cell mode
in the mouse IC while we applied current injection and sound
stimulation under the oddball paradigm. These recordings allowed
us to report their passive properties (membrane capacitance,
membrane resistance and resting membrane potential), intrinsic
properties (firing pattern, AP-threshold, depolarizing sag of
hyperpolarizing pulse and rebound AP) and postsynaptic potentials
in response to sound stimulation.

The firing pattern of neurons is dependent on the interaction of
several voltage-dependent ion conductances (Rutecki, 1992).
Within our recording sample, we found that the firing pattern is a
key feature to distinguish between adapted and non-adapted
neurons. All non-adapted neurons showed a sustained-regular
firing, probably due to a high degree of sodium persistent current
(Boeri et al., 2018; Chatelier et al., 2010). This type of firing pattern
is abundant in CNIC neurons both, in vitro (Peruzzi et al., 2000;
Sivaramakrishnan and Oliver, 2001) and in vivo studies (Tan et al.,
2007). CNIC neurons are predominantly non-adapted neurons
with the lowest, if any, SSA levels (Malmierca et al., 2009a). By
contrast, adapting neurons showed variable firing patterns,
including sustained, accommodating and burst onset cells. These
types of responses have been shown to be more typical of the
cortices of the IC (Geis et al., 2011). These findings conformwith our
previous works of neurons with higher SSA levels found mainly in
the cortices of the IC (Ayala and Malmierca, 2013; Duque et al.,
2012; Duque and Malmierca, 2015). Interestingly, we also
observed differences between the neuronal receptive fields in their
FRAsmeasurements. FRAs of non-adapting neurons showed typical
V-shapes, which is exemplary of the CNIC (Ayala and Malmierca,
2013; Duque et al., 2012; Duque and Malmierca, 2015). By
contrast, adapting neurons showed non-V-shaped FRAs without a
clear characteristic frequency, which typically belong to the cortices
of the IC (Ayala andMalmierca, 2013; Duque et al., 2012; Duque and



Fig. 3. Examples of an adapting neuron (neuron 3), a non-adapting neuron (neuron 5) and a non-spiking neuron with sound-evoked PSPs (neuron 8). A) Frequency response area
for pure tones of a combination of frequencies and intensities. The black dots denote the selected frequencies presented as oddball paradigms. Pure tones lasted 75 ms with an
onset-to-onset interval of 250 ms. B) Peristimulus-time histograms of the combined response to the two frequencies presented as each condition: all standard tones (n ¼ 720
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Table 2
Onset latencies of evoked excitatory areas (EPSPs) and inhibitory areas (IPSPs) for all the recorded stimulus conditions.the

Neuron
#

Onset-to-onset
interval (ms)

Tone
duration
(ms)

Frequencies
(KHz)

Intensity
(dB SPL)

Deviant Last-
standard

Mean SEM Deviant Last-
standard

Mean SEM

Adapting neurons 1 300 30 11.6 & 14.2 32.5 48.02 45.89 34.15 5.34 40.08 46.58 62.88 7.77
300 30 10.6 & 15.3 32.5 28.36 30.33 50.49 58.50
300 30 16.2 & 19.8 39.5 42.88 36.08 67.71 79.98
300 30 14.4 & 20.8 39.5 38.16 88.24 47.32 25.95

2 250 75 8.3 & 10.1 43.2 18.30 12.05 78.49 83.11
3 250 75 16.2 & 19.8 30.2 14.82 8.48 108.69 124.10
4 250 75 13.0 & 16.0 47.2 30.25 36.20 36.96 32.34

Non-adapting neurons 5 250 75 9.0 & 11.0 39.5 20.12 21.55 29.36 5.28 0.54 0.59 13.96 6.18
250 75 9.5 & 10.5 39.5 20.30 21.32 0.43 0.22
300 30 9.6 & 11.7 25.5 12.90 14.09 1.30 1.13
300 30 10.0 & 11.2 25.5 16.68 18.29 2.07 2.45
300 30 9.5 & 10.5 39.5 15.40 15.89 1.37 2.30

6 300 30 12.7 & 15.5 49.5 59.40 65.24 31.14 24.92
7 250 75 18 & 22 20.4 47.22 62.72 61.83 65.16

Non-spiking neurons with
sound-evoked PSPs

8 250 75 25 & 31 48.5 2.53 2.71 19.57 5.77 e 0.1 50.87 12.20
300 30 21.0 & 26.0 21.5 25.48 7.96 75.19 103.98

9 250 75 2.9 & 3.5 57.2 36.78 47.78 43.67 42.48
10 250 75 23.3 & 28.4 20.2 19.12 14.18 51.38 39.26

Fig. 4. Correlation between the number of consecutive standard tone presentations and the evoked mean membrane potential, excitatory and inhibitory areas. Data shown as
normalized means ± SEM. Linear trends denote the group and population tendency along with adjusted R2 values, which indicates the goodness of the fit.
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Malmierca, 2015).
One possibility for adaptation would be that PSP amplitudes are

stable, but the probability of PSPs changes with adaptation, such
that adaptation occurs primarily due to decreases in PSP proba-
bility. However, the present data demonstrate similarity in the
amplitude of sound-evoked PSPs received for each stimulus con-
dition by each neuron, regardless of the degree of spiking adapta-
tion. Because both frequencies selected for the oddball paradigms
fell within their receptive field, neurons consistently demonstrated
PSPs to both tones. Another possibility, similar to studies in the
auditory cortex (Abolafia et al., 2011;Wehr and Zador, 2005), would
be that PSP amplitudes and conductances change with adaptation.
The analyses of EPSPs and IPSPs separately in this set of neurons do
not support this idea and suggest that differences in SSA of synaptic
inhibition and excitation are not predictive of spiking SSA levels. Yet
another possibility would be changes in the relative timing of
stimulus repetitions), last-standard tones before deviant events (n ¼ 80) and deviant tones
peristimulus-time histograms were computed with the spiking activity for adapting and n
were computed with the total count of individual PSPs instead of APs since these cells did no
(gray; n ¼ 25 stimulus repetitions) and average membrane potential responses of all stimulu
how the frequency tones were selected and the time-locked activity to deviant and standa
inhibition.We observed that inhibition for last-standard stimuli but
not for deviant tones was faster for non-adapting neurons than
adapting neurons but did not observe changes in IPSP timing
related to adaptation. At the 3e4 Hz rate in the present study,
although there may be some synaptic depression, it is likely to be
weak, on the order of 10e20% (Bartlett and Smith, 2002; Malmierca
et al., 2009a; P�erez-Gonz�alez and Malmierca, 2014). However,
studies in the IC (Kitagawa and Sakaba, 2019; Malmierca et al.,
2009a; Wu et al., 2004) and auditory thalamus (Antunes et al.,
2010; Bartlett and Smith, 2002; Venkataraman and Bartlett, 2013)
have shown significant synaptic depression that could lead to more
prominent SSA and spiking adaptation for faster rates (�10 Hz).

Previously, it was shown that neurons of the cochlear nucleus
and the superior olivary complex lack SSA (Ayala et al., 2013; Duque
et al., 2018), while the cortical regions of the IC show strong and
robust SSA (Ayala et al., 2013; Lumani and Zhang, 2010; Malmierca
(n ¼ 80). Pure tones lasted 75 ms. Bin size: 1 ms. A-B) Frequency response areas and
on-adapting neurons. Responses of the non-spiking neurons with sound-evoked PSPs
t fire to the sound stimulation with pure tones. C) Examples of randomly selected traces
s repetitions after removing action potentials (colored) in the same neurons. This shows
rd tones.



Table 4
Summary of the analyzed parameters of post-synaptic potentials compared between deviant and standard stimuli.

Adapting neurons Non-adapting neurons Non-spiking neurons with
sound-evoked PSPs

Parameter Comparison Neuron #

2 3 5 8 10
Amplitude STD vs. DEV p < 0.001 p < 0.001 n.s. p < 0.001 n.s.

last-STD vs. DEV p < 0.001 p < 0.001 n.s. p < 0.001 n.s.
next-STD vs. DEV p < 0.001 p < 0.001 n.s. p < 0.001 n.s.
last-STD vs. next-STD n.s. n.s. n.s. p < 0.001 n.s.

Half-width STD vs. DEV n.s. p < 0.001 p < 0.05 n.s. p < 0.05
last-STD vs. DEV n.s. p < 0.001 n.s. n.s. n.s.
next-STD vs. DEV n.s. p < 0.001 p < 0.001 p < 0.001 p < 0.05
last-STD vs. next-STD n.s. n.s. n.s. n.s. n.s.

Max Rise Slope STD vs. DEV n.s. p < 0.001 p < 0.05 p < 0.001 p < 0.05
last-STD vs. DEV p < 0.001 p < 0.001 n.s. p < 0.001 n.s.
next-STD vs. DEV p ¼ 0.004 p < 0.001 n.s. p < 0.001 n.s.
last-STD vs. next-STD n.s. n.s. n.s. n.s. n.s.

Max Decay Slope STD vs. DEV n.s. p < 0.001 n.s. n.s. p < 0.05
last-STD vs. DEV n.s. p < 0.001 n.s. n.s. n.s.
next-STD vs. DEV n.s. p < 0.001 p < 0.05 n.s. n.s.
last-STD vs. next-STD n.s. n.s. n.s. n.s. n.s.

Rise Slope 10%e90% STD vs. DEV p < 0.005 p < 0.005 n.s. p < 0.001 n.s.
last-STD vs. DEV p < 0.05 p < 0.05 n.s. p < 0.001 n.s.
next-STD vs. DEV p < 0.05 p < 0.05 n.s. p < 0.001 n.s.
last-STD vs. next-STD n.s. n.s. n.s. n.s. n.s.

Rise Time 10%e90% STD vs. DEV n.s. p < 0.005 p < 0.05 p < 0.05 n.s.
last-STD vs. DEV n.s. p < 0.05 n.s. n.s. n.s.
next-STD vs. DEV n.s. p < 0.05 n.s. n.s. n.s.
last-STD vs. next-STD n.s. n.s. n.s. n.s. n.s.

Decay Slope 90%e10% STD vs. DEV n.s. p < 0.005 n.s. p < 0.001 n.s.
last-STD vs. DEV n.s. p < 0.05 n.s. p < 0.001 n.s.
next-STD vs. DEV n.s. p < 0.05 n.s. p < 0.001 n.s.
last-STD vs. next-STD n.s. n.s. n.s. n.s. n.s.

Decay Time 90%e10% STD vs. DEV n.s. n.s. n.s. p < 0.05 n.s.
last-STD vs. DEV n.s. n.s. n.s. p < 0.05 n.s.
next-STD vs. DEV n.s. n.s. n.s. p < 0.05 n.s.
last-STD vs. Next-STD n.s. n.s. n.s. n.s. n.s.

Comparisons were performed between standard events (all standard tones [STD], last-standard tones before deviant events [last-STD] and next-standard tones after a deviant
event [next-STD]) and deviant tones (DEV). n.s. means a non-statistically significant difference. One-Way Repeated-Measures ANOVA. Neurons that did not show significant
changes in any comparison are not included in the table to facilitate visualization.

Table 3
Comparison between number of standard repetitions and evoked responses in the mean membrane potential (Vm), excitatory areas (EPSPs) and inhibitory areas (IPSPs).

Neuron
#

Mean Vm EPSP IPSP

Adapting neurons 1 1st, 2nd & 3rd standards different than 4th to 9th

4th standard different than 5th to 9th

5thstandard different than 6th to 8th

6th standard different than 7th & 8th
7th standard different than 8th & 9th

8th standard different than 9th (p < 0.001)

1st, 2nd & 3rd standards different than
5th to 7th

4th standard different than 6th & 7th

6th standard different than
8th(p < 0.001)

1st standard different than the 7th

(p ¼ 0.001)

2 1ststandard different than the 6th (p < 0.001) p ¼ 0.779 1st standard different than the 7th

(p < 0.001)
3 1st standard different than the rest

6th standard different than 1st to 4th

7th standard different than 1st to 5th

(p < 0.001)

7th & 8th standards different than 1st to
4th (p < 0.001)
4th standard different than 6th
p ¼ 0.002

9th standard different than the 5th to
7th (p < 0.001)

4 p ¼ 0.484 p ¼ 0.788 p ¼ 0.783
Non-adapting neurons 5 p ¼ 0.824 p ¼ 0.161 p ¼ 0.072

6 p ¼ 0.662 p ¼ 0.984 p ¼ 0.688
7 7th standard different than 2nd & 3rd

8th standard different than the rest (p < 0.001)
8th standard different than the rest
(p < 0.001)

8th standard different than the rest
(p < 0.001)

Non-spiking neurons with
sound-evoked PSPs

8 6th and 7th standards different than 1st to 3rd
(p < 0.001)

p ¼ 0.039; No significant post hoc
comparison.

p ¼ 0.066

9 p ¼ 0.038; Non-significant post hoc
comparisons

p ¼ 0.848 p ¼ 0.997

10 1st standard different than the 2nd (p ¼ 0.003)
& 3rd (p ¼ 0.021)

p ¼ 0.607 p ¼ 0.676

One-Way ANOVA and post hoc pairwise multiple comparisons procedures with the Holm-Sidak method.
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Fig. 5. Mean post-synaptic potentials from each adapting, non-adapting and non-spiking neurons with sound-evoked PSPs. For morphological analyses, postsynaptic potentials
were aligned to its maximum peak for excitatory postsynaptic potentials or minimum peak for inhibitory postsynaptic potentials.

Table 5
Membrane passive properties of IC neurons.

Neuron # Capacitance (pF) Membrane resistance (MU) Resting membrane potential
(mV)

Individual Mean Individual Mean Individual Mean

Adapting neurons 1 13 12.75 ± 2.95 660 434 ± 91.89 �45 �56 ± 6.67
2 21 212 �69
3 9 410 �66
4 8 454 �44

Non-adapting neurons 5 3 9.33 ± 4.48 707 769 ± 40.45 �55 �52.67 ± 2.85
6 7 755 �47
7 18 845 �56

Non-spiking neurons with sound-evoked PSPs 8 2 7.67 ± 4.26 486 463.67 ± 124.34 �66 �65.33 ± 0.33
9 16 667 �65
10 5 238 �65

p-values 0.433 0.222 0.481

Average ± SEM; n ¼ 4 adapting neurons, 3 non-adapting neurons & 3 non-spiking neurons with sound-evoked PSPs; One-Way Repeated-Measures ANOVA.
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Fig. 6. Example of each type of firing pattern found in the IC neurons. A) Membrane voltage traces under injection of square current pulse series. The most hyperpolarizing current
pulse, the depolarizing pulse at the AP threshold and the pulse 100 pA above it are shown. Neurons 2 and 4 are adapting neurons and neurons 8 and 9 are non-spiking neurons with
sound-evoked PSPs. B) Interspike interval versus instantaneous frequency of all neurons calculated 100 pA above AP threshold.
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Table 6
Classification of types of firing patterns in number of IC neurons within each group .

Adapting neurons Non-adapting neurons Non-spiking neurons with sound-evoked PSPs

Sustained 2 3 1
Accommodating 1 1
Accelerating 1
Burst onset 1

Adapting neurons, non-adapting neurons and non-spiking neurons with sound-evoked PSPs were classified according to their AP discharge to depolarizing and hyper-
polarizing current injections.
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et al., 2009a; P�erez-Gonz�alez et al., 2005; Zhao et al., 2011) with
extracellular recordings of single units in anesthetized and awake
rodents (Duque and Malmierca, 2015) and with brainstem auditory
evoked potentials (Duque et al., 2018). These results suggest that
SSA emerges at the level of the IC and is prevalent in IC cortex. Thus,
the question arises whether spiking adaptation results from PSP
adaptation in the IC. Neurons in IC cortex receive ascending audi-
tory inputs, inputs from other IC neurons and auditory cortex (Cant
and Oliver, 2018; Ito and Malmierca, 2018; Loftus et al., 2008;
Malmierca, 2015; Malmierca et al., 2009b, 2005, 1995; Malmierca
and Ryugo, 2012). Our set of IC neurons suggests that synaptic
adaptation was variable, with weak or no SSA in some neurons,
clear synaptic SSA in a couple of neurons, and even reduced deviant
EPSP amplitude coupled with spiking SSA (Fig. 5). This finding
extended to both adapting and non-adapting neurons and suggests
that synaptic adaptation could not be used to predict the presence
of spiking SSA. This finding differs from auditory cortical evidence,
where SSA was observed at subthreshold level, both in vivo (Chen
et al., 2015; Hershenhoren et al., 2014) and in vitro (Wang et al.,
2014) due to synaptic depression of thalamocortical projections
(Chung et al., 2002; Katz et al., 2006). Indeed, the lack of synaptic
SSA in the IC further supports previous work where the auditory
cortex was deactivated, which did not eliminate subcortical SSA
(Anderson and Malmierca, 2013; Antunes and Malmierca, 2011).
Thus, the present study further supports the notion that the non-
lemniscal IC is the first site at the auditory pathway where SSA
emerges.

We observed a small trend towards hyperpolarized membrane
potentials in adapting neurons and increased synaptic inhibition
with an increasing number of standard repetitions at the popula-
tion level. This finding denotes a moderate level of adaptation only
observed when one stimulus is consecutively repeated. Since we
detected these trends of a small increase at the population level, it
does not seem to explain the SSA levels observed at the AP activity.
This result suggests a more simple type of adaptation related to
potassium conductances. Potassium conductances have been
associated with adaptation on a scale of seconds to minutes. It is
known that potassium conductances contribute to sensory adap-
tation in sensorimotor, barrel and visual cortices (Díaz-Quesada
and Maravall, 2008; Sanchez-Vives et al., 2000a, 2000b; Schwindt
et al., 1988; Wang et al., 2003). The activation of potassium cur-
rents hyperpolarizes the membrane potential, decreasing the
neuronal responsiveness to subsequent synaptic inputs with time
courses ranging from tens of milliseconds to tens of seconds. Such
slow time courses are supported by the dynamics of the relevant
intracellular ions, in particular, Naþ, in the vicinity of Kþ channels
and their binding/unbinding to them (Abolafia et al., 2011). The
depolarization and high-frequency firing during sensory responses
induce not only the activation of voltage-dependent potassium
currents but also an intracellular increase of ions like Ca2þ and Naþ

that activate ion-dependent Kþ channels (for reviews see
Bhattacharjee and Kaczmarek, 2005; Sah and Faber, 2002). This
cascade of events occurs equally for all stimulus conditions and can
explain similarities among responses.
Adapted/non-spiking and non-adapted neurons differ by the
appearance of a rebound depolarization after cessation of hyper-
polarization, leading to rebound firing. Specifically, only the non-
adapted neurons lacked rebound depolarization and rebound APs.
In vivo, rebound depolarizations can be evoked by inhibitory syn-
aptic stimuli. The ion channels usually believed to underlie rebound
depolarizations are the low voltage activated T-type (CaV3) calcium
channels and hyperpolarization-activated HCN channels (Jahnsen
and Llin�as, 1984; Molineux et al., 2008). For example, in the
medial geniculate body of the rat, it is carried by T-type Ca2þ

channels, and regulated by HCN channels and likely GIRK channels
by changing the resting potential (Wang et al., 2016). These findings
could indicate differences in the intrinsic properties of adapted and
non-adapted neurons but some experimental strategies such as
pharmacological and voltage-clampmode recordings are needed to
disentangle specific ionic channels’ contributions. Two cells
demonstrated a slight depolarizing sag followed by a rebound ac-
tion potential suggesting the presence of hyperpolarization-
activated current (Ih; Nagtegaal and Borst, 2010). However, given
the membrane potential, it could be due to inward rectifier Kþ

channels. We could not conclude the role of the depolarizing sag
into SSA. Only one neuron classified as adapting and the other
lacked sound-evoked spikes and therefore, its SSA level could not
be determined.

Although our work represents a first and important step in the
study of intracellular responses of SSA neurons in vivo in the IC, our
conclusions should be considered as example case reports and be
strengthened by further studies, increasing the number of intra-
cellularly recorded neurons. It is widely accepted that blind whole-
cell patch-clamp is a laborious technique with a low yield, espe-
cially in vivo using adult animals; success rates are ~25% of the
attempts even with automated methods (Kodandaramaiah et al.,
2012; Margrie et al., 2002). In our study design, we required a
considerable stable time of recording of about 10 min combining
the current stimulation and sound stimulation with FRAs, and the
selection of two frequencies for at least two oddball sequences.
Another limiting factor is that the group of non-spiking neurons
with sound-evoked PSPs is difficult to integrate within this study
due to the lack of tone-evoked spikes and, therefore, it precludes
comparison with classical extracellular spike counts used to
compute CSI levels. As a result, these neurons have not been
studied classically with extracellular recordings and their auditory
adaptation levels are unknown. Here, we can only establish the
adaptation properties at their PSPs. In line with previous research,
cells without tone-evoked APs have been found in the mouse CNIC
in vivo (Tan et al., 2007), in the mouse dorsal cortex where the ratio
of these neurons was higher with around half of the recorded cells
(Geis et al., 2011), in the rat dorsal cortex (Lumani and Zhang, 2010)
and even in the primary auditory cortex (Hershenhoren et al.,
2014). Hence, this preliminary piece of work will need to be
expanded in future studies with a higher population number and
more in-depth types of manipulations such as injections of depo-
larizing currents forcing AP firing in non-spiking neurons to pure
tones or more complex forms of auditory stimuli.



C. Vald�es-Baizabal et al. / Hearing Research 399 (2021) 10797814
5. Conclusion

In this study, we have made the first attempt to correlate some
neuronal electrophysiological properties of adapting, non-adapting
neurons and non-spiking neurons with sound-evoked PSPs. We
demonstrated the similarity of excitatory or inhibitory synaptic
inputs that each neuron receives regardless of their SSA properties
at the spiking activity. Although a couple of the adapting neurons
had synaptics that differed between deviant and standard stimuli,
that was not necessary to produce spiking SSA. Thus, synaptic SSA
was variable and could not be used to predict the presence of
spiking SSA. Our data suggest that intrinsic properties differ be-
tween adapting and non-adapting neurons since they displayed
different firing patterns (Fig. 6 and Table 6). Our results suggest that
intrinsic properties (probably potassium conductances) may
contribute to classifying neurons as adapting or non-adapting ones.
Therefore, in future studies, it would be worth analyzing in more
detail the properties and distributions of these potassium channels.
Finally, we should emphasize that the conclusions drawn from this
study are modest as our sample is very small, but they show the
potential for future studies of this type to understand how SSA is
generated at the cellular level.
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