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ARTICLE INFO ABSTRACT

Keywords: Neurons within a neuronal network can be grouped by bottom-up and top-down influences using synchrony in
Cochlear implant neuronal oscillations. This creates the representation of perceptual objects from sensory features. Oscillatory
Theta band activity can be differentiated into stimulus-phase-locked (evoked) and non-phase-locked (induced). The former is
Alpha band inly determined b input, the latter by higher-level (cortical ing. Effects of auditory depri
Hearing loss mainly determined by sensory input, the latter by higher-level (cortical) processing. Effects of auditory depri-
Connectivity vation on cortical oscillations have been studied in congenitally deaf cats (CDCs) using cochlear implant (CI)
Development stimulation. Cl-induced alpha, beta, and gamma activity were compromised in the auditory cortex of CDCs.

Furthermore, top-down information flow between secondary and primary auditory areas in hearing cats,
conveyed by induced alpha oscillations, was lost in CDCs. Here we used the matching pursuit algorithm to assess
components of such oscillatory activity in local field potentials recorded in primary field Al. Additionally to the
loss of induced alpha oscillations, we also found a loss of evoked theta activity in CDCs. The loss of theta and
alpha activity in CDCs can be directly related to reduced high-frequency (gamma-band) activity due to cross-
frequency coupling. Here we quantified such cross-frequency coupling in adult 1) hearing-experienced, acous-
tically stimulated cats (aHCs), 2) hearing-experienced cats following acute pharmacological deafening and
subsequent ClIs, thus in electrically stimulated cats (eHCs), and 3) electrically stimulated CDCs. We found sig-
nificant cross-frequency coupling in all animal groups in > 70% of auditory-responsive sites. The predominant
coupling in aHCs and eHCs was between theta/alpha phase and gamma power. In CDCs such coupling was lost
and replaced by alpha oscillations coupling to delta/theta phase. Thus, alpha/theta oscillations synchronize high-
frequency gamma activity only in hearing-experienced cats. The absence of induced alpha and theta oscillations
contributes to the loss of induced gamma power in CDCs, thereby signifying impaired local network activity.

1. Introduction

Cochlear stimulation activates the auditory cortex through thalamic
inputs, and subsequently, the auditory cortical areas interact via corti-
cocortical connections to analyze and represent the sensory input, and
integrate it into the ongoing cortical processing. These activations are
reflected in cortical local field potentials (LFPs) in the form of stimulus
phase-locked and non-phased-locked oscillations (Singer, 2011; Buz-
saki, 2006). Provided that oscillations occur in a synchronized manner
in different neurons, the downstream activation of neuronal targets
becomes effective and provides a way to functionally “bind” distributed
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neurons into functional networks or assemblies. Synchronization of
oscillatory processes thus allows the representation of sensory features
of an object in a distributed manner across different and distant cortical
regions (Engel et al., 2001). Low-frequency oscillations are especially
suited to synchronize distant cortical areas by accommodating longer
conduction time between distant structures (Buzsaki, 2006).

In the auditory cortex, oscillatory activity has been described pre-
viously (MacDonald and Barth, 1995; Sukov and Barth, 2001; Lakatos
etal., 2005; Harris et al., 2011; Giraud and Poeppel, 2012). Signatures of
different auditory processes were related to oscillatory processes,
including stimulus detection (Mercier et al., 2015; van de
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Nieuwenhuijzen et al., 2016), listening effort (Dimitrijevic et al., 2017),
auditory sensory and cognitive load (Brilliant et al., 2024), and auditory
attention (Wostmann et al., 2017). In the development of auditory
cortex, additionally to a shift of oscillatory activity towards higher fre-
quencies with postnatal age (Uhlhaas et al., 2009; Kaminska et al.,
2017), also a particular pattern of development is observed in
high-frequency oscillations that peak in adolescence (Cho et al., 2015).
Early onset deafness affects these oscillations (Yusuf et al., 2017),
demonstrating their developmental plasticity.

Sensory responses can be differentiated into evoked (stimulus-phase-
locked) and induced (not stimulus-phase-locked) responses (Tallon--
Baudry et al., 1996; Chen et al., 2012; Yusuf et al., 2017). While evoked
activity is dominated by sensory input, induced oscillation can integrate
the sensory input into ongoing cortical processing that is not synchro-
nous with the stimulus presentation. Ongoing cortical processing, inte-
grating corticocortical influences (including top-down inputs) into
sensory processing, is thus reflected mainly in induced responses. Even
brief (few millisecond duration) auditory stimuli induce activity in the
primary auditory cortex that outlasts 600 ms and comprises of both low-
and high-frequency oscillations (Yusuf et al., 2017). The activity after
100 ms post-stimulus in such conditions contains mainly induced os-
cillations (ibid.) and is considered a consequence of corticocortical (as
opposed to bottom-up thalamocortical) processing (Siegel et al., 2012).

Our previous work studied the effects of auditory deprivation during
development. We used congenitally deaf cats (CDCs) that combine
inherited deafness with total absence of hearing experience from birth
(Kral and Lomber, 2015). Using cochlear implant (CI) stimulation, the
function of the auditory system can be directly compared between ani-
mals with and without previous hearing experience. Thereby, it has been
demonstrated that congenital deafness extensively affects the develop-
ment of the auditory cortex, cortical synapses, and increases the amount
of developmental synaptic pruning (Kral et al., 2005). By that,
congenital auditory deprivation leads to numerous functional deficits in
the auditory cortex and to developmental critical periods (review in Kral
and Sharma, 2012; Kral et al., 2019). Structural connectivity (i.e. fiber
tracts connecting brain regions) is reorganized in strength in CDCs, but it
includes only a few abnormal (ectopic) connections (Barone et al., 2013;
Butler et al., 2017). While structural connectivity is a precondition for
functional connectivity, functional connectivity additionally includes
synaptic number, synaptic efficacies and functional postsynaptic prop-
erties that are not reflected in structural connectivity. Therefore, struc-
tural and functional connectivity correlate only weakly (Suarez et al.,
2020; Avena-Koenigsberger et al., 2018).

We previously documented extensive deficits in functional connec-
tivity in CDCs: congenital deafness nearly eliminated induced activity in
the feline auditory cortex (Yusuf et al., 2017) and massively reduced
top-down interactions between secondary and primary auditory cortex,
conveyed by alpha and partly beta oscillations (Yusuf et al., 2021,
2022). However, in stark contrast to deficient sensory-related functional
connectivity, interareal functional connectivity in spontaneous activity
was either stronger (in supragranular layers) or similar (in infragranular
layers) in congenitally deaf cats compared to hearing-experienced cats
(Yusuf et al., 2021; 2022). The deficits in the corticocortical couplings
were thus specifically related to the processing of the auditory stimulus.
The deficits likely included two components: (i) a sensory component
that depolarizes the neurons in the given time window and facilitates
corticocortical interactions, and (ii) active corticocortical connections
that synchronize the neurons between different cortical areas.

Oscillatory processes often occur in a nested sequence where high-
frequency oscillations appear during a preferred phase of low-
frequency oscillations (Fries, 2005; Fries et al., 2007). Here,
low-frequency oscillations reflect neuronal excitability in large-scale
networks and the high-frequency oscillations reflect the activation of
the local subnetwork (Canolty and Knight, 2010). Such a nested
sequence of different oscillatory frequencies has been observed in the
corticohippocampal system (Lisman and Jensen, 2013; Buzsaki and
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Wang, 2012), sensorimotor system (von Nicolai et al., 2014), visual
system (Fiebelkorn et al., 2013) and prefrontal cortex (Tsunada et al.,
2011). Low-frequency brain rhythms are often entrained by external
events and cognitive processes (Schroeder and Lakatos, 2009). Phase
entrainment to low-frequency oscillations may then propagate through
the network via long-range connections (Hyafil et al., 2015), since the
long phase duration allows for sufficiently coincident excitation despite
conduction delays. Since low-frequency oscillations often provide the
necessary depolarization that allows high-frequency activity, a
cross-frequency coupling is observed in the recordings. Different modes
of sensory processing affect this cross-frequency coupling (review in
Canolty and Knight, 2010; Hyafil et al., 2015). How sensory deprivation
affects these relations, both in ongoing and stimulus-related connectiv-
ity, has not been assessed so far. This is particularly important given that
auditory deprivation extensively affects local columnar circuits (Kral
et al., 2000; Berger et al., 2017). High-frequency oscillations (in the
gamma band) are considered a sign of the activation of such cortical
local subnetworks (Canolty and Knight, 2010).

The aim of the present study was to determine whether the loss of
induced oscillations at high frequencies in congenital deafness (Yusuf
et al.,, 2017) can be related to the reduced top-down interactions
conveyed by alpha oscillations in CDCs (Yusuf et al., 2021) or whether
they represent a phenomenon on its own. Significant gamma power
coupling to the phase of low-frequency oscillations might explain the
loss of gamma oscillations in CDCs by the simple loss of low-frequency
activity (alpha, theta). Alternatively, the loss of gamma oscillations
may be an additional phenomenon not directly related to low-frequency
oscillations. Here we therefore analyzed cross-frequency coupling and
quantified (i) cross-frequency phase-amplitude coupling (PAC, i.e. the
power of high-frequency oscillations as a function of the phase of
low-frequency oscillations) and (ii) the relation of evoked oscillations to
induced activity (power-power coupling) in both CDCs and hearing
experienced cats. We report here significant cross-frequency couplings
in the large majority of recording sites in hearing-experienced cats,
predominantly gamma oscillations (> 30 Hz) that coupled to the phase
of theta activity (4-7 Hz) and to the phase of alpha (8-15 Hz) activity. In
congenital deafness, these disappeared and were replaced by alpha os-
cillations coupling to delta (0-3 Hz) and theta phase.

2. Methods

The experimental procedures have been described in detail in a
previous study (Yusuf et al., 2017) and will be recapitulated here.

2.1. Subjects

Fifteen adult cats, 10 normal hearing cats (HCs), and five congeni-
tally deaf cats (CDCs) were used. The CDCs were selected from a colony
of deaf white cats using early screening of hearing status with
acoustically-evoked brainstem responses, showing no ABR responses up
to 120 dB SPL (Heid et al., 1998). The hearing status of all cats was
additionally confirmed at the beginning of the acute experiments. From
the 10 normal HCs, in the final (acute) experiments, four were stimu-
lated only acoustically, two were first stimulated acoustically and, in the
same experiments further stimulated electrically using a cochlear
implant (CI), and the last four were stimulated exclusively using a CIL.
This resulted in a sample of six electrically-stimulated (electric
Hearing-experienced Control, eHC) and six acoustically-stimulated
(acoustic Hearing-experienced Control, aHC) data sets. For simplifica-
tion of the text, eHCs and aHCs will be together called controls in what
follows.

Electrophonic responses, i.e. responses of hair cells to electrical
stimulation of the cochlea, are not present in deaf animals but
“contaminate” responses in hearing animals (Sato et al., 2017). To
prevent such electrophonic responses in all electrically-stimulated
hearing animals, the hair cells (present in HCs but absent in CDCs)
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were destroyed pharmacologically by intracochlear application of
neomycin into the scala tympani in the same acute experiments (Sato
et al., 2016). The adjective “hearing” thus does not refer to the func-
tional status of the cochlea during the experiment, but refers to the
developmental and functional state of the central auditory system that
has developed under the normal cochlear function before the acute
experiment. In the following text we will use the term auditory stimulus
as a common term for both the acoustic and the electric (CI) stimulation,
since both these activate the auditory system.

The experiments were approved by the local state authorities and
were performed in compliance with the guidelines of the European
Community for the care and use of laboratory animals (European
Directive 2010/63/EU) and the German Animal Protection Law.

2.2. Experimental procedures

All animals were initially anaesthetized with ketamine hydrochlo-
ride (24.5 mg/kg, Ketavet, Parker-Davis, Germany) and propionyl pro-
mazine phosphate (2.1 mg/kg, Combelen, Bayer, Germany) with an
additional 0.25 mg atropine i.p.. They were then tracheotomized and
artificially ventilated with 50% O3 and 50% N3O, with the addition of
0.2-1.5% concentration of isoflurane (Lilly, Germany) to maintain a
controlled depth of anesthesia (Kral et al., 1999). End-tidal CO, was
monitored and maintained below 5%, and the core temperature was
kept above 37.5 °C using a homeothermic blanket. The animal’s status
was further monitored by blood gas concentration measurements, pH,
bicarbonate concentration and base excess, glycaemia, and oxygen
saturation determined from capillary blood. A modified Ringer’s solu-
tion containing bicarbonate and plasma expander was infused i.v. (50
ml/kg/day) with 5 pl atropine and additional bicarbonate, depending on
the acid-base status. Monitoring and correction of the acid-base balance
was performed every 12 h.

The animal’s head was fixed in a stereotactic frame (Horsley-Clarke).
Both bullae and ear canals were subsequently exposed. To record evoked
auditory brainstem responses, a small trephination was drilled at the
vertex of the skull and a silver-ball electrode (diameter 1 mm) was
attached epidurally. The indifferent electrode used for the recordings
was inserted medially into the neck muscles, the animal was further
grounded by a subcutaneous electrode.

Hearing status was verified using acoustically-evoked auditory
brainstem evoked responses (ABRs) with condensation clicks applied
through a calibrated speaker (DT48, Bayer Dynamics, Germany) at
levels up to 120 dB SPL. For electrical stimulation, HCs and CDCs were
implanted with a CI inserted via the round window. Electrically evoked
auditory brainstem response (E-ABR) to single biphasic pulses was
recorded and the lowest current levels evoking a brainstem response (E-
ABR-threshold currents) were determined. ABRs were preamplified (60
dB, Otoconsult V2 low-impedance amplifier), amplified (40 dB, Oto-
consult Amplifier-Filter F1, filters 0.010-10 kHz) and recorded using
National Instruments MIO cards. The signals were averaged (200
sweeps, repetition rate 33 Hz, Audiology Lab, Otoconsult, Frankfurt am
Main). The absence of acoustically evoked brainstem responses
(including wave I, generated within the auditory nerve) to clicks above
120 dB SPL verified complete deafness. All hearing ears were deafened
by slow instillation of 300 pl of Neomycin sulfate into the scala tympani
(within 5 min.). The Neomycin was left in place for a further 5 min. and
subsequently washed out by slow instillation of Ringer’s solution. The
total absence of auditory evoked brainstem responses verified that the
deafening procedure was successful. Deafening was performed around
30 min. before the cochlear implantation in the same acute experiments.
None control hearing animals thus had a significant period of deafness
before the acute experiments.

For acute electric stimulation through a CI, charge-balanced pulses
(200 ps/phase, repetition rate 2 Hz) were applied to the CI (wide bipolar
stimulation, stimulation interelectrode distance ~3 mm). Stimulation
was performed with optically isolated current sources (CS1, Otoconsult,
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Germany).

In Al, recordings were at positions showing the largest surface local
field potentials (LFPs) determined in surface mapping (“hot spots”; for
details, see (Kral et al., 2009, 2013b). A single-shank multielectrode
array (NeuroNexus, USA, single shank, 16 contacts, spacing 150 pm, 177
um? contact area, electrode array length 2400 um, impedance ~1-2
MQ) was used to penetrate Al perpendicularly to the cortical surface to
2400 um depth. At least one penetration in each animal was marked by a
fluorescent dye (Dil, 1,1-dioctadecyl-3,3,3',3-tetramethylindocarbo-
cyanine perchlorate; Invitrogen) to allow histological reconstruction of
the penetration track. For all recordings, the cortex was stabilized by a
modified Davies chamber (details in Tillein et al., 2010).

2.3. Stimulation and recording

Ears contralateral to the studied cortical hemisphere were electri-
cally stimulated by patterns of three biphasic electric charge-balanced
pulses (200 ps/phase, 500 Hz repetition rate) presented through CIs,
or acoustically stimulated by three condensation clicks (50 us duration,
500 Hz repetition rate) presented through loudspeakers (repetition rate
500 pps, stimulus duration 4.4 ms). The stimulus presentation rate was
1/1537 ms (~0.65 Hz) with 30 stimulus repetitions. Stimulation level
was increased in 10 dB (acoustic) or 1-2 dB (electric) steps. Stimulation
intensities were from at least 10 dB (acoustic) or 1 dB (electric) below
threshold to at least 40 dB (acoustic) or 9 dB (electric) above the acoustic
and electric ABR threshold, respectively. Recordings were analyzed at
defined supra-threshold levels, i.e. 6 dB above the E-ABR threshold of
the given stimulus in electric stimulation and 40 dB above the ABR
threshold with acoustic stimulation (for details, see Yusuf et al., 2017).

Signals were amplified by a 64-channel Cheetah amplifier (Neu-
ralynx, Bozeman, MO, USA) with a gain of 5000 and open filters
(1-9000 Hz), fed to a multifunctional data acquisition card (NI PCle
6259, National Instruments, USA), 16-bit A/D converted at a sampling
rate of 25 kHz per channel and stored on a computer. Here, we
concentrated on recordings in the most responsive region of field Al,
where in total 23 penetrations in aHC, 23 penetrations in eHC, and 9
penetrations in CDC were analyzed.

2.4. Data analysis in time domain

Offline data analyses were performed using the FieldTrip toolbox
(Oostenveld et al., 2011) and custom-made Matlab scripts (Matlab,
Mathworks). Recordings with technical artifacts or periods with
repeated spontaneous bursting were excluded from the analysis (for
details, see (Yusuf et al., 2017).

LFP signals were first resampled (1 kHz sampling rate) and were
baseline corrected in the time domain (to eliminate overall baseline drift
and to minimize edge artifacts in time-frequency computation, see
Herrmann et al., 2014).

2.5. Time domain analysis

All data processing and analyses mentioned in this section were
performed offline using the FieldTrip toolbox (Oostenveld et al., 2011)
and custom-made Matlab scripts (MATLAB, Mathworks). Noisy re-
cordings, signals with burst-suppression, and channels with artifacts
before the analyses were excluded (for details, see Yusuf et al., 2017).

Discrete Fourier transform (DFT) filters at 50 and 100 Hz were
applied to remove power line artifacts. The DFT fits a sinusoid of the
corresponding frequency to the signal and subtracts it subsequently,
operating similar to a notch filter but without the signal distortion
introduced by a notch filter. Subsequently, the detrend (demean) pro-
cedure was applied to the LFP signals to remove any possible DC shift on
the recordings. We reduced the far-field components in Al by sub-
tracting every two neighboring channels within an electrode shank from
each other, yielding the bipolar derivation LFP (b-LFP) signals. We
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removed the transient evoked components by subtracting the time
domain averaged signal from each trial, allowing the analysis of the non-
phase-locked part only.

2.6. Time-frequency analysis of b-LFPs

The time-frequency domain was calculated using complex wavelet
transformation (Morlet wavelets, m = 6, 1 ms steps, frequencies 5 - 119
Hz with 2 Hz linear steps). Time-frequency regions affected by the edge
(border) artifacts were excluded from the analysis. Frequency bands
were later separated into delta (1-3 Hz), theta (4-7 Hz), alpha (8-15
Hz), beta (16-30 Hz), low gamma (31-60 Hz), high gamma (61-120
Hz).

The phase-locking factor (PLF, Tallon-Baudry et al., 1996) was
computed before DFT filtering to preserve the phase information. The
complex time-frequency values for each trial were first normalized
(vector length=1), summed (vector addition) over trials, and then the
absolute value was taken. We used the PLF critical value as a statistical
threshold (Cohen, 2014):

“In(p)
N

PLF; = (€8]
where p denotes the p-value and N is the number of trials. With N = 30
and p = 0.01, consequently, PLF;; for our setup was 0.3918.

Channels were considered responding if the early-latency PLF value
(0-100 ms post-stimulus) exceeded mean + 4 times SD of baseline ac-
tivity in any consecutive 20 ms time window at any frequency.

2.7. Spectrum analyses using matching pursuit

To capture the highly dynamic cortical activities containing both
oscillatory and transient components, a time-frequency transform called
the Matching Pursuit (MP) algorithm was used to decompose the signal
and to reveal the evoked and induced responses (Chandran et al., 2016).
The method distributes the energy of the signal over the two indepen-
dent variables time and frequency (thus called time-frequency distri-
bution, TFD), including the low-frequency components without
compromising resolution in both domains (Mallat and Zhang, 1993).
This method is advantageous for accessing the low frequencies from
briefer trial time windows of the recorded LFP data due to its superior
time-frequency precision (Ray and Maunsell, 2011). Each b-LFP trial
was then transformed into the time-frequency domain. To exclude the
influence of outliers in averaging we used the median averaging (Yusuf
et al., 2017).

To represent the TFD relative to the pre-stimulus period (baseline),
scaling the power data to standard deviation units of the baseline period
(z-transform) was chosen (Eq. (2)):

- __ activity — mean(baseline)
values = SD(baseline)

(2)

This transform corrects the logarithmic decay power and transforms
power data to be comparable across frequencies, electrodes, and ani-
mals. The results are in z-values which more straightforwardly show
significant responses (Cohen, 2014). Significant TFD is denoted by a
black contour in the figures, determined using the Bonferroni-corrected
significance threshold of p < 0.05 divided by the number of time-
—frequency bins.

The total power TFD was computed from the TFDs of the original b-
LFPs. Induced power was determined by subtracting the time-average b-
LFP from each trial before TFD computation. Subsequently, we
normalized both total and induced TFDs relative to the baseline period
(—400 to —100 ms pre-stimulus) using the z-transform. Additionally, the
(baseline-normalized) evoked TFD was obtained by subtracting the
baseline-normalized induced TFD from the baseline-normalized total
TFD. The evoked TFD represents the phase-locked component while
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induced TFD represents the non-phase-locked component, both were
expressed in the same unit (z-score).

2.8. Cross-frequency coupling

Cross-frequency coupling characterizes the interaction between
brain waves of different frequencies. Here, we assessed 1) phase-
amplitude coupling (PAC), i.e. correlation between phase of low fre-
quencies and amplitude of high frequencies, and 2) power-power cor-
relation, i.e. correlation between low frequency evoked with high
frequency induced responses. Both were analyzed within the frequencies
recorded at the same cortical recording site. Modulation index was used
as introduced by Tort and team (Tort et al., 2010). Modulation index
operates by discretizing the time series of phase angles (associated with
frequency) into 18 phase bins and then determining the average power
of the modulated frequency for each bin. Consequently, the phase-
—amplitude histogram displays a non-uniform distribution of power
across the phase bins. Here we used 20 logarithmic steps, each for phase
frequencies (from 2 to 32 Hz, Morlet wavelet m = 6) and for amplitude
frequencies (from 8 to 128 Hz, Morlet wavelet m = 4).

We additionally included the debiased PAC (dPAC) method as
introduced by van Driel as a comparison (van Driel et al., 2015). This
method modifies the phase-amplitude coupling (PAC) method (Canolty
et al.,, 2006) to encounter the possible over- and underestimations,
Type-1II errors, and uninterpretable statistical outcomes (van Driel et al.,
2015). Both cross-frequency coupling methods were computed from the
whole-time b-LFP signals (pre- and post-stimulus time window).

To assess the statistical significance of the cross-frequency coupling
we shuffled the power time series relative to the phase angle time series
(N = 500 permutations), yielding z-values. Since the relationship be-
tween phase and power is rendered random through this shuffling, it is
expected to create a null distribution of the modulation index and dPAC
values. This null distribution is generated under the assumption of a
uniform distribution of power across phase bins, forming the basis for
the null hypothesis. This permutation testing will also effectively tackle
the phase clustering bias (van Driel et al, 2015). Significant
cross-frequency couplings denoted by the black contours were deter-
mined using the Bonferroni-corrected significance threshold of p < 0.05
divided by the number of frequency-frequency bins. The grand mean
was constructed only from significant cross-frequency coupling for each
animal group.

The power-power correlation between evoked theta responses and
induced alpha, beta, low gamma, and high gamma responses was
computed using Spearman’s rank correlation coefficient to assess the
monotonic relationship.

3. Results

The present data rest on intracortical recordings using 16-site
multielectrode arrays obtained within the region of strongest re-
sponses (hot-spot 1, Kral et al., 2009) in the primary auditory field A1, as
determined in a functional mapping procedure (for details, see Kral
etal., 2009, 2013b). The penetrations were perpendicular to the cortical
surface and covered all cortical layers. Here we used only significantly
auditorily-responsive sites (i.e. sites responsive to acoustic stimulation
in aHCs and responsive to electric stimulation in eHCs and CDCs)
following bipolar derivation of the recordings. Based on the criterion of
responsiveness (see methods) we compared 284 auditory responsive
sites in aHCs, 237 responsive sites in eHCs and 114 responsive sites in
CDCs.

A typical auditory response in hearing cats included a strongly phase-
locked response within the first 150 ms after stimulus onset, and an
oscillation afterwards representing ongoing oscillations and oscillatory
transients (Fig. 1). Unit response (Fig. 1A) and local field potential
(Fig. 1B,C) correspond to each other, showing an early (0-150 ms)
phase-locked response (at the exact time point) and a late (>150 ms)
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Fig. 1. Example of a single recording in an acoustic control (aHC). Stimulation
was with a train of 3 condensation clicks (50 ps duration, 500 Hz repetition
rate, stimulus duration < 6 ms). (A) Peristimulus time histogram and raster plot
of unit activity. (B) Monopolar local field potential (LFP) of the same recording
site, colored lines represent 30 trials, thick black line is the average, dashed line
represents the time of stimulus presentation. (C) Same as B for bipolar deri-
vation local field potential (b-LFP). (D) Time Frequency Distribution (TFD)
calculated for b-LFP from C by matching pursuit algorithm, shown in z-score
relative to the pre-stimulus baseline. The transient response covering all fre-
quencies from theta to high gamma band starts ca. 10-12 ms after the stimulus
onset, followed by long-lasting alpha and beta oscillations and gamma tran-
sients. Black contours represent significant TFD z-scores after Bonferroni
correction for multiple comparisons. (E) Phase-amplitude cross frequency
coupling, presented in z-score and shown in log-log plot, computed by Mutual
Index method with 500 shuffled permutations. Black contours represent sig-
nificant cross-frequency coupling z-scores with Bonferroni correction. The
result demonstrates significant alpha-beta and alpha-gamma PAC.
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non-phase-locked response (jittered in time). Interestingly, there was an
increase in ongoing firing rate after ~150 ms post stimulus that corre-
sponded to highly-variable local field potentials at these latencies. The
matching pursuit (MP) algorithm for time-frequency analysis identified
an early broadband response transient and a long-latency ongoing
oscillation in the alpha range over nearly 500 ms (Fig. 1D). Parallel to
the alpha range oscillations there was beta and gamma activity, whereas
the beta and gamma activity was modulated, peaked before 200 and
again before 400 ms post stimulus. Cross-frequency coupling revealed a
corresponding relation of beta and gamma power to the alpha phase
(Fig. 1E).

In what follows, we refer to the cross-frequency coupling in sense of
phase-amplitude coupling (PAC), i.e. when referring to alpha-gamma
coupling we mean that the phase of alpha oscillations was coupled to
the power of gamma oscillations. In this sense the gamma oscillations
were synchronized by the alpha phase.

To further elaborate the time-frequency representation statistically,
we pooled all data in a grand mean. Since previous studies differentiated
the response into a phased-locked evoked response, and the non-
phased-locked induced response (for details see Yusuf et al., 2017),
we computed the means for evoked and induced power separately. The
grand mean results documented that evoked power was limited to the
early onset response (Fig. 2A-C, up to ~ 150 ms, compare Yusuf et al.,
2017). There was an additional mean increase in evoked theta power in
aHCs lasting 200-300 ms after stimulus onset (white arrow in Fig. 2A-B)
not resolved by the analysis methods previously. This was possible by
the use of the MP algorithm that has minimal time-frequency tradeoff
(see discussion).

In the evoked activity of the eHC group (Fig. 2B), power similarly
increased through all bands in the time window 0-50 ms post-stimulus,
and included also a theta band response and a beta band response lasting
200-300 ms (white and black arrow in Fig. 2B). This suggests that with
high time-frequency precision of the MP algorithm, a structured low
frequency evoked response is detectable in both control groups, and that
even an unfamiliar and artificial stimulus, a cochlear implant stimulus,
did not reduce this response in eHCs.

Concordantly with previous observations using wavelet analyses, the
CDCs showed a strong evoked activity in Al, however, the MP analysis
additionally revealed the absence of the evoked theta observed in con-
trols (Fig. 2C). We performed a cluster-based permutation test to iden-
tify significant differences between the animal groups (Fig. 2D,E).
Evoked theta activity was observed in both aHC and eHC, and was
significantly larger in eHCs compared to CDCs (Fig. 2E). This demon-
strates that the overall oscillatory response is more restricted to higher
frequencies in CDCs.

The time-frequency distributions of induced power (Fig. 2F-H)
revealed a reduction of induced activity throughout all frequency bands
and a briefer response in CDCs, as previously reported using wavelet
analysis (Yusuf et al., 2017), with significant loss of induced alpha, beta
and gamma band responses in CDC (Fig 2J). Induced activity was mainly
observed in the late time window (> 150 ms post stimulus), with some
additional component in the early onset response.

Subsequently, we compared ongoing and stimulus-related power
changes. A typical exponential decay with increasing frequency was
observable when analyzing the overall ongoing power as a function of
frequency (Fig. 3A), demonstrating highest power in low-frequency
activity. This was the case for both baseline and response. The
ongoing activity in A1 was highest in hearing animals with intact
cochleae (aHCs) (Yusuf et al., 2017). After the destruction of hair cells
(in eHCs), the power in all frequencies dropped below the level of aHCs,
suggesting that ongoing synaptic activity of hair cells provided signifi-
cant drive to cortical neurons. Deafness partly compensated this in the
central auditory system, leading to significantly higher absolute power
in CDCs than in eHCs in theta to low gamma bands.

Next, we quantified the frequency changes caused by the auditory
stimulation by expressing poststimulus activity in z-scores of



P.A. Yusuf et al.

frequency

o Evoked

120 T T W R a5 :

aHC

aHC vs. eHC

e

Acoustic
Hearing Controls
8

CDC vs. eHC

Electric
Hearing Controls

Congenitally
Deaf Cats

-0.4 0 0102 0.4 0.6

time [second]

Hearing Research 449 (2024) 109032

Induced

aHC vs. eHC

-6 z-score +6 +10  tvalue -10

Fig. 2. Time Frequency Distributions (TFDs) grand mean from b-LFP. (A-C) TFD of Evoked responses for (A) acoustically stimulated controls (aHC), (B) electrically
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threshold 1%, two-tail significant a-value = 0.5%. Data are shown in t-values, significant regions are outlined by black lines. (F-J) same as A-E for TFD Induced
responses. White arrow denotes the evoked theta response and the black arrow the evoked beta response observed with matching pursuit but not in previous analyses.

prestimulus activity. We concentrated on the significant difference be-
tween controls and CDCs, which was found in the late response window
(> 150 ms, Fig. 2J). While ongoing activity showed higher power in
alpha and beta bands of CDCs than eHCs, neither the total nor the
induced auditory responses of CDCs showed significant power increase
in this band following the electric (CI) stimulus (Fig. 3B,C). There was a
much larger power increase in both controls in these bands (Fig. 3B,C).
Comparing the late response window, evoked activity was reduced in
theta in CDCs (Fig. 3D), and through all bands except theta in induced
activity (Fig. 3E). The absence of the effects in induced theta is due to the
lack of the auditory stimulus effect (Fig. 3C). When combining ongoing
activity and stimulus-related activity, theta activity is a very prominent
component of ongoing activity (Fig. 3A), yet in stimulus-related activity
it is only affected (increased) in the evoked (in HCs) but not in the
induced activity (Figs. 2,3B).

We subsequently systematically analyzed the cross-frequency
coupling in cortical local field potentials. We found such couplings
consistently in > 70% of responsive recordings sites in all three group of
animals (78% in aHCs, 75% in eHCs and 79% in CDCs). In aHCs (Fig. 4A,
D), most abundant coupling was between theta and higher frequencies,
particularly theta and gamma and alpha and gamma. However, high
frequency oscillations (beta and gamma) coupled also to the phase of
alpha band and low-frequency gamma also to the phase of the beta band.
Particularly the coupling of gamma-oscillations was well reproducible,
providing a statistically significant deviation from 0 in the grand mean.
This highlights the link between low-frequency oscillation phase and
gamma amplitude.

In the eHC group (Fig. 4B,E), the patterns were similar to the aHC
group; however, they had a smaller significant area in the grand means,
suggesting more variability in the exact frequencies with cross-
frequency coupling (N.B.: the number of recording sites with signifi-
cant cross-frequency coupling was similar between the groups). In eHC
we observed similar alpha-gamma PAC as in aHC, suggesting that the

artificial and novel electric stimulus does not impair the estimation of
cross-frequency couplings but reduces the between-site reproducibility.

In the CDCs (Fig. 4C,F) the grand mean results were distinct from
both controls. There was significant delta-alpha and theta-alpha PAC not
observable in controls, but few reproducible alpha-gamma PAC with no
statistical significance. This demonstrates a shaping influence of expe-
rience on cross-frequency coupling and suggests a key role of alpha os-
cillations in deprivation-caused deficits in the auditory cortex.

Finally, we were interested in the relation of the evoked theta ac-
tivity to induced oscillations, considering that the evoked response
might constitute a key excitatory event providing a precondition for
induced oscillatory activity. We therefore studied the relation of evoked
theta power to the induced power in all bands using power-to-power
cross-frequency couplings (Fig. 5). In both control groups, there was a
significant monotonic correlation of the evoked theta power to the
induced activity, suggesting that the phenomena indeed co-occur and
that high theta power is predictive of more induced activity. This sug-
gests that the evoked response provides a window of opportunity for
corticocortical interactions that include more power if there is an evoked
response in the theta band. However, the theta power variation
explained at maximum of 18.9% of the variability in the alpha band and
even less in the other bands in eHCs, and even less in aHCs. In CDCs the
correlations were in all cases not significant.

4. Discussion

Cross-frequency coupling was found similarly often (at >70%
recording positions) in congenitally deaf cats as in controls. However,
the coupled frequencies changed in congenital deafness. In both elec-
trically and acoustically-stimulated controls, gamma oscillations
showed a significant coupling to alpha and theta phase (Fig. 4). Unlike
the alpha oscillations that were stimulus-related, the cross-frequency
coupling of theta phase to gamma power was mainly related to
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ongoing (not stimulus-related) theta oscillations.

While in the baseline spectra no loss of oscillatory power was
observed (in neither band) in CDCs compared to eHCs (Fig. 3A), high-
frequency gamma oscillations were not coupled to theta and alpha
phase in CDCs (Fig. 4C,F). Instead, alpha oscillations were coupled to the
phase of the low-frequency delta and theta phase in CDCs. The findings
underscore (i) the role of induced alpha oscillations in the generation of
stimulus-related gamma responses in controls, with ongoing theta
contributing, and (ii) the key developmental role of auditory experience
on these oscillations.

Network changes including reduced long-distance spike-field
coherence were previously demonstrated in CDCs compared to HCs
(Yusuf et al., 2022), together with reduced top-down interareal

coupling, normally conveyed by alpha oscillations (Yusuf et al., 2021).
This suggests that the effects of deafness on alpha oscillations may be a
common link between numerous deficits of the auditorily-naive (deaf)
auditory cortex.

4.1. Matching pursuit analysis

Methodologically, the present study document that Matching pursuit
(MP) is a method that provides a high level of specificity in the time-
frequency domain (Mallat and Zhang, 1993; Schiecke et al., 2015).
MP is a form of time-frequency analysis that calculates the
time-dependent spectral density of the signal using a combination of
Gabor functions (called atoms) localized in time and frequency,
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approximating the spectral density changes of the signal over time (thus
calculating in two rather than one dimension, as in Fast Fourier Trans-
formation). The identified atom is shifted and scaled to best fit the
signal, and then the remaining signal undergoes iteratively the same
procedure for the next atom until it is completely described by the al-
gorithm in time and frequency (Chandran et al., 2016). It approaches the
highest possible temporal vs. frequency resolution, with the advantage
of no trade-off between the resolution in time and in frequency. For the
present goal, the method represented a major advantage due to its
exquisite time-frequency precision. It allowed studying the effects of
hearing loss on theta activity that were not resolved previously (Yusuf
et al.,, 2017). On the other hand, the observed effects of congenital
deafness were in other frequency bands similar to those described earlier
(human: Morillon et al., 2012; hearing and congenitally deaf cats: Yusuf
et al., 2017). This correspondence demonstrates the robustness of the
MP approach.

There are, however, also disadvantages compared to Fast Fourier
Transformation or wavelet analysis: the slower computation process,
and the results that cannot be directly used for phase-based functional
connectivity analysis. The advantage of high spectrotemporal precision
of the present results provides also a complication for the statistical
analysis. While cluster-based methods of statistical analysis (Groppe
et al., 2011a, 2011b) compensate for the size of the significant “islands”
in wavelet-computed time-frequency representation, the high
time-frequency precision might reduce the power of the statistics in
MP-computed time-frequency distribution due to natural and individual
fluctuations of the exact time and frequency at which responses appear.
This may have reduced the sensitivity of the statistics, especially for
transient responses as observed in the gamma range.

4.2. Cross-frequency coupling in controls

The present results in hearing cats document cross-frequency
coupling of high frequencies (beta and gamma) to low frequencies
(alpha and theta) phase in the “hearing” auditory cortex, suggesting a
nested oscillatory sequence similar to the corticohippocampal system

(Lisman and Jensen, 2013; Buzsaki and Wang, 2012), sensorimotor
system (von Nicolai et al., 2014), visual system (Fiebelkorn et al., 2013)
and prefrontal cortex (Tsunada et al., 2011). Gamma-band activity was
linked to alpha and theta phase in the present study. The pre-stimulus
phase of alpha and theta activity is crucial for discriminative behavior
and learning (Michael et al., 2023; Koster et al., 2019). Low-frequency
oscillations depolarize the neurons in a one-half period of the oscilla-
tion. By that, in a one-half period, they decrease the threshold for
high-frequency oscillations. High-frequency oscillations are then
coupled to the phase of low-frequency oscillations. It has been previ-
ously reported in other sensory systems and related to long-range in-
teractions functionally coupled to local interactions (Fries, 2005; Fries
et al.,, 2007; Garcia-Rosales et al., 2018; Duprez et al., 2020). This
pattern of cross-frequency coupling is considered an oscillatory signa-
ture of the adequate activation of local neuronal circuits and was
observed here only in hearing-competent animals. More pronounced
cross-frequency coupling in acoustic as compared to electric stimulation
underscores the role of stimulus familiarity in cross-frequency coupling
(Canolty and Knight, 2010). Using human EEG recordings, similar re-
lations were observed during development (Cho et al., 2015). Remark-
ably, the role of theta activity was different from alpha activity in the
present study: while induced alpha power increased by stimulation
substantially, stimulus-related theta activity was less prominent and
observable only as evoked power increased (in controls, Fig. 2).

4.3. Cross-frequency coupling in CDCs

Cross-frequency coupling in CDCs was not significant between theta/
alpha and gamma, but was instead observed between alpha power and
theta and delta phase (Fig. 4). Neither delta nor theta power increased
after the auditory stimulus in CDCs (Fig. 3B). Thus, it must be the
ongoing delta/theta activity, and not activity related to the stimulus,
that synchronized the alpha oscillations. Contrary to controls, in CDCs
there was no local network activity signified by induced gamma oscil-
lations. The coupling of alpha activity to stimulation-unrelated theta in
CDCs would be explicable by a relation to a distant neural structure that
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Fig. 5. Power-power correlation between evoked theta responses and induced alpha, beta, low gamma and high gamma responses. p values indicate Spearman

correlation coefficient,
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is not synchronously active with the auditory stimulus, thus a non-
auditory function (Kral et al., 2016; Manini et al., 2022; see below).
While structural connectivity shows only modest changes in CDCs
(Barone et al., 2013; Butler et al., 2017), the present data demonstrate
that functional connectivity reorganizes more extensively (comp. review
in Kral and Sharma, 2023).

Theta band is interesting since it is crucial, particularly for long-
distance synchronization as occurring e.g. between frontal areas and
the auditory cortex (Garcia-Rosales et al., 2018; Garcia-Rosales et al.,
2020) or cingulate cortex and auditory cortex (Leicht et al., 2021).
Auditory-evoked theta, related to the auditory stimulus, was observed in
both hearing groups and was significantly smaller in CDCs. Possibly,
auditory stimulation fails to recruit these distant structures in CDCs.
Evoked theta power was only weakly correlated with induced
high-frequency oscillations even in controls. This makes the evoked
theta an improbable reason for high-frequency oscillations in controls
and therefore an unlikely reason for the loss of induced oscillations in
CDCs. It is more likely that the massive loss of induced responses
observed in congenital deafness in alpha-to-gamma ranges (Yusuf et al.,
2017) is due to reduced cortico-cortical interactions (Tallon-Baudry
et al., 1997; David et al., 2006; Widmann et al., 2007; Chen et al., 2012;
Sedley et al., 2016; for cochlear implants see Senkowski et al., 2014).
Indeed, two previous studies demonstrated loss of inter-areal coupling in
the auditory cortex and related this to the absence of top-down in-
teractions conveyed by alpha (and partly beta) oscillations (Yusuf et al.,
2022, 2021). Reduced power in auditory-related alpha oscillations
would then affect gamma oscillations due to their mutual
cross-frequency coupling, as observed here.

These findings are in line with a sight restoration study from
congenital blindness, which found weaker evoked theta response in
comparison to controls, and late restoration of vision did not compen-
sate for reduced induced alpha activity (Bottari et al., 2016). Taken
together the present data are consistent with a loss of mid-range top--
down synchronization of the auditory cortex conveyed by alpha oscil-
lations (Yusuf et al., 2022, 2021), and deficits in auditory circuitry
leading to weaker responses in the evoked theta range. This results in
small evoked P1 responses in the congenitally deaf cat (Kral et al., 2005)
and poor long-latency responsiveness in late cochlear-implanted pre-
lingually deaf children (Ponton and Eggermont, 2001; Sharma et al.,
2005). Corresponding rearrangement of functional connectivity from
within the auditory cortex to other brain systems have been previously
reported (review in Kral and Sharma, 2023).

4.4. Evoked theta and trial-averaged LFPs

The loss of evoked theta in CDCs corresponds well to previous studies
that documented a P1 (Fig. 1B) component in trial-averaged local field
potentials (LFPs) near 100-150 ms post-stimulus in hearing cats (Cas-
tro-Alamancos and Connors, 1996a; Kral et al., 2002). At a similar la-
tency, a response was found in unit activity (Fig. 1A, Kral et al., 2006;
Castro-Alamancos and Connors, 1996a, 1996b), also in intracellular
recordings in awake hearing cats (De Ribaupierre et al., 1972). Layer V
neurons are crucial for the presence of the P1 component (Cas-
tro-Alamancos and Connors, 1996b). The Nb/P1 complex in some
recording sites corresponds in duration to the theta band, explaining its
appearance in the grand mean time-frequency representation. The
observation of such evoked theta response in controls, but not in CDCs,
indeed corresponds to evoked LFP components Nb and P1 as described
previously in adult HCs, and their reduced amplitude in adult CDCs (Kral
et al., 2002). The role of deep layers is underscored by the dystrophic
changes in these layers in CDCs (Berger et al., 2017) together with
reduced evoked activity in these layers (Kral et al., 2000). Their near
absence in congenitally deaf animals has been rescued by chronic
electric stimulation through a cochlear implant within a critical period
during development (Kral et al., 2002). The P1 component develops at
the age of 2-3 months postnatally, but subsequently disappears during
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postnatal development in CDCs (Kral et al., 2005). In total, these data on
P1 and evoked theta in combination support the conclusion that hearing
experience during development plays an important role in preserving
the P1 evoked component and evoked theta response.

In the adult age studied here, the evoked theta power explained only
a small part of the induced oscillatory activity in controls (Fig. 5).
During human development, there is a pronounced change in oscillatory
responses. While already in newborns, gamma activity can be observed
(Cho et al., 2015), generally juvenile subjects show more low-frequency
components and an increase in higher-frequency power is observed
during development (Uhlhaas et al., 2009). Provided that such theta
(and potentially delta) activity will be evoked by the sensory stimulus in
the majority of auditory areas in juvenile age, including primary and
secondary areas, it would provide a correlated excitation in the corre-
sponding neurons across cortical areas, and this would provide the
possibility for the development of interareal coupling. This is a potential
mechanism for the development of auditory cortical areas into a func-
tional unit by binding of the neurons in different areas responding
within a similar time window to the same stimulus (Yusuf et al., 2021).
During development in hearing animals, the P1 component appears
already at 5 weeks postnatally, near the age of the peak in synapto-
genesis (Kral et al., 2005). In deaf animals, the P1 declines in amplitude
near the end of the critical auditory period in the cat, at around 4 months
of age, after the peak in the synaptogenesis was reached and the net
synaptic pruning has already been initiated (Kral et al., 2005, 2013a;
Kral, 2013). Taken together, this evoked theta transient could provide
the window of opportunity for non-auditory couplings to the auditory
cortex, e.g. from the cingulate cortex (Garcia-Rosales et al., 2018; Gar-
cia-Rosales et al., 2020), hippocampus through entorhinal cortex (Col-
gin et al.,, 2009) and frontal cortical areas (Leicht et al., 2021). Such
couplings are key for memory and cognitive processing. Its develop-
mental disappearance in CDCs could delineate a critical period for
cochlear implantation.

4.5. Stimulus familiarity vs. absence of experience

In the present study, we compared hearing, acoustically stimulated
animals to hearing, electrically stimulated animals. This comparison
reveals the role of stimulus familiarity (Handa et al., 2017; Yusuf et al.,
2017). The familiar acoustic stimulus provided a different response
compared to the unknown and unfamiliar electric stimulus, as it has a
representation in the auditory cortex that a completely new, unfamiliar
stimulus (such as the electric stimulus in a previously hearing animal)
does not have. Higher evoked power was observed with the more
familiar acoustic stimulus compared to the novel, unfamiliar electric
stimulus in the present study (Fig. 2D,I, Fig. 3D). Also CFC was stronger
in acoustic stimulation compared to electric stimulation. Consequently,
stimulus familiarity has a significant role in the oscillatory activity
related to the stimulus.

5. Conclusion

While in the evoked domain, hearing cats showed theta response that
was absent in deaf cats, in the induced domain the theta band played
only a minor role in the responses to auditory stimuli in all animal
groups. Evoked theta (caused by auditory stimuli) explained less than
19% of the variance in induced responses in hearing cats and thus
contributed only to a small extent to higher-frequency induced oscilla-
tions. There was significant cross-frequency coupling between low and
high-frequency oscillations both under acoustic and artificial electric
(cochlear implant) auditory stimulation. Cross-frequency coupling was
dominated by alpha-gamma coupling in the auditory cortex of hearing
animals, suggesting that alpha oscillations represent a permissive factor
for gamma activity. In congenital deafness, it was shifted towards lower
frequencies and replaced by delta/theta-alpha coupling, and the
induced gamma activity disappeared. The delta and theta activity to
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which alpha oscillations were phase-coupled in CDCs were unrelated to
the auditory stimulus (neither evoked nor induced). This demonstrates
an extensive reorganization of the mutual relations of oscillatory activity
in the deaf auditory cortex, with a mediating role of stimulus-related
alpha and ongoing theta activity.
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