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a b s t r a c t 

Auditory Brainstem Responses (ABRs) are a reliably robust measure of auditory thresholds in the mam- 

malian hearing system and can be used to determine deficits in the auditory periphery. However, because 

these measures are limited to the lower stages of the auditory pathway, they are insensitive to changes 

or deficits that occur in the thalamic and cortical regions. Cortical Auditory Evoked Potentials (CAEPs), 

as longer latency responses, capture information from these regions. However they are less frequently 

used as a diagnostic tool, particularly in rodent models, due to their inherent variability and subsequent 

difficult interpretation. 

The purpose of this study was to develop a consistent measure of subcutaneous CAEPs to auditory 

stimuli in mice and to determine their origin. To this end, we investigated the effect on the CAEPs 

recorded in response to different stimuli (noise, click, and tone (16 kHz) bursts), stimulus presentation 

rates (2/s, 6/s, 10/s) and electrode placements. Recordings were examined for robust CAEP components to 

determine the optimal experimental paradigm. We argue that CAEPs can measure robust and replicable 

cortical responses. Furthermore, by deactivating the auditory cortex with lidocaine we demonstrated that 

the contralateral cortex is the main contributor to the CAEP. Thus CAEP measurements could prove to be 

of value diagnostically in future for deficits in higher auditory areas. 

© 2022 Elsevier B.V. All rights reserved. 
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ntroduction 

Auditory Brainstem Responses (ABRs) recorded near the ears 

re frequently used to measure auditory thresholds in mammals 

nd can be used to identify peripheral hearing deficits. ABRs occur 

ithin the first 10 ms after sound presentation and are thought 

o emanate from successive activation of the ascending auditory 

athway ( Felix et al., 2018 ; Winkler et al., 2013 ). However, ABRs 

o not capture cortical activity. To circumvent this limitation, hu- 

an studies have long made use of scalp electroencephalography 

EEG) to focus on higher order auditory areas. In particular, click 

timulation induces two main middle-latency waves in the EEG, 

a/Pa ( ∼15–35 ms) and Nb/Pb (35–60 ms) the origins of which 

emain controversial with most likely generators being the audi- 

ory thalamus and primary auditory cortex, while the midbrain or 

econdary auditory cortex are less likely ( Musiek and Nagle, 2018 ; 
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icton et al., 1974 ). So called longer latency waves N1/P2/N2 oc- 

ur at around 10 0/180/30 0 ms, respectively, and are thought to 

eflect higher order processing involving primary, secondary and 

ssociative auditory cortices ( Godey et al., 2001 ; Tremblay and 

urkard, 2012 ). These Cortical Auditory Evoked Potentials (CAEPs) 

ave already been widely used in human studies to assess phar- 

acodynamics, cortical lesions, sensory processing and deficits and 

linical outcomes on auditory cortical function ( Davies et al., 2010 ; 

bañez et al., 1989 ; Johnson, 2009 ; Litscher, 1995 ; Supp et al., 2018 ;

inkler et al., 2013 ). 

In mice, an important genetic animal model, there have been 

nly a few studies using middle or long latency CAEPs and the 

ajority of these were obtained epidurally ( Farley et al., 2019 ; 

etzger et al., 2007 ; O’Reilly and Conway, 2021 ; Siegel et al., 

003 ). Subcutaneous CAEPs are surprisingly infrequently used di- 

gnostically despite being less invasive and still providing relatively 

ood spatial information. 

To assess the usability of subcutaneous CAEP recordings in 

ice, and to determine which stimulation and recording param- 

ters produce the most robust results, we recorded CAEPs using 

https://doi.org/10.1016/j.heares.2022.108566
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2022.108566&domain=pdf
mailto:boris@pi314.net
https://doi.org/10.1016/j.heares.2022.108566
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Fig. 1. Cortical Auditory Evoked Potentials (CAEPs) in response to 5 ms noise bursts A) Electrode placements for CAEP recordings using the terminology of ABRs ( IMPReSS, 2022 ) : 

reference electrode (plain blue) above contralateral cortex, recording electrode (black) in rostral midline, ground (green) on the dorsum. B) Average (black) and individual (blue) 

CAEP traces plotted on a log timescale up to 100 ms. Orange dots indicate positive and negative maxima identified in individual curves. C) Positive and negative maxima from B 

(orange markers) shown without curves. The average latency for each subsequent maxima are labeled P14, N23, P35 and N61 respectively. Black crosses indicate mean and standard 

deviation bars in both the latency (horizontal) and amplitude (vertical) directions. 
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ultiple stimulus types, presentation rates and electrode place- 

ents. We also investigated their generators using auditory cor- 

ical deactivation. Our findings suggest that CAEPs in the latency 

ange of 14–80 ms provide robust, reliable and minimally invasive 

easures of the contralateral thalamo-cortical response, allowing 

or assessment of the cortical auditory function in mice under dif- 

erent conditions. 

ethodology 

In an acoustically and electromagnetically isolated chamber, 

ounds were presented by Tucker-Davis Technologies (TDT) RZ6 to 

ither closed field in-ear (TDT EC1) or free-field (TDT ES1) trans- 

ucers. Electrophysiological responses were recorded from subcu- 

aneous electrodes (SC25, NeuroService) at a 24 kHz sampling rate 

TDT RA4), subjected to a Butterworth filter between 3 Hz and 

 kHz and displayed by TDT Biosigz software. 

We used 90 mice (age P28–81) from strains C57BL6/JRj (56 

ales, 11 females), CBA/JRj (4 males, 4 females) and FVB/NRj (15 

emales; n = 5 at 112–115 days old). For all mice, ABRs/CAEPs were 

erformed under Ketamine (150 mg/kg, Imalgene®) and Xylazine 

6 mg/kg, Rompun®) anesthesia or isoflurane inhalation (between 

.6% and 1,5% isoflurane in a 95% oxygen mixture with a flow rate 

f 0.2 to 0.4 L/min). Hearing thresholds were measured using stan- 

ard ABRs with 5 ms tone pip stimuli (2,4,8,16,24,32,48,64 kHz). 

ice with thresholds more than 10 dB above normal responses 

 Zhang et al., 2013 ) were excluded and strains had comparable 

hresholds (Supp. Fig. 1). After ABR recordings, the post-auricular 

eference electrode was moved above the contralateral auditory 

ortex to record CAEPs ( Fig. 1 A). 

For cortical surface evoked potential recordings, an induction 

ocktail (Buprenorphine 0.1 mg/kg, Ketamine 190 mg/kg, Xylazine 

.5 mg/kg) was used and mice were maintained under isoflurane 

nhalation. A circular craniotomy with a maximum diameter of 

 mm was performed above the auditory cortex using a tung- 

ten carbide bur of 0.5 mm (Edenta). The craniotomy was per- 

ormed contralateral to the sound presentation and centered at 

.5 mm posterior to and 4.5 mm lateral to bregma. The bone above 

he craniotomy window was gently detached from the dura using 

aline at 37 °C and removed using Dumont#5 forceps. The refer- 

nce electrode was then placed next to the craniotomy subcuta- 

eously or epidurally within the craniotomy window. 

CAEP stimuli were white noise bursts or 16 kHz pure tone pips 

5 ms long, 1 ms of rising and falling ramps) or 100 μs clicks, pre-
2 
ented 100 times at a stimulus rate of 2 Hz. Statistical analyses 

ncluded repeated ANOVA (RANOVA) and Wilcoxon (W) or Mann- 

hitney (MW) non-parametric tests. Alpha risk is 5%. 

esults 

ubcutaneous recordings of CAEPs 

In response to 5-ms long noise bursts, the signals recorded from 

lectrodes over the contralateral cortex ( Fig. 1 A) show early sub- 

ortical peaks, typically seen in ABRs, before 8 ms and two sub- 

equent sequences of large positive (P) and negative (N) maxima 

P14, N23, P35, N61, Fig. 1 BC). The reproducibility of these waves 

t specific latencies ensures that peaks and troughs can be identi- 

ed unambiguously in each animal ( Fig. 1 C). 

est parameters for subcutaneous CAEP recordings 

To optimize reliable and repeatable CAEP waves, we first ex- 

mined the choice of stimulus ( Fig. 2 A). Tone stimuli produced 

maller P35-N23 (peak-to-trough amplitude difference) than 5 ms 

oise bursts and smaller N61-P35 than both noise bursts and clicks 

 N23-P14 :RANOVA, F(2,18) = 2.72, p = 0.093; P35-N23 : RANOVA, 

(2,18) = 4.5, p = 0.026, noise vs tone, WX = 48, p = 0.037; N61-

35 : RANOVA, F(2,18) = 4.83, p = 0.02, noise vs tone, WX = 50,

 = 0.02, click vs tone, WX = 51, p = 0.014). Both clicks and 5 ms

oise stimuli produced similar peak-to-trough amplitudes. We thus 

ontinued our investigation using only 5 ms noise bursts. 

We found similar shapes for CAEPs in males and females 

 Fig. 2 B) but the first deflection N23-P14 had a significantly higher 

mplitude in males ( N23-P14 : MW = 639, p = 0.014; P35-N23 : 

W = 582, p = 0.5; N61-P35 : MW = 616, p = 0.08). Although

soflurane led to a decrease in CAEP amplitude in some animals, 

ompared to Ketamine/Xylazine, this effect was, on average, not 

ignificant ( Fig. 2 Ci&ii, N23-P14 : WX = 46, p = 0.28; P35-N23 :

X = 42, p = 0.46; N61-P35 : WX = 29, p = 0.76). In addition, the

ype of anesthesia had no effect on latencies ( N23-P14 : WX = 32, 

 = 0.97; P35-N23 : WX = 26, p = 0.58; N61-P35 : WX = 33,

 = 0.92). 

We then examined the sensitivity of CAEPs to the reference 

lectrode position ( Fig. 2 D). Placing the electrode at the vertex 

r ipsilateral cortex led to a smaller CAEP amplitude than seen 

ith electrode above contralateral cortex especially for early waves 

 N23-P14 , RANOVA, F(3,27) = 3.5, p = 0.03, contra vs vertex, 
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Fig. 2. Best Parameters for CAEP recordings. A) Influence of the stimulus: average CAEPs (Ai) and peak-to-trough amplitude quantification (Aii) when using a short noise 

burst of 5 ms (blue), a click (red) or a 16 kHz tone (yellow) as a stimulus. In Ai, pale colors around the average are standard errors. B) Same as A with the influence of sex 

on CAEPs. Black arrows illustrate peak-to-trough quantification in A, B, C. C) Same as A) with the influence of the anesthetic used on CAEPs. D) Same as A) with the influence 

of the reference electrode placement: above the contralateral auditory cortex (blue), at the vertex (red), at the neck (yellow) or above the ipsilateral auditory cortex (purple). 

Ei) Average CAEPs when using an insert speaker (blue, monaural, closed field) or a free field speaker at 2 cm from the ear (red). Eii) peak-to-trough amplitude quantification. 

Eiii) peak latency. F) Average CAEPs for three mouse strains. 
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 = 53, p = 6e-3; contra vs ipsi, W = 49, p = 0.03; P35-N23 ,

ANOVA, F(3,27) = 5.29, p = 5e-3, contra vs vertex, W = 48, 

 = 0.04; contra vs ipsi, W = 51, p = 0.01; N61-P35 , RANOVA,

(3,27) = 2.4, p = 0.09). Despite neck and contralateral cortical 

lacements not being statistically distinguishable ( P35-N23 , WX 

est, W = 44, p = 0.1, N23-P14 , WX test, W = 36, p = 0.43),

ess noisy CAEPs were obtained when the reference electrode was 

laced above the contralateral auditory cortex. 

We then compared the effect of binaural and monaural stim- 

lation, using a free field (bilateral) and close-field (unilateral) 

peaker, respectively. In the [0 10]ms time interval ( Fig. 2 E, green 

ectangle), peaks corresponding to classical ABRs appeared more 

learly for the binaural stimulation, as the contralateral CAEP elec- 

rode acts as an ABR-like electrode for the contralateral ear stim- 

lated by the free-field speaker. Long-latency CAEPs were modi- 

ed by the binaural condition ( Fig. 2 E): amplitude was reduced 

or N61-P35 deflection ( P35-N23 : WX = 46, p = 0.06; N61-P35 :

X = 50, p = 0.02) and latencies were shorter for P35 and N61

axima ( N23 : WX = 37, p = 0.36; P35 : WX = 52, p = 0.01; N61 :

X = 54, p = 4e-3). 

Finally, we tested the robustness of CAEP shapes in two addi- 

ional mouse strains ( Fig. 2 F) with comparable thresholds (supp. 

ig 1). We observed consistent sequences of two waves between 

4 and 80 ms in all strains although peak-to-trough amplitudes 

nd late peak latencies differed slightly from our reference C57BL6 
train. t

3 
solating the CAEP generators 

In the following, the standard recording configuration in male 

57BL6 mice was monaural stimulation with 5 ms noise bursts and 

ecording electrode placed above contralateral auditory cortex. 

To investigate the contribution of the contralateral auditory 

ortex to CAEPs, we adopted two strategies. First, we increased 

he stimulation rate because this mostly affects cortical responses. 

ndeed, average phase-locking abilities of neural populations de- 

rease as one ascends the auditory system, possibly due to progres- 

ive changes in cellular and network properties ( Joris et al., 2004 ; 

osburg and Mager, 2021 ). Consistently, the epidural CAEPs, which 

rimarily reflect the auditory cortical response, showed a smaller 

egative peak around 25 ms with increased stimulation rate, while 

ubsequent peaks disappeared altogether ( Fig. 3 A). We obtained a 

imilar result with subcutaneous CAEPs where the amplitude and 

atency of peak P14 were maintained, consistent with thalamocor- 

ical activity, while the latency of N23 increased, consistent with 

esponses of the primary auditory cortex to 10 Hz. Later peaks, 

ith contributions from associative areas, were heavily degraded 

r absent ( Fig. 3 B). 

Second, we inactivated the contralateral auditory cortex dur- 

ng CAEP recording using lidocaine dropped directly onto the ex- 

osed cortical surface using a pipette ( Fig. 3 C). After verifying that 

idocaine (2–5 μL, 16 mg/mL, 37 °C) reliably inactivated the con- 

ralateral auditory cortex during epidural recordings (Supp. Fig. 
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Fig. 3. Isolating the CAEP generators. A) Epidural recordings of CAEPs in one animal in response to noise bursts presented at rates of 2, 6 and 10 Hz. B) Averaged subcuta- 

neous CAEPs for the same stimulation rates as in A. Ci) CAEPs recorded over one hour during successive application of saline (green arrows) and lidocaine (purple arrows). 

Instantaneous CAEPs are plotted for each time point along the y axis from stimulus onset at 0 min. Cii) Standard deviations (STD) for each trace in Ci calculated over the 

[8 100]ms time interval post-stimulus onset. Applications of saline and lidocaine (lido) are indicated. Gray area shows 95th percentile of STDs across CAEPs of the one-hour 

session, estimated on time interval [80–100]ms of each CAEP. Ciii) Averaged CAEPs before (plain blue) and after (plain green) saline application, after lidocaine (plain purple) 

and after saline flush (dotted blue). Corresponding times considered for averaging CAEPs are shown in Cii as horizontal plain and dotted colored bars. 
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Ai,Bi), we applied the same protocol while recording subcuta- 

eous CAEPs. Under lidocaine application, CAEPs remained un- 

hanged until 20 ms after the stimulus onset and then flattened 

ramatically ( Fig. 3 Ciii). In addition, contralateral auditory corti- 

al deactivation was sufficient to abolish most of the CAEP sig- 

al ( Fig. 3 Cii, replications in Supp. Fig. 3). These observations for 

onaural stimulation were reversible upon flushing the cortex 

ith saline (37 °C, 300 μL, 0.9%), reproducible with successive de- 

ctivation and flushing, and were similar in the case of binaural 

timulation (Supp. Fig. 2 Ci). Note that prolonged CAEP latencies 

ould be observed after recovery ( Fig. 3 Ciii), likely due to residual 

idocaine. This effect on CAEPs has already been observed follow- 

ng intravenous lidocaine injections ( Murofushi et al., 1994 ). 

iscussion 

eliability of CAEP recordings 

We found that CAEPs in response to noise bursts were ro- 

ust. This reproducibility in amplitude and latency allows unam- 

iguous identification of peaks and troughs across animals within 

10–80]ms, latencies relevant to higher order processing ( Fig. 1 C). 

he pattern of four peaks P14, N23, P35 and N61 is maintained 

cross all tested mouse strains ( Fig. 2 F) though latency and ampli- 

ude can vary between strains, corroborating previous observations 

n mouse epidural recordings ( Siegel et al., 2003 ). To our knowl- 

dge, only one preprint recorded click-evoked subcutaneous CAEPs 

n mutant mouse models and found similar peak patterns to ours 

 Zinnamon et al., 2019 ). 

Clicks are well suited to peripheral activation, such as those 

ecorded by ABRs, insofar as they induce larger wave amplitudes 

han tones ( Scimemi et al., 2014 ). In fact, both clicks and 5 ms

oise bursts were able to induce larger peak-to-trough amplitudes 

han tones in CAEPs ( Fig. 2 Ai). We subsequently chose 5 ms noise

ursts as they were easier to calibrate acoustically and produced a 

ore sustained peak at the ≈35 ms latency than clicks. 
4 
As with ABRs, CAEPs in animal models are typically obtained 

nder anesthesia, which can impact auditory processing e.g. by 

isrupting top-down pathways ( Raz et al., 2014 ) and neural oscil- 

ations ( Madler et al., 1991 ), increasing latencies ( Manninen et al., 

985 ) and depressing cortical responses ( Gaese and Ostwald, 2001 ; 

uetz et al., 2009 ; Noda and Takahashi, 2015 ). Anesthesia typically 

mpacts central processes more than peripheral ones ( Heinke and 

oelsch, 2005 ), and consequently CAEPs more than ABRs. Thus, it 

ould be of interest to perform these recordings in awake animals, 

hich has various hurdles: subcutaneous needles may cause dis- 

omfort or stress to the animal and therefore have ethical impli- 

ations and induce movement artifacts in recordings. A possibility 

ould be to wake the animal after electrode implantation under 

rief gas anesthesia, that latter having few persistent effects on 

he brain ( Hambrecht-Wiedbusch et al., 2019 ). In our study, de- 

pite their different pharmacodynamics, we found that isoflurane 

nd Ketamine/Xylazine elicited similar CAEP peak latencies and 

mplitudes. However, under isoflurane N23-P14 amplitudes were 

educed, although not significantly, in many animals and signal- 

o-noise ratios were worse than under Ketamine/Xylazine, con- 

istent with previous reports on ABRs ( Cederholm et al., 2012 ; 

uebhausen et al., 2012 ). 

Monaural and binaural stimulations provided slightly differ- 

nt CAEP patterns. In ABRs, a binaural component occurs as 

arly as 3 ms in mice, possibly triggered by the activation 

f the superior olivary complex ( Laumen et al., 2016 ). How- 

ver, the binaural component is proportionally smaller in ABRs 

han in higher order auditory evoked potentials (10–300 ms), 

t least in humans ( McPherson and Starr, 1993 ). Consistently, 

e found the biggest difference between monaural and binau- 

al CAEPs occurred after 25–30 ms with a lower amplitude for 

inaural stimulation. This latter result is consistent with stud- 

es in rats and guinea-pigs ( Di and Barth, 1993 ; Özdamar et al., 

986 ), which are at odds with those in cats and humans point- 

ng towards species specific inhibitory effects following ipsilateral 

timulation. 
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While epidural recordings used in most previous work on 

iddle- and long-latency waves in rodents indeed show a bet- 

er signal-to-noise ratio ( McGee et al., 1983 ; Metzger et al., 2007 ;

iegel et al., 2003 ; Simpson and Knight, 1993 ) than CAEPs (com- 

are the voltage levels between Fig. 3 A and B), CAEPs have the 

lear advantage of being non-invasive. Overall, our results demon- 

trate CAEPs to be a robust measure of cortical activity recordable 

n large cohorts of animals as an adjunct to ABRs. 

enerators of CAEPs 

Peaks of auditory evoked potentials from short to long laten- 

ies in humans are thought to stem from spatially distinct neural 

enerators and thus in theory can be disambiguated ( Godey et al., 

001 ; Woods et al., 1987 ). Nevertheless, subcutaneous CAEP gener- 

tors in mice are currently unknown. 

We can attempt to identify analogous waveforms in hu- 

an studies of auditory evoked potentials ( Godey et al., 2001 ; 

usiek and Nagle, 2018 ; Picton et al., 1974 ; Tremblay and 

urkard, 2012 ). Owing to their small head size, waves in rodents 

hould occur at shorter latencies than in humans, possibly divided 

y a factor of two for long latency waves ( Knight et al., 1985 ;

iegel et al., 2003 ; Simpson and Knight, 1993 ). Thus, the complex 

14/N23 in mice could correspond to the human middle latency 

voked potentials and N61 would correspond to a long-latency 

ave as defined for humans. It remains controversial as to whether 

he mouse P35 is analogous to the human P50 ( Simosky et al., 

0 03 ) or N10 0 ( Siegel et al., 20 03 ). Following in this vein, the

AEP generators would likely be in the thalamo-cortical complex, 

ith possible contributions from non-primary auditory areas for 

35 and N61. 

Consistently, latencies around 14 ms are compatible with 

halamus-related evoked activities ( Land et al., 2016 ) while deep 

 Metzger et al., 2007 ; Siegel et al., 2003 ) and epidural ( Fig. 3 A)

ecordings show peaks at around 20 ms in the primary auditory 

ortex of mice. Additionally, it is known that the auditory thala- 

us is able to reliably respond to each noise burst at a stimulation 

ate around 10 Hz while the primary auditory cortical responses at 

his rate are reduced and even more so for higher cortical areas 

 Joris et al., 2004 ). In our study, the presentation rates above 6 Hz,

nd possibly above 2 Hz, preserved the early ABR and P14 peaks, 

ut caused a delay in N23 and a collapse of the later P35 and N61

eaks suggesting these waves correspond to cortical activity. 

Finally, to determine its contribution to CAEPs the auditory cor- 

ex (both primary and non-primary areas, these areas being insep- 

rable anatomically) was inhibited using lidocaine which resulted 

n loss of N23, P35 and N61 peaks. Lidocaine applied to the cortical 

urface has been shown to not extend to the thalamus ( Yang et al.,

013 ), the auditory region of which is particularly deep at ∼3 mm 

elow the brain surface. Therefore, it is likely that the remaining 

14 arises subcortically and most likely from the auditory thala- 

us. 

Together, this evidence would suggest a thalamic origin for 

14, and an auditory cortical origin, most likely primary, for N23 

nd P35, compatible with middle-latency evoked potentials and 

onsistent with previous findings on epidural recordings in mice 

 Siegel et al., 2003 ). The generators for N61 are less clear but

re thought to reside in primary and non-primary auditory areas, 

ased on its higher sensitivity to stimulus presentation rate and its 

atency compatible with human N1 and P2 ( Siegel et al., 2003 ). 
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