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ABSTRACT 59 

Auditory-nerve single-unit recordings were obtained from two groups of young barn 60 

owls, aged between posthatching day 11 and 86, in terminal experiments under two 61 

different anaesthetic regimes: ketamine (6-11 mg/kg) plus xylazine (around 2 mg/kg), 62 

or isoflurane (1-1.5%) in oxygen, delivered via artificial respiration. In a second series 63 

of minimally invasive experiments, auditory brainstem responses (ABR) were 64 

recorded in the same four adult barn owls (Tyto alba), aged between 5 and 32 65 

months, under three different anaesthetic protocols: Ketamine (10 mg/kg) plus 66 

xylazine (3 mg/kg), isoflurane (1-1.5%) and sevoflurane (2-3%) in carbogen. Finally, 67 

the ABR measurements on adult owls were repeated in terminal experiments 68 

including more invasive procedures such as artificial respiration and higher isoflurane 69 

dosage. The main finding was a significant deterioration of auditory sensitivity in barn 70 

owls under gas anaesthesia, at the level of the auditory nerve, i.e., a very peripheral 71 

level of the auditory system. The effect was drastic in the young animals which 72 

suffered threshold elevations in auditory-nerve single-unit responses of 20 dB or 73 

more. ABR thresholds assessed repeatedly in experiments on adult owls were also 74 

significantly higher under isoflurane and sevoflurane, on average by 7 and 15 dB, 75 

compared to ketamine/xylazine. This difference already occurred with minimal 76 

dosages and was reversibly enlarged with increased isoflurane concentration. Finally, 77 

there was evidence for confounding detrimental effects associated with artificial 78 

respiration over many hours which suggested oxygen toxicity.   79 
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SIGNIFICANCE STATEMENT 80 

Anaesthesia and analgesia are necessary for most invasive experiments. Their 81 

effects are also a concern for studying normal neural and sensory functions. We 82 

show a significant deterioration of hearing sensitivity of the auditory nerve under gas 83 

anaesthesia (isoflurane or sevoflurane), compared to injection anaesthesia with 84 

ketamine/xylazine, in barn owls. This generalises similar findings across birds and 85 

mammals and suggests that while inhalants are widely recommended as safe and 86 

easy-to-use anaesthetics in veterinary contexts, they should only be used with great 87 

caution in auditory neurophysiology, even at the most peripheral level. Future 88 

important questions are whether the deterioration of sensitivity at the periphery 89 

generalises to other senses and what the precise mechanisms are that determine the 90 

species-specific extent of sensitivity loss.  91 



Gas anaesthesia impairs auditory sensitivity  page 5 

 5 

INTRODUCTION 92 

Anaesthesia and analgesia are necessary components of most invasive physiological 93 

experiments. Yet, their very site of action, the nervous system, is a constant concern 94 

for neuroscientists who strive to study normal neural and sensory functions. Different 95 

anaesthetic agents act on different neural targets and for some common anaesthetic 96 

agents these are known in considerable detail at the molecular level (Lukasik and 97 

Gillies, 2003; Sonner et al., 2003; Rudolph and Antkowiak, 2004). However, due to 98 

the highly interactive nature of the intact nervous system, it remains difficult to predict 99 

their effect on a given neuronal population under in vivo conditions (Antkowiak, 2001; 100 

Vahle-Hinz and Detsch, 2002; Windels, 2006). 101 

In the present study, the anaesthetic regime was changed during an ongoing 102 

experimental series on the development of auditory-nerve responses in the barn owl 103 

(Tyto alba). Previous auditory research in several laboratories, had successfully used 104 

a combined ketamine / xylazine or ketamine / diazepam injection anaesthesia in both 105 

adult and young owls (Cohen and Knudsen, 1995; Köppl, 1997; Keller and 106 

Takahashi, 2005; Bremen et al., 2007; Köppl and Nickel, 2007). Nevertheless, a 107 

change to isoflurane inhalant anaesthesia was recommended by the consulting 108 

veterinarians, citing animal welfare concerns (Varner et al., 2004). Isoflurane and 109 

related inhalants (halogenated ethers, e.g., sevoflurane and desflurane; Campagna 110 

et al., 2003), are commonly recommended as the first choice for veterinary 111 

procedures on a wide variety of species, including birds (Korbel, 1998; Gunkel and 112 

Lafortune, 2005; Lierz and Korbel, 2012; Raftery, 2013). Frequently cited advantages 113 

are the rapid and easy control of anaesthetic depth, stable anaesthetic state for 114 

lengthy procedures and rapid recovery (e.g., Keegan, 2005).  115 
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Although no specific reports were available about the effects of isoflurane on neural 116 

responses in birds, there was no reason to expect a deterioration in auditory-nerve 117 

responses with gas anaesthetics relative to ketamine / xylazine. In starlings and 118 

chickens, halothane, another inhalant anaesthetic, and ketamine / xylazine were 119 

tested and compared for their effects on cochlear responses. Both types of 120 

anaesthesia were found to act in an equally depressive fashion on otoacoustic 121 

emissions (produced by the hair cells of the inner ear; Kettembeil et al., 1995). 122 

Similarly, the effects of ketamine or isoflurane on auditory-nerve responses in the 123 

Tokay gecko were moderately depressive and differed little from each other (Dodd 124 

and Capranica, 1992). In a bat, isoflurane had no adverse effects on otoacoustic 125 

emissions (Drexl et al., 2004), suggesting it could even be preferable to ketamine, 126 

depending on the species. Unfortunately, it became clear during the course of this 127 

study that the change to isoflurane correlated with degraded hearing sensitivity in the 128 

barn owl. Studies in several mammalian species subsequently reported similar 129 

effects on cochlear responses (Stronks et al., 2010; Cederholm et al., 2012; 130 

Ruebhausen et al., 2012). In order to directly compare different anaesthetic agents 131 

and protocols, including prolonged anaesthesia and artificial respiration that are 132 

common in invasive neurophysiology, a dedicated series of experiments on adult 133 

barn owls was finally carried out. In addition to ketamine / xylazine and isoflurane, the 134 

more recently introduced inhalant sevoflurane was then also included for testing. 135 

Sevoflurane shows a pharmacology similar to isoflurane but induction and recovery 136 

from anaesthesia are even more rapid and, as an additional benefit, it is less irritant 137 

to the respiratory tract (O'Keeffe and Healy, 1999; Preckel and Bolten, 2005; 138 

Flaherty, 2009; Burns, 2014). 139 

 140 
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MATERIALS AND METHODS 141 

Experiments were carried out over a timespan of several years, using two different 142 

laboratories and different recording techniques. The two experimental series will be 143 

referred to as young owls and adult owls. In young owls, compound action potential 144 

(CAP) and auditory-nerve single-unit recordings were carried out. In adult owls, 145 

auditory brainstem responses (ABR) were recorded. Within each group, different 146 

anaesthetic protocols will be abbreviated as: ketamine-terminal and isoflurane-147 

terminal (young owls) and ketamine-ABR, isoflurane-ABR, sevoflurane-ABR and 148 

ABR-terminal (adult owls). 149 

Experimental animals 150 

All animal procedures were performed in accordance with the German Animal 151 

Welfare Act and approved by local authorities (permits AZ 209.1/211-2531-113/03 152 

and AZ 33.12 42502-13/1154). In the first experimental series, 21 young barn owls of 153 

undetermined (either) sex, 18 Tyto alba and 3 Tyto furcata (formerly classified as 154 

Tyto alba pratincola) were used. Their hatching dates were not always known to the 155 

specific day, therefore the developmental stage was determined according to Köppl 156 

et al. (2005) and expressed as days posthatching; it ranged from P11 to P86. Barn 157 

owls are altricial and fledge from the nest fully grown at about P65 (Köppl et al., 158 

2005). ABR was recorded in four adult barn owls (Tyto alba), two females and two 159 

males, aged between 5 and 32 months and weighing between 310 and 390 g. 160 

Anaesthesia and homeostasis 161 

All animals were deprived of food for approximately 12 hours before the initiation of 162 

anaesthesia. Young owls received initial doses of 10 mg/kg ketamine hydrochloride 163 

(“Ketavet” by Pharmacia, Erlangen, Germany) and 3 mg/kg xylazine hydrochloride 164 
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(“Rompun” by BayerVital, Leverkusen, Germany), injected intramuscularly (i.m.). 165 

Young owls in the ketamine-terminal group were maintained by supplementing 166 

ketamine and xylazine as needed, usually every 30-40 minutes during the surgical 167 

stage and every 40-60 minutes during electrophysiological recordings, at a dosage of 168 

6-11 mg/kg and 1.7-2.5 mg/kg, respectively. Young owls in the isoflurane-terminal 169 

group were maintained on ketamine and xylazine only for preliminary surgery, during 170 

which the trachea was cut in the neck region and intubated, and the abdominal air 171 

sac was exposed and opened. A one-way respiration system was then connected 172 

(Burger and Lorenz, 1960; Schwartzkopff and Brémond, 1963), delivering gases at a 173 

constant pressure to the tracheal tube and providing an outlet through a short tube 174 

inserted into the air sac. Spontaneous breathing immediately ceased under artificial 175 

respiration in all cases. In most experiments, pure oxygen was delivered with 1-1.5% 176 

isoflurane (Rhodia Organique Fine Ltd, Bristol, UK or Essex Tierarznei, Munich, 177 

Germany) added by a vaporizer (Dräger Vapor 19.3), at a volume of 150-178 

400 ml / minute, depending on the size of the animal. In 3 experiments, carbogen 179 

(95% oxygen and 5% carbon dioxide) was used instead of pure oxygen. Respiratory 180 

gases were humidified via a wash bottle with distilled water before being delivered to 181 

the animal. All young owls in the isoflurane-terminal group also received analgesic 182 

injections of 20-50 mg/kg metamizole-sodium (Vetalgin by intervet) at irregular 183 

intervals of 2-8 hours. 184 

Each adult barn owl was tested under 3 different anaesthetic protocols, applied on 185 

separate days in randomized sequence, with one week recovery in between. 186 

Breathing was unaided in all cases. For the ketamine-ABR condition, owls received 187 

an initial dose of 10 mg/kg ketamine hydrochloride (bela-pharm GmbH, Vechta, 188 

Germany) and 3 mg/kg xylazine hydrochloride (medistar Arzneimittelvertrieb GmbH, 189 
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Ascheberg, Germany) i.m. Maintenance doses of 1.6-5 mg/kg ketamine and 0.6-1.8 190 

mg/kg xylazine were given as needed, typically every 30 minutes. For the isoflurane-191 

ABR condition, anaesthesia was both initiated and maintained on isoflurane only. A 192 

concentration of 0.5-1.5% isoflurane (cp-pharma Handelsgesellschaft mbH, Burgdorf, 193 

Germany) was added to carbogen (used to minimise the danger of apnea) by a 194 

vaporizer (Fortec by Cyprane Kneighley), and delivered via a custom-built respiration 195 

mask, at a volume of 1 l / minute. For the sevoflurane-ABR condition, 2-3% 196 

sevoflurane (ecuphar GmbH, Greifswald, Germany; vaporizer: Harvard Apparatus 197 

Limited) in carbogen was delivered. At the conclusion of each experiment, the owl 198 

received a single dose of approx. 0.03 mg/kg meloxicam (Boehringer Ingelheim 199 

Vetmedica GmbH, Ingelheim, Germany), a non-steroidal anti-inflammatory drug, for 200 

the recovery phase. In a fourth and terminal experiment, ABR measurements were 201 

repeated under different, sequentially applied protocols that included conditions 202 

closer to those of the terminal experiments on young owls. The sequence always 203 

began with ketamine / xylazine injection anaesthesia, applied as before. The trachea 204 

was cut in the neck region and intubated, in preparation for later artificial respiration. 205 

However, breathing was still unaided for the first series of measurements. After that, 206 

the abdominal air sac was opened, and a one-way artificial respiration system with 207 

pure oxygen (400 ml / minute) was instigated, as in young owls. After completion of 208 

another series of ABR measurements, the ketamine / xylazine was discontinued and 209 

the anaesthesia switched to isoflurane, added to the oxygen respiration at different 210 

concentrations (1%, 2%, and back to 1%), to investigate the effect of dosage on the 211 

ABR.  212 

All animals were euthanized by an overdose of sodium pentobarbital (approx. 100 213 

mg/kg) at the conclusion of the terminal experiment. 214 
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Depth of anaesthesia was constantly monitored via a combined EKG and muscle 215 

potential recording between needle electrodes inserted into muscles of one wing and 216 

the contralateral leg. Body temperature was held constant at 39°C by a feedback-217 

controlled heating blanket (Harvard Systems) wrapped around the animal’s body, 218 

with the probe inserted into the cloaca. Head temperature of young barn owls was 219 

monitored separately by a small thermoprobe placed in the throat. Barn owls become 220 

homeothermic at approximately 3 weeks posthatching (Shawyer, 1998), and 221 

individuals older than about P25 maintained a constant head temperature, at 37-222 

38°C, under these conditions. In younger animals, the unassisted head cooled 223 

significantly relative to the body and a heat lamp was added to maintain head 224 

temperature at 35-38°C during recordings. 225 

Surgery 226 

The head of young barn owls was held firmly via an individual head band modelled 227 

from plaster-of-Paris. For CAP recordings, the round window of the inner ear on one 228 

side was exposed. For single-unit recordings from the auditory nerve, the brainstem 229 

was exposed by aspirating part of the cerebellum. Note that in these experiments, the 230 

surgical openings also vented the middle-ear space. This avoids the build-up of 231 

negative middle-ear pressure under anaesthesia which significantly reduces auditory 232 

sensitivity (reviewed in Larsen et al., 2016).  233 

For ABR measurements on adult owls, the beak of the owl was fixed in a custom-234 

build holder. To prevent the build-up of negative middle-ear pressure under 235 

anaesthesia (Larsen et al., 2016), a sterile 27G cannula was inserted through the 236 

skull into the middle-ear cavity for ventilation during ABR measurements. 237 

Sound stimulation and electrophysiological recordings 238 
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All CAP- and single-unit recordings measurements took place in a custom-built 239 

double-walled sound-attenuating chamber, ABR measurements in a double-walled 240 

chamber by Industrial Acoustics Corporation (model 1203A, Winchester, UK). 241 

Individually calibrated acoustic stimuli were presented through a custom-built 242 

miniature earphone and microphone system sealed into the ear canal ipsilateral to 243 

the recording electrode (e.g., ER-2 earphone by Etymotic Research, Illinois, USA, 244 

and Knowles FG-23329 microphone for ABR recordings).  245 

For CAP recordings on young owls, a silver-wire electrode, insulated except for a 246 

small bead melted at its tip, was placed onto the round window membrane and a 247 

grounded reference electrode (Ag / AgCl pellet) was placed under the skin near the 248 

incisions made on the head. Electrode signals were amplified by a Tucker-Davis 249 

Technologies (TDT) DB4 amplifier, used at x10000 to x100000 amplification, 0.1 or 250 

0.2 kHz high-pass and 15 kHz low-pass filtering (12 dB/octave Butterworth filters). 251 

Signals were then fed to a TDT AD1 analog-digital converter that was connected via 252 

an O1 optical interface to an AP2 signal-processor interface in a personal computer. 253 

The same interface was used to synthesise the acoustic stimuli which were then anti-254 

aliased (TDT FT6-2), variably attenuated (TDT PA4) and fed to the earphone. Stimuli 255 

were tone pips of 20 ms duration, including 1 ms cosine-shaped rise and fall times 256 

(2 ms at 500 Hz), and delivered at rates of 5/s. Stimuli had a fixed starting phase and 257 

equal numbers of stimulus presentations with opposite starting phase were averaged 258 

(in total, 32 or 64). Stimulus generation and CAP recording was under the control of 259 

TDT software (SigGen and BioSig). 260 

For auditory-nerve single unit recordings in young owls, glass microelectrodes filled 261 

with 3M KCL and with impedances typically between 30 and 50 MΩ, were placed 262 

over the brainstem under visual control and then remotely advanced by a precision 263 
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microdrive (Burleigh inchworm 6000ULN). A grounded reference electrode (Ag / AgCl 264 

pellet) was placed under the skin near the incisions made on the head. Signals were 265 

amplified and filtered (World Precision Instruments 767 electrometer, TDT PC1 266 

module), action potentials were threshold discriminated (TDT SD1) and the resulting 267 

TTL pulses fed to a TDT AP2 interface board, via an event timer (TDT ET1) and an 268 

analog-to-digital converter (TDT DD1). As above, the same interface was used to 269 

synthesise the acoustic stimuli which were then anti-aliased (TDT FT6-2), variably 270 

attenuated (TDT PA4) and fed to the earphone. Stimulus generation and recording of 271 

the TTL pulses was under the control of custom-written software. 272 

ABR in adult owls was recorded between two subcutaneous platinum electrodes 273 

(Natus Neurology – Grass, Warwick, USA), one placed on the vertex and one next to 274 

the left ear canal. Signals were amplified x1000 by an ISO 80 amplifier (World 275 

Precision Instruments, Florida, USA), band-pass filtered between 0.1 and 10 kHz, 276 

and digitised by a Hammerfall DSP Multiface II interface card (RME Audio, 277 

Haimhausen, Germany). Stimuli were tone bursts with 10 ms duration and 1 ms 278 

rise/fall-time and delivered at a rate of 7/s, generated by the same interface and fed 279 

to the earphone via a TDT HB7 headphone buffer. ABR responses were averaged 280 

over 300 stimulus repetitions. Stimulus generation and ABR recording was under the 281 

control of software custom-written in MATLAB (The Mathworks, Inc., Natick, 282 

Massachussets, USA). 283 

Data analysis 284 

CAP responses in young owls were recorded to frequencies of 500 Hz and 1 to 285 

10 kHz in 1 kHz steps. At each frequency, responses to a range of randomly 286 

presented levels were recorded, generally in 5 dB increments, and decreased to 3 dB 287 

near threshold. CAP amplitude was defined as the difference between the first 288 
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negative peak N1 and the following most prominent positive peak. Thresholds were 289 

derived from linear regression fits through the intial segment of the curve (4-6 data 290 

points collected at the lowest stimulus levels), as the level eliciting a 5 μV response. 291 

For auditory-nerve single units recorded in young owls, frequency-threshold curves 292 

were derived from responses to a matrix of tone bursts of 50 ms duration, presented 293 

randomly at different frequencies and levels, 3 times each, at a rate of 5 stimuli/s; the 294 

threshold criterion was, on average, 20 spikes/s above spontaneous rate. 295 

Spontaneous rate was estimated from the same data sets, either by counting spikes 296 

in the 50 ms window immediately before each stimulus (ketamine-terminal group) or 297 

from randomly inserted silent trials (isoflurane-terminal group). A new measure of 298 

relative sensitivity was defined which normalises for the known threshold changes 299 

with age that have been quantified for ketamine / xylazine anaesthetised owls (Köppl 300 

and Nickel, 2007). Age-typical CAP-thresholds can be derived for any desired age at 301 

11 standard frequencies between 0.5 and 10 kHz, from the published fits of CAP-302 

threshold as a function of posthatching age (Köppl and Nickel, 2007; their Fig. 8, plus 303 

data for 5 frequencies not shown). By linear interpolation between frequencies, age-304 

typical CAP-thresholds were then calculated for any desired frequency. The 305 

difference between a single unit’s threshold at characteristic frequency and the 306 

corresponding CAP-threshold at that age and frequency was taken as a measure of 307 

relative sensitivity.  308 

In ABR recordings from adult owls, a standard set of six frequencies was tested, at 1, 309 

2, 4, 6, 8 and 10 kHz. At each frequency, responses to a range of randomly 310 

presented levels were recorded, generally in 5 dB increments, and decreased to 3 dB 311 

near threshold (with few exceptions). ABR thresholds were identified visually, and 312 

peak-to-peak amplitude, and peak latency were read out with the use of a custom 313 
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MATLAB script (example in Fig. 1). To eliminate the audiogram threshold variation for 314 

graphical summaries comparing the different anaesthetic protocols, ABR thresholds 315 

were normalized to the respective individual value in the ketamine-ABR condition or 316 

the ketamine condition in the ABR-terminal experiment. 317 

Statistical analysis 318 

Statistical analyses were carried out with the use of PASW Statistics version 18.0.2 319 

or SPSS Statistics version 24 and 25 (IBM Corporation, NY, USA). Non parametric 320 

measures and tests were used throughout (Table 1). A p-value of ≤ 0.01 was the 321 

criterion for a significant difference. In case of multiple post-hoc comparisons, a 322 

Bonferroni adjustment of the criterion p-value was applied, by dividing 0.01 by the 323 

number of pairwise tests required. For example, if 3 pairwise post-hoc tests were 324 

performed, the Bonferroni corrected criterion p-value was 0.003333. 325 

 326 

RESULTS 327 

Single-unit auditory-nerve thresholds were less sensitive under isoflurane than 328 

under ketamine / xylazine 329 

A total of 57 auditory-nerve fibres were recorded in the ketamine-terminal condition, 330 

from owls aged P17 to P36, and 360 auditory-nerve fibres in the isoflurane-terminal 331 

condition, from ages P11 to P86. As absolute sensitivity is known to change within 332 

these age brackets (Köppl and Nickel, 2007), the difference between a single unit’s 333 

threshold and the CAP threshold typical for that age and frequency was defined as a 334 

measure of relative sensitivity (see Methods). This eliminated the known maturational 335 

changes of auditory thresholds, allowing for the identification of other factors 336 
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influencing hearing sensitivity. There was a significant difference in relative sensitivity 337 

between auditory-nerve fibres recorded under the two anaesthetic protocols (Table1, 338 

#1). Median values were -2.4 dB for the isoflurane-terminal condition and -26.5 dB for 339 

the ketamine-terminal condition (Fig. 2A). This difference held across frequencies 340 

when tested separately for different characteristic frequencies, binned into 1.5 kHz-341 

wide bands. Median relative thresholds for the isoflurane-terminal condition were 342 

between 17 and 26 dB higher than those recorded under the ketamine-terminal 343 

condition (Table 1, #2 – 5 and Fig. 2B; note that for CFs above 6 kHz, the sample for 344 

the ketamine-terminal group was insufficient for a meaningful test).  345 

CAP-thresholds were less sensitive under isoflurane than under ketamine / 346 

xylazine 347 

CAP thresholds were obtained in only one young owl in this study. Nevertheless, this 348 

case is included here as it validated the principal assumption that CAP- and single-349 

unit thresholds are tightly correlated. Single-unit data and CAP recordings were 350 

obtained in the same individual, aged P32, under isoflurane anaesthesia. The 351 

median single-unit sensitivity relative to the animal’s own CAP audiogram was -23 dB 352 

(n = 7, CFs 2.6-4.4 kHz), while it was +10.2 dB relative to the age-matched CAP 353 

threshold under ketamine / xylazine (Köppl and Nickel, 2007). This individual thus 354 

represented a drastic case of threshold loss (Fig. 3). Furthermore, the direct 355 

reference of single-unit thresholds to the animal’s own CAP thresholds supports the 356 

notion derived from the population data that single-unit thresholds fall, on average, 357 

about 20 dB below CAP thresholds obtained under comparable conditions. This is 358 

typical for birds in general (Köppl and Gleich, 2007). 359 

Spontaneous discharge rates and frequency tuning were much less affected 360 



Gas anaesthesia impairs auditory sensitivity  page 16 

 16 

As a measure of discharge activity of auditory-nerve single units, spontaneous rates 361 

in quiet were evaluated for effects of the anaesthetic protocol. First, data were 362 

examined for confounding age-related maturation of spontaneous rate. There was 363 

evidence for lower spontaneous rates in very young owls, aged P11-14, but no 364 

further changes in animals older than that (Table 1, #6 - 16). To minimise maturation 365 

effects, the comparison between the anaesthetic groups was therefore restricted to 366 

owls aged P17 and older. In these, spontaneous rates were significantly lower in the 367 

isoflurane-terminal group (Table1, #17; Fig. 4A). Median values were 40 spikes/s in 368 

the ketamine-terminal group and 33.3 spikes/s in the isoflurane-terminal group. Since 369 

spontaneous rates are, in addition, known to vary with CF (Köppl, 1997), the data 370 

were further examined separately, for 1.5 kHz-wide CF bands. Here, the difference 371 

between the anaesthetic regimes did not hold for any CF band (Fig. 4B; Table1, 372 

#18 – 21; note that for CFs above 6 kHz, the sample for the ketamine-terminal group 373 

was insufficient for a meaningful test). Taken together, isoflurane thus appeared to 374 

have a mildly depressive effect on spontaneous rates when compared to data from 375 

ketamine / xylazine anesthetised juvenile owls. 376 

The quality of frequency tuning, expressed as Q10dB, was not consistently affected by 377 

the anaesthetic protocol. An overall comparison of Q10dB values between the 378 

ketamine-terminal and the isoflurane-terminal groups revealed no significant 379 

difference (Table1, #22).  380 

ABR thresholds were less sensitive with gas anaesthesia compared to 381 

ketamine / xylazine 382 

Four adult owls were tested under 3 anaesthetic protocols each: ketamine-ABR, 383 

isoflurane-ABR and sevoflurane-ABR. Importantly, the sequence of testing was 384 

randomised and different for each owl. ABR audiograms showed a similar overall 385 
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shape for all conditions, suggesting that the basic relationship between ABR 386 

threshold and frequency was not affected (Fig. 5A). However, thresholds differed 387 

significantly between the conditions (Table1, #23). Specifically, thresholds in the 388 

ketamine-ABR condition were significantly lower than thresholds for either the 389 

isoflurane- or sevoflurane-ABR condition (Table1, #24 - 25). There was no significant 390 

difference between ABR thresholds obtained with the two anaesthetic gases (Table1, 391 

#26). Threshold differences to the respective threshold in the ketamine-ABR 392 

condition showed no significant frequency dependence (Table1, #27-28; Fig. 393 

5B).   Overall, thresholds under isoflurane showed a median elevation of 7 dB, 394 

thresholds under sevoflurane a median elevation of 15 dB compared to the ketamine-395 

ABR condition (Fig. 5C).  396 

Amplitude and latency of ABR wave I were unaffected by the anaesthesia protocol. 397 

Of course, amplitude increased and latency decreased with increasing sound level. 398 

Therefore, this comparison was carried out at a relative level of 10 dB above the 399 

respective ABR threshold (Table1, #29 - 30). 400 

In a final, terminal experiment, each adult owl was tested with more invasive 401 

protocols, to assess confounding factors such as artificial respiration and variable 402 

inhalant concentration. There was no significant change in ABR thresholds after 403 

switching from unassisted breathing through a tracheotomy to artificial respiration 404 

with oxygen, both still under ketamine / xylazine anaesthesia (Table1, #31). Next, the 405 

anaesthetic protocol was switched to isoflurane and stepped from 1% to 2% and 406 

back to 1%, with a minimum equilibration time of 15 minutes before measurements 407 

after a change in gas concentration. This revealed a significant effect of isoflurane 408 

dosage (Table1, #32; Fig. 6A). Increasing isoflurane from 1% to 2% resulted in a 409 

significant rise of ABR thresholds (Table1, #33; Fig. 6A), which was reversible upon 410 
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return to 1% (Table1, #34-35; Fig. 6A). Note that, unfortunately, the full sequence of 411 

tests could only be completed for two owls. At the point of the initial switch to 1% 412 

isoflurane, the full sample from all four owls could still be obtained and showed a 413 

significant elevation of thresholds relative to the ketamine condition with artificial 414 

respiration tested immediately before (Table1, #36), thus confirming the principal 415 

effect observed in the previous ABR experiments with the same individuals. As the 416 

terminal experiments progressed, however, an unexplained, gradual and irreversible 417 

loss of sensitivity occurred at different times for different owls that, in addition, 418 

appeared to affect the higher frequencies more (Fig. 6B). Some thresholds exceeded 419 

the maximum SPL of the sound system, such that the sample gradually diminished 420 

(Fig. 6B). The cause for this deterioration which appeared unrelated to the 421 

anaesthetic protocol is unknown and will be discussed below in the section about 422 

confounding factors. Importantly, we observed no changes to the frequency of heart 423 

beat or the shape of the EKG waveform that might correlate with the loss of 424 

sensitivity. 425 

Interaction with type of respiration 426 

The above observations suggested significant factors that influence auditory 427 

sensitivity, in addition to the anaesthetic agent. This prompted us to compare 428 

thresholds obtained with two types of respiration, both under isoflurane. Indeed, 429 

thresholds in the isoflurane-ABR condition and the ABR-terminal-isoflurane1% 430 

condition, both normalized to the respective ketamine thresholds, differed 431 

significantly (Table1, #37). The main difference was the type of respiration: 432 

unassisted breathing of 0.5 – 1.5% isoflurane delivered in carbogen vs. artificial 433 

respiration with 1% isoflurane delivered in pure oxygen. In the condition we 434 

normalized to, owls always breathed normal room air unassisted. While both 435 
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isoflurane conditions resulted in a threshold loss (as already shown above), the loss 436 

was relatively greater when breathing carbogen unaided, by a median of 1 dB. 437 

 438 

DISCUSSION 439 

The main finding of the present study was a significant deterioration of auditory 440 

sensitivity in barn owls under gas anaesthesia. The effect was drastic in young 441 

animals which, compared with age-matched individuals that were anaesthetised with 442 

a combination of ketamine and xylazine, suffered threshold elevations in auditory-443 

nerve single-unit responses of 20 dB or more. Consistent with this, ABR thresholds 444 

assessed repeatedly in experiments on adult owls were also significantly lower under 445 

ketamine / xylazine anaesthesia, compared to gas anaesthesia with both isoflurane 446 

and sevoflurane. Importantly, this difference already occurred with minimal dosages 447 

and was reversibly enlarged with increased isoflurane concentration. Finally, there 448 

was evidence for confounding detrimental effects associated with the respiration 449 

mode. 450 

Reports of anaesthetic effects on peripheral auditory responses across 451 

species 452 

Evidence that inhalant anaesthetics adversely affect cochlear sensitivity has 453 

accumulated in recent years for mammals also. In the guinea pig, isoflurane was 454 

shown to have a dose-dependent depressive effect on several auditory evoked 455 

potentials (CAP, cochlear microphonic (CM) and ABR; Stronks et al., 2010). 456 

Thresholds, amplitudes and neural latencies were all negatively affected. The effects 457 

were most pronounced at higher frequencies of 8 kHz and above, where CAP 458 

thresholds were elevated by about 10-15 dB. Stronks et al. (2010) referenced the 459 
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measurements obtained under isoflurane to the awake condition which does not 460 

necessarily suggest that isoflurane acts worse than other anaesthetics. In rat and 461 

mouse, ABR thresholds were directly compared between anaesthesia with isoflurane 462 

and with ketamine / xylazine, and found relatively elevated under isoflurane 463 

(Cederholm et al., 2012; Ruebhausen et al., 2012). Furthermore, in the gerbil, ABR 464 

thresholds under ketamine / xylazine were not significantly different to those in the 465 

awake condition (Smith and Mills, 1989). Together, these studies strongly support a 466 

differentially detrimental action of the gas anaesthetic, very similar to the present 467 

findings in the barn owl.  468 

However, there is clearly also species-specific variation in the sensitivity to different 469 

anaesthetics and gas anaesthetics do not fare universally worst. In the starling, a 470 

small songbird, CAP amplitudes were depressed under halothane anaesthesia, at 471 

concentrations as low as 0.5%, compared to the awake state (Kettembeil et al., 472 

1995). The same study, however, observed equally depressive effects of 473 

ketamine / xylazine and halothane anaesthesia on otoacoustic emissions which 474 

reflect the responses of sensory hair cells, in both starlings and chickens. Since 475 

neural responses were not obtained under ketamine / xylazine, it thus remained 476 

unclear if they might be differentially affected. In a systematic comparison of auditory-477 

nerve single-unit responses under different anaesthetic protocols in a lizard, the 478 

Tokay gecko, Dodd and Capranica (1992) found significantly elevated thresholds 479 

under both isoflurane and ketamine, compared to pentobarbital anaesthesia. Thus, in 480 

the gecko, too, ketamine had similarly degrading effects to isoflurane, albeit 481 

comparatively highly dosed at 440 mg/kg (Dodd and Capranica, 1992). Furthermore, 482 

in the Tokay gecko, in contrast to the present study in owl, auditory-nerve discharge 483 

rates were also severely and differentially depressed under the different anaesthetic 484 
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conditions: the highest rates were observed under pentobarbital, followed by 485 

ketamine, and isoflurane with the lowest rates (Dodd and Capranica, 1992). 486 

Finally, there is conflicting evidence regarding the effects of gas anaesthetics on the 487 

responses of sensory hair cells, specifically the outer hair cells of the mammalian 488 

cochlea, measured as otoacoustic emissions. In humans, several studies reported a 489 

selectively depressive effect of gas anaesthetics on evoked emissions (Ferber-Viart 490 

et al., 1998; Ropposch et al., 2014; Gungor et al., 2015). However, it is currently 491 

unclear whether this is a truly pharmacological effect on the cochlea or may be a 492 

secondary consequence of changes in arterial blood pressure. In a bat species, 493 

isoflurane was shown to have the opposite effect, i.e., increased emission amplitudes 494 

(Drexl et al., 2004). It was suggested that this may reflect disinhibition through 495 

inactivation of the olivocochlear efferent input (see also next section).  496 

Possible mechanisms of isoflurane and sevoflurane action 497 

The mechanisms which produce general anaesthesia at the systems level are still 498 

poorly understood (Rudolph and Antkowiak, 2004; Ishizawa, 2007). The cellular sites 499 

of action commonly involve ion channels and neurotransmitter receptors that are 500 

widely expressed in the central nervous system and should thus act at all levels. 501 

Nevertheless, as a general rule, a gradual effect is observed, such that higher-level, 502 

cognitive functions are impaired at lower anaesthetic concentrations than motor 503 

functions, early visual processing or basic homeostatic physiology (Campagna et al., 504 

2003; Rudolph and Antkowiak, 2004; Ishizawa, 2007). This suggests that while the 505 

cellular sites of action may be similar, higher centres tend to show the combined 506 

result of direct anaesthetic action and cumulative effects in neural networks. This also 507 

promotes the common assumption that general anaesthesia, when appropriately 508 

dosed, should not significantly affect primary sensory processes. Therefore, the 509 
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pronounced effect of isoflurane and sevoflurane at the most peripheral levels of the 510 

auditory system, the hair cells and auditory nerve, is surprising. 511 

Isoflurane and probably all inhalant anaesthetics belonging to the halogenated 512 

alkanes and ethers, such as halothane and sevoflurane, have several known target 513 

sites of action, all of which are predicted to suppress neural activity (reviewed in 514 

(Campagna et al., 2003; Rudolph and Antkowiak, 2004; Burns, 2014). They suppress 515 

excitatory transmission through inhibition of glutamate receptors, both the NMDA and 516 

AMPA subtypes, and through inhibition of nicotinic acetylcholine receptors. 517 

Conversely, they enhance inhibitory transmission through potentiation of GABAA and 518 

glycine receptors. In contrast, the sites of ketamine and xylazine action are more 519 

restricted. Ketamine predominantly inhibits NMDA-type glutamate receptors and 520 

nicotinic ACh receptors, both normally excitatory (Rudolph and Antkowiak, 2004). 521 

Xylazine is a known agonist of the alpha-2-adrenergic receptor (Lierz and Korbel, 522 

2012) which is best known for mediating inhibition of sympathetic activity of the 523 

autonomic nervous system. 524 

Considering these anaesthetic profiles, where are the potential sites of action at the 525 

cochlear level? Glutamate receptors of all ionotropic subtypes are typically found on 526 

the afferent terminals connecting to vertebrate hair cells (Eatock and Lysakowski, 527 

2006). In the mammalian cochlea, the functionally predominant receptors are those 528 

of the AMPA subtype (Ruel et al., 2007; Glowatzki et al., 2008). Assuming the same 529 

for birds, isoflurane and sevoflurane are indeed predicted to have a potentially larger 530 

direct impact on auditory afferents than ketamine. However, in the present study, the 531 

observed effect was curiously specific to auditory thresholds and affected discharge 532 

rates only mildly. This is not obviously compatible with a general suppressive effect 533 

on the auditory afferents.  534 
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There is currently no evidence for the inhibitory neurotransmitters GABA and glycine 535 

in the avian cochlea (review in Köppl, 2011), so these are not likely to be potential 536 

mediators of the observed threshold shifts in birds. Remaining possible sites of action 537 

are the cholinergic terminals of efferent fibres to the cochlear hair cells (Köppl, 2011). 538 

Indeed, an inhibitory effect of isoflurane on these has been indirectly suggested for 539 

mammals (Drexl et al., 2004). Depending on the subtypes of efferents activated, such 540 

an enhancement could conceivably mediate a suppressive effect on auditory-nerve 541 

afferents. However, the pharmacology of the hair-cell ACh-receptor is of an unusual 542 

nicotinic subtype (Katz et al., 2011) and there have been no direct tests for 543 

interactions with any anaesthetic agent.  544 

In summary, selectively depressive effects of gas anaesthetics relative to ketamine 545 

on cochlear neural responses are consistent with their wider spectrum of known 546 

cellular interaction sites, specifically their inhibitory action on ionotropic glutamate 547 

receptors. However, the specific pattern of a drastic threshold shift without a 548 

comparable effect on discharge rates or frequency tuning, does not fit any 549 

straightforward predictions. Importantly, it may point to additional, confounding effects 550 

associated with prolonged and invasive protocols.  551 

Confounding factors 552 

The anaesthetic agents were not the only difference between the experimental 553 

groups in our initial study with young barn owls. Young owls of the isoflurane-terminal 554 

group were artificially respirated with oxygen or carbogen, while the ketamine-555 

terminal group breathed normal air unaided. Therefore, in the follow-up study on 556 

adult owls, each individual was tested repeatedly under otherwise identical 557 

conditions. This confirmed the specific, detrimental effect of gas anaesthesia. 558 

However, the threshold difference relative to ketamine anaesthesia was smaller for 559 
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the group of adult owls, opening several possibilities for confounding effects. These 560 

were addressed in the terminal experiments with adult owls.  561 

Similar to previous studies (Kettembeil et al., 1995; Stronks et al., 2010), it was 562 

shown that the inhalant anaesthetic elevated peripheral auditory thresholds in a 563 

dose-dependent manner. Thus, dosage is a likely confounding factor in experiments 564 

using more invasive procedures - such as single-unit recordings – that tend to require 565 

higher anaesthetic dosages.  566 

Mode of respiration is another possibly confounding factor that was tested. Breathing 567 

carbogen unassisted appeared to result in additional sensitivity losses, over and 568 

above those related to isoflurane anaesthesia, when compared to artificial respiration 569 

with pure oxygen. We had chosen carbogen (as opposed to pure oxygen) in the 570 

experiments where the owls breathed the isoflurane mixture unassisted, to minimize 571 

the danger of apnea. CO2 is known to be an important respiratory regulator and low 572 

pCO2 tends to depress respiration (Powell, 2015). Our results, however, suggest that 573 

this was misguided and instead resulted in a slight additional loss of sensitivity. An 574 

obvious explanation for this effect is lacking. We do not consider hypoxia very likely, 575 

since carbogen still contains 95% oxygen, i.e. a concentration far above normal air. 576 

Similarly, artificial respiration with pure oxygen is unlikely to cause hypoxia but still 577 

appeared to cause a decline in auditory sensitivity over time. While no consistent, 578 

immediate deterioration associated with the switch to artificial oxygen respiration was 579 

found, unexplained drastic threshold losses occurred beyond 4-5 hours on artificial 580 

oxygen respiration in adult owls. This is reminiscent of the significant further 581 

deterioration within one hour, reported for mice under isoflurane (but not ketamine), 582 

breathing oxygen unaided (Cederholm et al., 2012). Such a time-dependent 583 

deterioration could also have been a confounding factor for the auditory-nerve single-584 
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unit thresholds reported here, as these measurements typically only began with a 585 

substantial delay after anaesthetic induction, due to prolonged surgery. Together, 586 

these observations point to additional, detrimental changes in the long term that 587 

would not be observed in short-term experiments such as minimally invasive ABR 588 

measurements or most veterinary procedures. Importantly, there were no indications 589 

from our EKG monitor that the animals’ state may have been compromised.  590 

Interestingly, a study exposing awake budgerigars to pure oxygen over variable 591 

times, from 3h to 3 days, found indicators of oxygen stress by reactive oxygen 592 

species from the shortest exposure and, with longer exposure, evidence of 593 

pulmonary inflammation due to oxygen toxicity (Jaensch et al., 2001b; Jaensch et al., 594 

2001a). Although their birds showed no outward signs, the authors concluded that “in 595 

a clinical setting, elevated inhalant oxygen tensions should be provided to birds with 596 

caution, especially if prolonged or repeated exposure is anticipated”. This suggests 597 

that there is a point where delivery of pure oxygen changes from being beneficial to 598 

damaging. This point may well be reached earlier in healthy subjects, as typically 599 

used in a neurophysiological research setting, compared to veterinary patients. Data 600 

on respiratory or other metabolic parameters, such as arterial pO2, pCO2 or blood 601 

pressure and pH, would thus be desirable but were not monitored in any of the 602 

auditory studies. Unfortunately, they are known to be difficult to obtain for small birds 603 

of body weights <400 g (Desmarchelier et al., 2007; Lierz and Korbel, 2012).  604 

General implications for invasive neurophysiology 605 

The above findings suggest that despite their advantages regarding animal welfare, 606 

isoflurane and related inhalant anaesthetics are not the first choice for experiments in 607 

sensory and neurophysiology. The present paper focussed on auditory physiology, 608 

however, there is similar evidence, e.g., for the visual cortex (Michelson and Kozai, 609 



Gas anaesthesia impairs auditory sensitivity  page 26 

 26 

2018). Researchers should be aware that sensory responses may already be 610 

depressed at the most peripheral levels, as now shown clearly for the auditory nerve. 611 

Effects on peripheral responses must also be expected to propagate through brain 612 

nuclei. Indeed, reports of reduced sensitivity and neural activity under isoflurane in 613 

mammalian auditory cortex (Cheung et al., 2001; Noda and Takahashi, 2015) are 614 

plausibly explained by the extent of peripheral effects observed here and in other 615 

studies. One should also be aware, however, that the brain is not organized along 616 

one-dimensional hierarchies. For example, the auditory system of both birds and 617 

mammals shows a multitude of ascending and descending interconnections (Bolhuis 618 

et al., 2010; Smith and Spirou, 2002). This makes it difficult to predict to which extent 619 

a given peripheral impairment will be evident in higher-order responses. Direct 620 

actions of inhalants on higher-order neurones may add to any inherited effects. 621 

The degradation of auditory sensitivity was dose-dependent in the present and 622 

previous studies. In order to minimize the detrimental effects of inhalant anaesthetics, 623 

their dosage should therefore be individually adjusted as low as possible. In the 624 

veterinary literature, one recommended way to reduce the dose further is to 625 

administer a combination of isoflurane (or related inhalants) and nitrous oxide (e.g., 626 

Korbel, 1998). However, regarding sensory responses, we caution that this may trade 627 

one evil for an even worse one. Sloan et al. (2010) compared ABR, as well as 628 

somatosensory and visual evoked responses in the baboon, measured under 629 

anaesthesia with different proportionate mixtures of isoflurane and nitrous oxide. 630 

They found evidence for a synergistic action of the two agents, i.e. the combination 631 

produced more drastic effects on sensitivity and latency of the responses than 632 

predicted from a simple addition of the individual effects of isoflurane and nitrous 633 

oxide. Consistent with that, Anderson and Young (2004) found that adding nitrous 634 
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oxide in order to reduce the isoflurane necessary did not avoid the depressive effects 635 

on sensitivity, discharge rate and extent of inhibition in cat dorsal cochlear nucleus 636 

units.  637 

Finally, there was clear evidence for additional detrimental effects on auditory 638 

sensitivity related to the modes of respiration. While it may seem trivial that adequate 639 

respiration needs to be provided, the observed effects could not simply be traced to 640 

hypoxia. Instead, we obtained tentative evidence for oxygen toxicity developing over 641 

time and, furthermore, observed an unexplained deterioration when the owls 642 

breathed carbogen. Whether these effects occur only in conjunction with isoflurane, 643 

or may at least be exacerbated by it, remains to be shown. Our results suggest that 644 

for prolonged experiments with healthy experimental animals, normal air is the best 645 

option.   646 
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LEGENDS 788 

Table 1: List of statistical tests. Column 1 shows the serial number used to refer to 789 

specific tests throughout the manuscript. Column 2 defines the samples, column 3 790 

the tested parameter. Column 4 lists the specific, non-parametric test used, column 5 791 

shows the resulting p-value which is highlighted in green if the null hypothesis was 792 

rejected. Note that the criterion p-value was 0.01, or lower if a Bonferroni correction 793 

was applied, as indicated in Column 4. Finally, column 6 refers to the relevant figure, 794 

if applicable. 795 

Fig. 1 Example of a typical ABR recording from an adult owl. Shown is an 796 

average response to 300 stimuli at 2 kHz, 51 dB SPL. Only wave I was analysed. 797 

Amplitude was defined as the difference between the first positive (AmpMax) and 798 

following negative (AmpMin) peak. Latency was defined as the latency of the first 799 

positive peak (Tmax). 800 

Fig. 2: Auditory-nerve single-unit thresholds were severely elevated under 801 

isoflurane. A: Box plot showing thresholds (normalized to the age-matched CAP) for 802 

auditory-nerve fibres recorded under ketamine / xylazine and isoflurane, respectively. 803 

B: The same data, separated into 1.5 kHz-wide CF bands, for the two anaesthetic 804 

conditions. Empty boxes represent data for the ketamine-terminal conditions, hatched 805 

boxes data for the isoflurane-terminal condition. Note that thresholds under isoflurane 806 

were significantly higher.  807 

Boxes and whiskers indicate the interquartile ranges and 1.5 times the interquartile 808 

ranges, respectively. Horizontal lines within boxes indicate medians, circular symbols 809 

indicate outliers that lie beyond 1.5 times the interquartile range. 810 
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Fig. 3 CAP thresholds were severely elevated under isoflurane. CAP threshold 811 

audiogram of an individual aged P32, under isoflurane anaesthesia (solid line). For 812 

comparison, the average CAP audiogram for P32 owls under ketamine / xylazine 813 

anaesthesia is also shown (dashed line; after Köppl and Nickel, 2007).  814 

Fig. 4: Auditory-nerve spontaneous discharge rates were mildly depressed by 815 

isoflurane. A: Box plot showing overall spontaneous discharge rates for auditory-816 

nerve fibres recorded under ketamine / xylazine and isoflurane, respectively. The 817 

rates under isoflurane were significantly lower. B: The same data, separated into 818 

1.5 kHz-wide CF bands, for the two anaesthetic conditions. Empty boxes represent 819 

data for the ketamine-terminal conditions, hatched boxes data for the isoflurane-820 

terminal condition.  821 

Boxes and whiskers indicate the interquartile ranges and 1.5 times the interquartile 822 

ranges, respectively. Horizontal lines within boxes indicate medians, circular symbols 823 

and stars indicate outliers that lie beyond 1.5 times (circles) or beyond 3 times (stars) 824 

the interquartile range.  825 

Fig. 5: ABR thresholds were elevated under gas anaesthesia. A: Box plot 826 

showing ABR thresholds as a function of frequency, for the same four adult 827 

individuals, tested with different anaesthetic protocols in successive experiments. B: 828 

The same data, with thresholds now normalized to the values at the respective 829 

frequency for the ketamine-ABR condition; as a visual reference, the dashed line 830 

indicates the reference condition. Note that the minor variation across frequencies 831 

was not significant (Table1, #27-28). Therefore, panel C then shows an overall 832 

comparison between anaesthetic conditions. Thresholds for either the isoflurane- or 833 

sevoflurane-ABR condition were significantly higher than thresholds for the ketamine-834 

ABR condition (Table1, #24-25).  835 
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Thresholds for the ketamine-ABR condition are shown as empty boxes, for the 836 

isoflurane-ABR condition as hatched boxes, and for the sevoflurane-ABR condition 837 

as gray boxes. Boxes and whiskers indicate the interquartile ranges and 1.5 times 838 

the interquartile ranges, respectively. Horizontal lines within boxes indicate medians. 839 

There were no outliers beyond 1.5 times the interquartile ranges. 840 

Fig. 6A: Isoflurane dose dependence of ABR thresholds. Box plot showing 841 

thresholds for different isoflurane concentrations tested sequentially in ABR-terminal 842 

experiments. Thresholds under 2% isoflurane were significantly elevated relative to 843 

those under both 1% conditions (Table1, #32-35).  844 

B: Gradual threshold deterioration with time in terminal ABR experiments. 845 

Shown are ABR thresholds normalized to the values for the initial ketamine / xylazine 846 

condition (animal breathing air unaided), separated according to frequency, for all 847 

conditions tested sequentially. Note that the number of data points contributing to 848 

each box now varies; upward arrows indicate data dropped out because the 849 

threshold exceeded the limit of the sound system and thus could not be determined. 850 

Note also that high frequencies appear to be affected more. 851 

Thresholds obtained under ketamine + artificial oxygen respiration are shown as 852 

empty boxes, for the 1% isoflurane condition as hatched blue boxes, for the 2% 853 

isoflurane condition as hatched yellow boxes and for the repeated 1% isoflurane 854 

condition as hatched magenta boxes. Boxes and whiskers indicate the interquartile 855 

ranges and 1.5 times the interquartile ranges, respectively. Horizontal lines within 856 

boxes indicate medians. There were no outliers beyond 1.5 times the interquartile 857 

ranges. 858 
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Table 1: Statistics     

ref# Data structure Parameter tested Type of 
test p-value Figure 

1 
2 independent samples: 
ketamine-terminal (n=57) 
isoflurane-terminal (n=351) 

Single-unit threshold (relative to age-
matched CAP audiograms) 

Mann-
Whitney <0.001 2A 

2 
2 independent samples: 
ketamine-terminal (n=5) 
isoflurane-terminal (n=49) 

Single-unit threshold (relative to age-
matched CAP audiograms) 
CF <1.5 kHz 

Mann-
Whitney 0.004 2B 

3 
2 independent samples: 
ketamine-terminal (n=14) 
isoflurane-terminal (n=76) 

Single-unit threshold (relative to age-
matched CAP audiograms) 
CF 1.5 - 3 kHz 

Mann-
Whitney <0.001 2B 

4 
2 independent samples: 
ketamine-terminal (n=20) 
isoflurane-terminal (n=89) 

Single-unit threshold (relative to age-
matched CAP audiograms) 
CF 3 - 4.5 kHz 

Mann-
Whitney <0.001 2B 

5 
2 independent samples: 
ketamine-terminal (n=17) 
isoflurane-terminal (n=86) 

Single-unit threshold (relative to age-
matched CAP audiograms) 
CF 4.5 - 6 kHz 

Mann-
Whitney <0.001 2B 

6 

5 independent samples (age groups): 
P11-14 (n=99) 
P17 (n=35) 
P21-32 (n=87) 
P35-40 (n=17) 
P51-86 (n=38) 

Single-unit spontaneous discharge rate Kruskal-
Wallis <0.001  

7 
2 independent samples: 
P11-14 (n= 99) 
P17 (n=35) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

<0.001  

8 
2 independent samples: 
P11-14 (n= 99) 
P21-32 (n=87) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.001  

9 
2 independent samples: 
P11-14 (n= 99) 
P35-40 (n=17) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.003  

10 
2 independent samples: 
P11-14 (n= 99) 
P51-86 (n=38) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.002  

11 
2 independent samples: 
P17 (n= 35) 
P21-32 (n=87) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.346  

12 
2 independent samples: 
P17 (n= 35) 
P35-40 (n=17) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.992  

13 
2 independent samples: 
P17 (n= 35) 
P51-86 (n=38) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.614  

14 
2 independent samples: 
P21-32 (n= 87) 
P35-40 (n=17) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.467  

15 
2 independent samples: 
P21-32 (n= 87) 
P51-86 (n=38) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.718  

16 
2 independent samples: 
P35-40 (n= 17) 
P51-86 (n=38) 

Single-unit spontaneous discharge rate 
Mann-
Whitney 
Bonferroni 

0.826  

17 
2 independent samples: 
ketamine-terminal (n=56) 
isoflurane-terminal (n=260) 

Single-unit spontaneous discharge rate, 
all ages ≥P17 

Mann-
Whitney 0.005 4A 

18 
2 independent samples: 
ketamine-terminal (n=5) 
isoflurane-terminal (n=29) 

Single-unit spontaneous discharge rate, 
all ages ≥P17 and CF <1.5 kHz 

Mann-
Whitney 0.575 4B 



 

 2 

19 
2 independent samples: 
ketamine-terminal (n=14) 
isoflurane-terminal (n=30) 

Single-unit spontaneous discharge rate, 
all ages ≥P17 and CF 1.5 - 3kHz 

Mann-
Whitney 0.035 4B 

20 
2 independent samples: 
ketamine-terminal (n=19) 
isoflurane-terminal (n=62) 

Single-unit spontaneous discharge rate, 
all ages ≥P17 and CF 3 - 4.5 kHz 

Mann-
Whitney 0.858 4B 

21 
2 independent samples: 
ketamine-terminal (n=17) 
isoflurane-terminal (n=88) 

Single-unit spontaneous discharge rate, 
all ages ≥P17 and CF4.5 - 6 kHz 

Mann-
Whitney 0.264 4B 

22 
2 independent samples: 
ketamine-terminal (n=53) 
isoflurane-terminal (n=327) 

Single-unit Q10dB Mann-
Whitney 0.098  

23 

3 dependent samples (n=24): 
ketamine-ABR 
isoflurane-ABR 
sevoflurane-ABR 

ABR threshold Friedman <0.001 5 

24 
2 dependent samples (n=24): 
ketamine-ABR 
isoflurane-ABR 

ABR threshold Wilcoxon 
Bonferroni <0.001 5 

25 
2 dependent samples (n=24): 
ketamine-ABR 
sevoflurane-ABR 

ABR threshold Wilcoxon 
Bonferroni <0.001 5 

26 
2 dependent samples (n=24): 
isoflurane-ABR 
sevoflurane-ABR 

ABR threshold Wilcoxon 
Bonferroni 0.076 5 

27 
6 independent samples: 
1 / 2 / 4 / 6 / 8 / 10kHz  
(n=4 each) 

ABR threshold difference isoflurane-
ABR - ketamine-ABR condition 

Kruskal-
Wallis 0.406 5B 

28 
6 independent samples: 
1 / 2 / 4 / 6 / 8 / 10kHz  
(n=4 each) 

ABR threshold difference sevoflurane-
ABR - ketamine-ABR condition 

Kruskal-
Wallis 0.472 5B 

29 

3 dependent samples (n=16): 
ketamine-ABR 
isoflurane-ABR 
sevoflurane-ABR 

ABR amplitudes 10 dB above threshold Friedman 0.068  

30 

3 dependent samples (n=16): 
ketamine-ABR 
isoflurane-ABR 
sevoflurane-ABR 

ABR latencies 10 dB above threshold Friedman 0.646  

31 
2 dependent samples (n=24): 
ABR-terminal, ketamine 
ABR-terminal, ketamine+oxygen 

ABR threshold Wilcoxon 0.163  

32 

3 dependent samples (n=11): 
ABR-terminal, 1% isoflurane 
ABR-terminal, 2% isoflurane 
ABR-terminal, 1% isoflurane repeat 

ABR threshold Friedman <0.001 6A 

33 
2 dependent samples (n=11): 
ABR-terminal, 1% isoflurane 
ABR-terminal, 2% isoflurane 

ABR threshold Wilcoxon 
Bonferroni 0.003 6A 

34 
2 dependent samples (n=11): 
ABR-terminal, 2% isoflurane 
ABR-terminal, 1% isoflurane repeat 

ABR threshold Wilcoxon 
Bonferroni 0.003 6A 

35 
2 dependent samples (n=11): 
ABR-terminal, 1% isoflurane 
ABR-terminal, 1% isoflurane repeat 

ABR threshold Wilcoxon 
Bonferroni 0.262 6A 

36 
2 dependent samples (n=24): 
ABR-terminal, ketamine+oxygen 
ABR-terminal, 1% isoflurane 

ABR threshold Wilcoxon 0.004  

37 
2 dependent samples (n=24): 
isoflurane-ABR (norm. re ket.) 
ABR-terminal, 1% isofl (norm. re ket.) 

ABR threshold Wilcoxon <0.001  


