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A B S T R A C T

Background: Visual Evoked Potential (VEP) quantifies electrical signals produced in visual cortex in response to
visual stimuli. VEP elicited by light flashes is a useful biomarker to evaluate visual function in preclinical models
and it can be recorded in awake or anaesthetised state. Different types of anaesthesia influence VEP properties,
such as latency, which measures the propagation speed along nerve fibers, and amplitude that quantifies the
power of electrical signal.
Aim: The goal of this work is to compare VEPs elicited in Dark Agouti rats under two types of anaesthesia: volatile
sevoflurane or injectable ketamine-xylazine.
Methods: VEP latency, amplitude, signal-to-noise ratio and recording duration were measured in Dark Agouti rats
randomly assigned to two groups, the first subjected to volatile sevoflurane and the second to injectable ketamine-
xylazine. Taking advantage of non-invasive flash-VEP recording through epidermal cup electrodes, three time
points of VEP recordings were assessed in two weeks intervals.
Results: VEP recorded under ketamine-xylazine showed longer latency and higher amplitude compared with
sevoflurane, with analogous repeatability over time. However, sevoflurane tended to suppress electrical signals
from visual cortex, resulting in a lower signal-to-noise ratio. Moreover, VEP procedure duration lasted longer in
rats anaesthetised with sevoflurane than ketamine-xylazine.
Conclusions: In Dark Agouti rats, the use of different anaesthesia can influence VEP components in terms of latency
and amplitude. Notably, sevoflurane and ketamine-xylazine revealed satisfying repeatability over time, which is
critical to perform reliable follow-up studies. Ketamine-xylazine allowed to obtain more clearly discernible VEP
components and less background noise, together with a quicker recording procedure and a consequently
improved animal safety and welfare.
1. Introduction

In preclinical research involving animal models of certain diseases,
anaesthesia during experimental procedures is routinely applied for both
practical handling and ethical reasons. In the field of neuroscience, ani-
mal models are widely used to elucidate the biological mechanisms of
physiological and pathological conditions, with the aim of discovering
innovative therapeutic strategies. For this purpose, the evaluation of
brain function through neurophysiological measurements, such as elec-
troencephalogram (EEG) and evoked potentials (EPs), can help medical
researchers in understanding the worsening of neuronal activity in
pathological conditions, together with the possible recovery during a
i).

m 19 March 2021; Accepted 5 N
evier Ltd. This is an open access a
treatment period (Leocani and Comi, 2000). In particular, to ensure a
correct interpretation of EPs, it is important to distinguish the evoked
responses (represented by waveform peaks) from the background EEG.

Some neurophysiological tests, such as visual (Tomiyama et al., 2016)
and auditory (Schuelert et al., 2018) evoked potentials, can be performed
in conscious, freely moving animals, thus requiring surgery and electrode
implantation. These procedures may cause inflammation, gliosis (Szar-
owski et al., 2003; Griffith and Humphrey, 2006) and stress, which could
interfere with autoimmune responses (Karagkouni et al., 2013; Nisipeanu
and Korczyn, 2003), altering several experimental outcomes. On the
other hand, less invasive approaches maintain animal integrity and do
not interfere with physiopathological processes. In particular, visual
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evoked potential can be reliably recorded with epidermal electrodes in
both rats (Santangelo et al., 2018; d’Isa et al., 2020) and mice (Marenna
et al., 2019). This procedure needs anaesthesia to avoid animal move-
ments that could detach the recording electrodes. The correct interpre-
tation of neurophysiological tests requires knowledge of the effects
caused by different types of anaesthesia on the central nervous system.
Therefore, comparing different anaesthesia can considerably help neu-
rophysiologists in testing animal models of neurological diseases, pri-
marily when recording motor, somatosensory or visual evoked
potentials.

Visual evoked potentials (VEPs) are employed for the functional
evaluation of visual pathways. In particular, VEP latency (the time be-
tween the presentation of the visual stimulus and its detection in the
visual cortex) measures the propagation speed along nerve fibers and it is
a marker of demyelination and remyelination, both in humans (Halliday,
1993; Brusa et al., 2001) and preclinical models of demyelinating dis-
orders (You et al., 2011b; Castoldi et al., 2018). VEP amplitude (the
potential difference generated between the recording electrode placed
over the visual cortex and the reference electrode after the presentation
of the visual stimulus) quantifies the power of the electrical signal pro-
duced along the nerve and it can monitor the integrity of optic nerve
fibers (Graham and Klistorner, 2017; You et al., 2011b). Human subjects
can undergo VEP recording in awake state (Holder et al., 2010), whereas
small animals, such as rodents, generally need anaesthesia to better
control stimuli presentation, avoid movements and minimize external
noise sources. Different types of anaesthetics or sedatives have been used
to perform VEPs in animals, such as halothane (Imas et al., 2004), sev-
oflurane (Castoldi et al., 2020), isoflurane (Aggarwal et al., 2019), ure-
thane (Porciatti et al., 1999), ketamine-xylazine (Roth et al., 2018; Land
et al., 2019), pentobarbital (Maertz et al., 2006), fentanyl (Kuroda et al.,
2009), detomidine (Str€om and Ekesten, 2016), chloral hydrate (Siegel
et al., 1993), and morphine (Kuroda et al., 2009). The focus of this work
is the examination of VEP property changes depending on two types of
anaesthesia. In particular, VEPs obtained in Dark Agouti rats under vol-
atile (sevoflurane) or injectable (ketamine-xylazine) anaesthesia were
compared through the analysis of latency, amplitude, inter-session
repeatability, signal-to-noise ratio (SNR) and recording procedure
duration.

2. Materials and methods

2.1. Animals

This study was designed in compliance with the ARRIVE guidelines
and the European Community Directive (2010/63/EU), with the
approval of the San Raffaele Institutional Animal Care and Use Com-
mittee (IACUC). Eighteen (n ¼ 18) female Dark Agouti rats aged eight
weeks with a body weight of 110–130 g (Janvier Labs-Saint-Berthevin,
France) were included for this experiment. All animals were housed
under temperature-controlled conditions (21 � 1 �C) with ad libitum
availability of chow pellets (VRF 1 (P), SDS - Special Diets Services) and
tap water. Rats were kept on a 12:12 h dark/light cycle with lights on at
9:00 am in order to guarantee constant circadian rhythms.

2.2. Experimental protocol

VEP recording sessions were conducted during the light phase. After
shipment (at 7 weeks of age), rats underwent 1 week of acclimatisation,
then were randomly assigned to one of two equally sized groups: rats
recorded under sevoflurane-based volatile anaesthesia mixture (n¼ 9) or
ketamine-xylazine anaesthesia (n ¼ 9).

Animals were randomised through their identification number to
avoid cage effects (even numbers were assigned to the sevoflurane group,
while odd numbers were allocated to the ketamine-xylazine group). In
particular, randomisation prevented the bias of having all the rats of one
cage treated with the same type of anaesthesia. The administration of the
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same anaesthetic on the same rat across three timepoints permitted the
calculation of the within-subject repeatability. Switching the anaesthetic
in the same animal at the end of the three consecutive timepoints was
avoided because ageing could become a confounding factor for VEP
properties.

Using two-way ANOVA for repeated measures for the comparison
between anaesthetic agents, a total sample of 18 rats (9 rats for each
group tested at 3 time-points) enabled to obtain a statistical power>85%
(85.7%) to detect an effect size of 0.7 with a significance level of 0.05.
Power analysis was performed with G*Power 3.1 (Faul et al., 2009).

VEPs were recorded once every two weeks for three timepoints (t1, t2
and t3) in rats anaesthetised with sevoflurane (sVEP) or ketamine-
xylazine (kxVEP). In each session, VEPs in response to monocular flash
stimulation of each eye were recorded (stimulation of one eye at a time).
Order of first stimulated eye (left or right) was randomised across rats of
each group to exclude any bias that could arise from testing the same eye
as first. After the last VEP recording session (t3), rats were euthanised
through cervical dislocation under sevoflurane or ketamine-xylazine
anaesthesia.

2.3. VEP recording

VEP acquisitions were performed after 5 minutes of dark adapta-
tion in a Faraday cage. For one group (sVEP), VEPs were recorded
under volatile anaesthesia with sevoflurane (Sevorane™, AbbVie s.r.l.,
Campoverde di Aprilia, Latina, Italy), vaporised (Abbott Sevorane
Vaporiser 19.3, Dr€ager Medical GmbH, Lübeck, Germany) and deliv-
ered through a snout mask with a gas evacuation system (Fluovac,
Harvard Apparatus Ltd, Edenbridge, United Kingdom), scavenging
excess gas into a dedicated canister containing activated carbon
(Fluosorber, Harvard Apparatus Ltd, Edenbridge, United Kingdom).
Anaesthesia was induced for 3 minutes with sevoflurane 3.5% and
maintained for 2 additional minutes at 2% before starting the VEP
recording session. Sevoflurane was mixed in 30% oxygen plus 70%
nitrogen and the bulk flow of gas per time unit was measured with a
flow meter. For the second group (kxVEP), VEPs were recorded 10
minutes after intraperitoneal injection of ketamine (40 mg/kg, Keta-
vet, Intervet Productions s.r.l., Aprilia-Latina, Italy) plus xylazine (5
mg/kg, Rompun, Bayer s.p.a., Milan, Italy). A half-dose of ketamine-
xylazine was possibly administered if sedation did not last for the
entire VEP recording. During each VEP session, body temperature was
maintained at 37 �C with a homeothermic heating pad connected to a
flexible rectal probe (Harvard Apparatus, Holliston, Massachusetts,
USA). Before experimental tests, rats were allowed to reach a steady-
state with the anaesthetic, namely a satisfying level of sedation that
was necessary to avoid rat movements and to obtain stable VEP re-
sponses. The adequate level of anaesthesia was verified by checking
for the absence of both tail-pinching and corneal reflexes (Bolay et al.,
2000). In addition, heart rate frequency was continuously monitored
from two subcutaneous needle electrodes in right and left forelimbs.
This enabled to control closely the depth of anaesthesia, which is
crucial to maintain optimum visual responsiveness (Gordon and
Stryker, 1996). Pupils were dilated with 1% Tropicamide (Visu-
midriatic, Visufarma s.p.a., Rome, Italy) and 2% Hydrox-
ypropylmethylcellulose (GEL 4000, Bruschettini s.r.l., Genoa, Italy)
was applied to avoid eye drying. For epidermal VEP recording,
removable 6 mm Ø Ag/AgCl cup electrodes (SEI EMG s.r.l., Cittadella,
Italy) were used, as already reported (d’Isa et al., 2020). The recording
electrode was placed on the scalp (previously shaved) in correspon-
dence of the primary visual cortex (V1), contralaterally to the stimu-
lated eye (4 mm lateral to the midline and 3.5 mm anterior to the
interaural line; Paxinos and Watson, 2014). To assure a strong
adherence to the skin, cup electrodes were fixed with an
electro-conductive paste (Elefix EEG paste, Nihon Kohden, Japan) that
also improved the electrical signal conduction. A reference cup elec-
trode was positioned over the frontal regions (over the midline and 1
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mm posterior to the interorbital line). A needle electrode was inserted
into the hind limb as the ground. Data were acquired at a sampling
frequency of 4096 Hz, coded with 16 bits and filtered between 5-70
Hz. Flash stimuli with 522 mJ intensity, 35 cd s/m2 illuminance and
10 μs duration were delivered at a frequency of 1 Hz by a Flash10S
xenon photostimulator (Micromed s.p.a., Mogliano Veneto, Italy)
placed 15 cm from the stimulated eye (Cambiaghi et al., 2011), while
the non-stimulated eye was covered with a black patch. For each
session involving both sVEP and kxVEP, 3 averages of 20 stimuli were
used for measuring the latency of N1 and P2, together with
peak-to-peak amplitude of N1-P2 complex of flash-VEPs (Onofrj et al.,
1985). Each flash train was followed by a 5-minute break. For each
rat, all the VEP sessions were timed (from anaesthesia induction to the
end of recording) for a total of 27 recordings/group to assess possible
differences of procedure duration between sVEP and kxVEP. After the
last recording session, a blinded experimenter (unaware of the type of
anaesthesia used on each rat) analysed VEP waveforms, assessing la-
tency, amplitude, repeatability indices, SNR and VEP recording
duration.

2.4. Statistical analysis

Statistical analysis was performed using IBM SPSS statistics software
(version 23.0). Since the left and right eyes were recorded from the same
subject, “eye” was considered as a “within-subjects” factor to account for
autocorrelation between eyes of the same animal (Armstrong, 2013). To
test for possible differences in VEP latencies and amplitudes obtained in
sVEP or kxVEP, firstly N1 and P2 components from the right and left eyes
were compared, running a two-way ANOVA with “time” (3 levels: t1, t2,
t3) and “eye” (2 levels: right, left) as “within-subjects” factors. Since no
significant effect of the factor “eye” was found, N1-P2 latencies and
amplitudes from the right and left eyes were averaged to obtain a single
value for each animal.

For N1-P2 latency and amplitude, two-way ANOVA for repeated
measures was used, entering “time” as “within-subjects” main factor (3
levels: t1, t2, t3) and “anaesthesia” as “between subjects” main factor (2
levels: sevoflurane, ketamine-xylazine), followed by post-hoc protected t-
tests to compare the two different anaesthesia at every time point.
Referring to Levene's test for equality of variances, Student's or Welch's t-
tests were used in case of homoscedastic or heteroscedastic samples,
respectively.

The inter-session coefficient of variation (CoVw), the inter-session
relative standard error (RSEw) and the inter-session intra-class correla-
tion coefficient (ICC) were used to measure the repeatability across the
three VEP recording sessions under the two anaesthetic regimens. CoVw
was calculated normalizing the “within-subject” standard deviation
(SDw) by the “within-subject” N1/P2 average value across sessions
(AVGw) and expressed as a percentage ([SDw/AVGw] � 100). Similarly,
the RSEw was obtained normalizing the SEMw by the “within-subject”
N1/P2 average value across sessions and expressed as a percentage
([SEMw/AVGw] � 100). Finally, inter-session ICC was calculated ac-
cording to the two-way mixed effects model (absolute agreement, single
measures; Koo and Li, 2016).

For each anaesthesia, all VEP traces from the first time point (t1)
were used to calculate the SNR. In particular, a 50 ms window (from 25
ms to 75 ms post-stimulus) was considered for the signal, compared
with a 50 ms window of basal EEG without light stimulation for the
noise (from 450 to 500 ms post-stimulus). Amplitude values of all
sampling points were measured in the “signal” and “noise” windows,
then from each sampling point, the mean value of its corresponding
window was subtracted and subsequently, all the values were squared.
Finally, SNR was obtained from the ratio between the sum of the
squares of the “signal” and the “noise”. Both SNR and VEP procedure
duration were compared using Student's t-test in case of homoscedastic
samples or Welch's t-test in case of heteroscedastic samples, after testing
for the equality of variances by Levene's test. Data in the present work
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are expressed as mean � SEM and all statistical analyses were consid-
ered significant at p < 0.05.

3. Results

3.1. Study feasibility

During each VEP recording session, clear waveforms were acquired
both under sevoflurane and ketamine-xylazine anaesthesia, with N1 and
P2 peaks that were markedly distinguishable and measurable (Figure 1).
Latency and amplitude values were obtained at t1, t2 and t3 without
missing time points. After each session, all the rats recovered from gen-
eral anaesthesia without sudden deaths.

3.2. VEP latency under sevoflurane and ketamine-xylazine

Comparing N1 latency measured from left and right eyes (Table S1A),
no significant effect of the factor “eye” emerged from sVEP (p ¼ 0.356)
and kxVEP (p ¼ 0.158). No significant effect of the factor “time” was
detected in sVEP (p ¼ 0.661) and kxVEP (p ¼ 0.255). Moreover, there
was no significant “time*eye” interaction in sVEP (p ¼ 0.838) and kxVEP
(p ¼ 0.103). Since no difference was found between left and right eyes,
their values were averaged and all subsequent analyses were performed
on the binocular mean of N1 latencies (Table S2A).

Two-way ANOVA for repeated measures, with “anaesthesia” as
“between subjects” factor and “time” as “within-subjects” factor, dis-
played no significant effect of “time” (p ¼ 0.441). On the other hand, a
significant effect of “anaesthesia” was found (p ¼ 0.006). Post-hoc
analysis revealed a significantly longer N1 latency for kxVEP
compared with sVEP at all time points (t1: p¼ 0.044; t2: p¼ 0.032; t3: p
¼ 0.002; Figure 2A). No significant “time*anaesthesia” interaction was
detected (p ¼ 0.242).

Considering the repeatability of N1 latency over time (Table S3A),
sVEP and kxVEP presented no significant differences in CoVw and RSEw
(for both, Student's t-test: p¼ 0.097; Figure 3A). A statistically significant
ICC between timepoints was found for both sVEP (p ¼ 0.002) and kxVEP
(p ¼ 0. 0002; Table 1). Nevertheless, a higher ICC was observed for VEP
recordings under ketamine-xylazine (sVEP ICC ¼ 0.606; kxVEP ICC ¼
0.702).

Regarding P2 latency measured from left and right eyes (Table S1B),
no significant effect of the factor “eye”was found in sVEP (p¼ 0.568) and
kxVEP (p¼ 0.580). No significant effect of the factor “time”was detected
in sVEP (p ¼ 0.763) and kxVEP (p ¼ 0.411). In addition, there was no
significant “time*eye” interaction in sVEP (p ¼ 0.334) and kxVEP (p ¼
0.248). Since no difference emerged between left and right eyes, their
values were averaged and all subsequent analyses referred to the
binocular mean of P2 latencies (Table S2B).

Two-way ANOVA for repeated measures, with “anaesthesia” as “be-
tween subjects” factor and “time” as “within-subjects” factor, showed no
significant effect of “time” (p ¼ 0.383). Notably, a significant effect of
“anaesthesia” was found (p ¼ 0.029). Post-hoc analysis highlighted a
significantly longer P2 latency for kxVEP with respect to sVEP at t1 (p ¼
0.047) and t3 (p ¼ 0.030), while the increase was not significant at t2 (p
¼ 0.084; Figure 2B). No significant “time*anaesthesia” interaction was
detected (p ¼ 0.519).

Concerning the repeatability of P2 latency over time (Table S3B),
sVEP and kxVEP displayed no significant differences in CoVw and RSEw
(for both, Student's t-test: p ¼ 0.056; Figure 3B). Inter-session ICC was
statistically significant for both sVEP (p ¼ 0.0003) and kxVEP (p < 0.
0001; Table 1). However, a higher ICC was observed for VEPs recorded
under ketamine-xylazine (sVEP ICC ¼ 0.711; kxVEP ICC ¼ 0.859).

3.3. VEP amplitude under sevoflurane and ketamine-xylazine

Comparing N1-P2 amplitude recorded from left and right eyes
(Table S1C), no significant effect of the factor “eye”was found in sVEP (p



Figure 1. A: Representative VEP traces recorded from two Dark Agouti rats anaesthetized with sevoflurane (sVEP, orange lines) or ketamine-xylazine (kxVEP, purple
lines), in which the N1-P2 complex is highlighted. B: Representative VEP traces recorded from left (LE, solid lines) and right eyes (RE, dotted lines) at different
timepoints (t1, t2 and t3) under sevoflurane (sVEP) or ketamine-xylazine (kxVEP).
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¼ 0.852) and kxVEP (p¼ 0.119). No significant effect of the factor “time”
was detected in sVEP (p ¼ 0.294) and kxVEP (p ¼ 0.390). Moreover,
there was no significant “time*eye” interaction in sVEP (p ¼ 0.427) and
kxVEP (p ¼ 0.570). Therefore, the binocular average of N1-P2 amplitude
was adopted for all subsequent analyses (Table S4).

Two-way ANOVA for repeated measures, with “anaesthesia” as “be-
tween subjects” factor and “time” as “within-subjects” factor, revealed a
significant effect of “anaesthesia” (p ¼ 0.022). Post-hoc analysis showed
a significantly higher N1-P2 amplitude for kxVEP compared with sVEP at
4

all time points (t1: p ¼ 0.032; t2: p ¼ 0.038; t3: p ¼ 0.046; Figure 4). On
the other hand, no significant effect of “time” (p ¼ 0.683) or “time-
*anaesthesia” interaction was found (p ¼ 0.197).

Regarding the repeatability of N1-P2 amplitude over time (Table S5),
sVEP and kxVEP showed no significant differences in CoVw and RSEw
(for both, Welch's t-test: p ¼ 0.574; Figure 5). Inter-session ICC was
statistically significant for both sVEP (p < 0.0001) and kxVEP (p ¼
0.0009; Table 1). Nonetheless, a higher ICC was found for VEPs acquired
under sevoflurane (sVEP ICC ¼ 0.753; kxVEP ICC ¼ 0.642).



Figure 2. N1 (A) and P2 (B) latencies measured in Dark Agouti rats (left and
right eyes averaged) anesthetized with sevoflurane (sVEP, n ¼ 9, orange lines)
or ketamine-xylazine (kxVEP, n ¼ 9, purple lines) at different time points (t1, t2
and t3). Asterisks indicate significant differences at each time point between the
two groups. Data are expressed as mean � SEM (*: p < 0.05; **: p < 0.01).

Figure 3. Inter-session Coefficient of Variation (CoVw) and inter-session Rela-
tive Standard Error (RSEw) calculated from N1 (A) and P2 (B) latencies obtained
in Dark Agouti rats anesthetized with sevoflurane (sVEP, n ¼ 9, orange columns)
or ketamine-xylazine (kxVEP, n ¼ 9, purple columns). Data are expressed as
mean � SEM.

Table 1. Inter-session ICCs of different VEP components from rats anaesthetised
with sevoflurane or ketamine-xylazine (mean and 95% confidence intervals).

VEP component anaesthesia ICC lower bound upper bound p-value

N1 latency sevo 0.606 0.209 0.880 0.002

kx 0.702 0.363 0.913 0.0002

P2 latency sevo 0.711 0.353 0.918 0.0003

kx 0.859 0.643 0.962 <0.0001

N1-P2 amplitude sevo 0.753 0.443 0.930 <0.0001

kx 0.642 0.271 0.892 0.0009
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3.4. SNR between sVEP and kxVEP

In order to assess the signal quality of VEP recording, the SNR was
calculated at t1 for sVEP and kxVEP (Table S6). In particular, SNR
derived from kxVEP was significantly higher than sVEP (Welch's t-test: p
¼ 0.048; Figure 6).

3.5. Duration of VEP recording procedure

For each rat, every single VEP recording session was timed to find
possible differences in the procedure duration of sVEP and kxVEP
(Table S7). Specifically, the recording time was significantly longer for
sVEP compared with kxVEP (Welch's t-test: p ¼ 0.004; Figure 7).

4. Discussion

This work was focused on VEPs recorded at three consecutive time-
points in Dark Agouti rats anaesthetised with a volatile (sevoflurane
mixed with 30% oxygen and 70% nitrogen) or injectable agent (mixture
of ketamine plus xylazine) to explore the differences of N1 and P2 com-
ponents in terms of latency, amplitude, repeatability and SNR.

VEP under ketamine-xylazine presented longer latency and higher
amplitude of the N1-P2 complex, together with an increased SNR
compared with sevoflurane anaesthesia. Therefore, ketamine-xylazine
might have produced a deeper level of anaesthesia than sevoflurane, in
particular during the initial phase of VEP recording, causing a significant
5

increase of N1 latency. Accordingly, it has been previously reported that
VEP latency increased together with the depth of anaesthesia (Ghita
et al., 2013). During VEP recording sessions performed in this experi-
ment, a relatively low concentration of sevoflurane (2%) was adminis-
tered, which is approximately half the dose used for optimal surgical
procedures in rats (4.1%; Tsukamoto et al., 2018). Regarding N1-P2
amplitude, its decrease under sevoflurane compared with
ketamine-xylazine might occur because halogenated inhalational agents
like sevoflurane and isoflurane produce a dose-dependent reduction in
amplitude of cortically evoked responses (Sloan, 1998) and therefore
VEPs (Kameyama, 1994; Jehle et al., 2009; Tanaka et al., 2020).



Figure 4. N1-P2 amplitude measured in Dark Agouti rats (left and right eyes
averaged) anesthetized with sevoflurane (sVEP, n ¼ 9, orange lines) or
ketamine-xylazine (kxVEP, n ¼ 9, purple lines) at different time points (t1, t2
and t3). Asterisks indicate significant differences at each time point between the
two groups. Data are expressed as mean � SEM (*: p < 0.05).

Figure 5. Inter-session Coefficient of Variation (CoVw) and inter-session Rela-
tive Standard Error (RSEw) calculated from N1-P2 amplitudes obtained in Dark
Agouti rats anesthetized with sevoflurane (sVEP, n ¼ 9, orange columns) or
ketamine-xylazine (kxVEP, n ¼ 9, purple columns). Data are expressed as mean
� SEM.

Figure 6. SNR calculated from Dark Agouti rats anesthetized with sevoflurane
(sVEP, n ¼ 9, orange column) or ketamine-xylazine (kxVEP, n ¼ 9, purple col-
umn) recorded at t1. Data are expressed as mean � SEM (*: p < 0.05).

Figure 7. VEP procedure duration (expressed in h:min:s) timed in Dark Agouti
rats anesthetized with sevoflurane (sVEP, n ¼ 27 recordings, orange column) or
ketamine-xylazine (kxVEP, n ¼ 27 recordings, purple column). Data are
expressed as mean � SEM (**: p < 0.01).
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Moreover, the use of ketamine for somatosensory evoked potential
recording has been associated with an increase in amplitude compared
with the awake state (Schubert et al., 1990). Analogously, the employ-
ment of ketamine-xylazine for VEP recording led to a higher N1-P2
amplitude with respect to both awake condition and isoflurane anaes-
thesia (Charng et al., 2013). Overall, the anaesthetic states observed in
this study were not similar in terms of EEG activity, since burst sup-
pression and slow waves were more common with sevoflurane than
ketamine-xylazine, thus causing an increase in the acquisition time due
to the difficulty in obtaining clear VEP peaks over the recorded EEG. It
should also be taken into account that rats subjected to volatile anaes-
thesia could have undergone poor oxygen saturation, resulting in VEP
amplitude decrease, as reported during intraoperative monitoring in
humans (Hayashi and Kawaguchi, 2017). On the other hand, the effect of
injectable agents usually changes after administration, being lower to-
wards the end than at the start of the experimental procedures. There-
fore, the anaesthetic depth of ketamine-xylazine could be less stable
6

compared with sevoflurane; however, this issue had been partially
buffered by the fixed time frame of VEP recording procedures, in
particular to the time elapsed between anaesthetic administration and
flash stimulation.
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Concerning VEP repeatability over time, CoVw and RSEw were
comparable between the two anaesthetic regimens for amplitude and
latency, with the latter that showed a trend in favour of sevoflurane,
especially for the P2 component, probably due to the different phar-
macokinetics of volatile versus injectable agents. Similar repeatability
values for rats anaesthetised with sevoflurane were already observed
with epidermal (Santangelo et al., 2018) and epidural electrodes (You
et al., 2011a). Thanks to a controlled gas flow, the absorption of sev-
oflurane resulted in more stability to the detriment of
ketamine-xylazine, which underwent the physiological fluctuations
caused by body metabolism, resulting in increased SEM measured at all
timepoints. However, for N1 latency, the CoVw of the two anaesthesia
ranged between 2 and 6 %, which indicates acceptable repeatability
(around 5%; Campbell et al., 2007). Size and location of the cortical
region involved in generating the potential, together with skull thick-
ness, contribute to increasing VEP amplitude variability (Barton et al.,
2019); therefore repeatability indices were worse than those related to
latency, as expected. Inter-session ICC was highly significant for both
anaesthetic regimens, demonstrating a strong correlation between
timepoints and hence a good repeatability. Nevertheless, some differ-
ences between the two anaesthetic agents were observed. For latency of
N1 and P2, VEPs recorded under ketamine-xylazine displayed a higher
ICC. On the other hand, for N1-P2 amplitude sevoflurane led to a higher
ICC, suggesting that an optimal anaesthetic regimen for VEP recording
should be chosen also considering if latency or amplitude is the primary
variable of interest.

To understand which anaesthesia allowed to obtain clearer VEP sig-
nals, SNR of the N1 component was evaluated. Under ketamine-xylazine,
the N1 peak was better discernible from the background noise when
compared with VEPs under sevoflurane. Accordingly, VEPs under
ketamine-xylazine displayed a significantly higher SNR. As already re-
ported in previous studies (Santangelo et al., 2018; Castoldi et al., 2020),
N1 was the only VEP component always clearly detectable under sevo-
flurane, while P1 and P2 were less recognisable, even if still present. On
the other side, with ketamine-xylazine it was possible to easily identify
the peaks of all main VEP components. The bioelectrical signal quality
during neurophysiological recordings plays an important role in evalu-
ating brain function both in clinical and preclinical settings. The SNR
determines the quality and reliability of VEP recordings (Turetsky et al.,
1988), being critical to detect the different VEP components that could be
hidden throughout the EEG recorded over the visual cortex: the higher
the signal over the noise, the sharper the recorded EP, which is a key
point to obtain clear electrical waveforms. The SNR obtained in rats
anaesthetised with sevoflurane was comparable to a previous work
(Santangelo et al., 2018). However, injectable anaesthesia showed a
three times higher SNR than volatile anaesthesia, facilitating N1 peak
detection during VEP analysis. Indeed, inhalational anaesthesia as sev-
oflurane, isoflurane and desflurane cause burst suppression of EEG
(Johnson and Taylor, 1998; Antunes et al., 2003; Murrell et al., 2008;
McIlhone et al., 2014). On the other hand, ketamine is a non-competitive
N-Methyl-D-Aspartate (NMDA) receptor antagonist and the block of
NMDA receptors induced by ketamine leads to consequent disinhibition
of glutamate release and activation of AMPA receptors (Moran et al.,
2015). This mechanism could enhance visual cortex excitability,
increasing VEP amplitude and SNR compared with sevoflurane, whose
molecular effects are transient and less selective, such as GABAA and
glycine receptor agonism, two-pore potassium channel activation and
excitatory neurotransmitter receptor antagonism (Lee et al., 2013). Since
VEPs are electrical signals that are extracted from the EEG, when an
alternative option is possible, inhalant agents are less recommendable for
VEP recordings (You et al., 2015).

The duration of testing procedures is a relevant aspect in neuro-
physiological examination, especially in preclinical settings, because a
protracted examination time may be detrimental for the experimental
outcomes and could impact the recovery time and animal welfare. From
this point of view, ketamine-xylazine has proved to be more
7

advantageous than sevoflurane, since a shorter duration of the entire
procedure was evident from the analysis of VEP recording times.

Regarding the limitations of this study, the first was the employ-
ment of only female rats. Since it has been shown that sex effects may
be present in rat VEP responses (Dyer and Swartzwelder, 1978; Frenk
and Taylor, 1978), in a future study it could be useful to repeat the same
experiment on male rats to check if the observed findings are valid for
both sexes. The second limitation was the higher mean amplitude and
SD obtained in the left eyes of rats anaesthetised with
ketamine-xylazine. This issue might be due to the first eye tested that
was often the right eye (17/27 of the first recorded eyes), when prob-
ably the level of anaesthesia was deeper and more stable. Despite these
marked discrepancies, no significant difference was detected, therefore
amplitude values from left and right eyes were averaged for subsequent
analyses. For future studies, it would be better to alternate the first eye
that undergoes VEP recording with ketamine-xylazine to minimize the
inter-eye variability. A further weakness of this work was the lack of
simultaneous electroretinogram and/or ophthalmic examination
before VEP recording. These procedures would have allowed the
detection of sporadic malformations (such as microphthalmia) and
post-inflammatory lesions (corneal opacities, cataracts and retinal le-
sions) that could occur in Dark Agouti rats, therefore affecting VEP
outcomes.

In conclusion, during VEP recording in Dark Agouti rats, sevoflurane
and ketamine-xylazine revealed reliable latency and amplitude values,
which remained stable across all three time points of this study. Never-
theless, sevoflurane assured a more stable level of sedation, resulting in
higher amplitude repeatability in terms of inter-session ICC, whereas
ketamine-xylazine anaesthesia determined a more detailed VEP profile,
higher latency repeatability in terms of inter-session ICC, absence of EEG
suppression, better SNR and quicker recording procedure.

Overall, VEP characterisation under different anaesthesia regimens
could be useful for investigations requiring biomarkers of optic nerve
function in animal models of neurological diseases. In preclinical
research, a deeper knowledge of biomarker properties would allow a
bona fide monitoring of the different stages of the disease, as well as
reliable testing of new treatments, consequently bringing benefits to
patients with visual pathway defects caused by neuropathological
conditions.
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