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Effects of different anesthetic
drugs on electroretinography in
mice
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Electrophysiology (ERG) is widely used for retinal function assessment, but the effects of different
anesthetics on ERG recordings, particularly in degenerated retinas, remain unclear. This study
investigated the effects of different anesthetic drugs on ERG in wild-type (WT), Kv8.2 knockout (KO),
and rd10 mice. Anesthetic drugs, avertin (300 mg/kg) and pentobarbital sodium (50 mg/kg) were
administered intraperitoneally, isoflurane was given at 5% for induction and 1.5% for maintenance.
Full-field flash electroretinography (ff-ERG) was recorded, including scotopic and photopic responses.
Specifically, the amplitudes of a-wave, b-wave, oscillatory potentials (OPs), photopic negative
response (PhNR), and c-wave were analyzed, respectively. Additionally, fundus imaging and optical
coherence tomography (OCT) were performed to analyze retinal morphology. The three anesthetics
had no obvious effect on retinal morphology. Pentobarbital sodium decreased scotopic OPs, increased
scotopic and photopic b-wave amplitudes and decreased photopic a-wave amplitude in all groups

of mice. Isoflurane resulted in larger scotopic OPs and photopic a-wave amplitudes in all groups,

with a larger scotopic a-wave amplitude in KO mice. The PhNR amplitude was greater in WT mice
anesthetized with avertin. The ERG amplitudes in mice showed significant differences among the three
anesthetic conditions. Pentobarbital sodium markedly suppressed retinal OPs, suggesting it may not
be suitable for assessing inner retinal function, particularly amacrine cells. Isoflurane enabled excellent
recordings of various types of ERG, making it suitable for nearly all ERG recordings. Avertin might serve
as a suitable alternative in the absence of isoflurane.
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Electroretinography (ERG) provides a non-invasive, objective evaluation of retinal function. Full-field flash
electroretinogram (ff-ERG) is used to record the electrical responses of various retinal neurons to light stimuli'.
The ff-ERGs include a-wave, b-wave, c-wave, photopic negative responses (PhNR), and oscillatory potentials
(OPs). Specifically, a-wave originates from photoreceptors>®, b-wave from bipolar and Miiller cells**, and c-wave
from the retinal pigment epithelium (RPE)°. In addition, PhNR presents ganglion cell activity’. Meanwhile, OPs
are a series of high-frequency wavelets superimposed on the rising phase of b-wave, which are related to inner
retinal activity, especially that of amacrine cells®.

ERG is more sensitive for diagnosing early retinal hereditary diseases compared with visible fundus
abnormalities. In this study, wild-type (WT) mice, Kv8.2 knockout (KO) mice, and rd10 mice were used as
the research subjects. Kv8.2 KO mice have been used to study retinal degeneration characterized by abnormal
voltage-gated potassium channels®. These mice exhibited supernormal b-waves in ERG, indicating disrupted
signal transmission from photoreceptors to bipolar cells*"!!. Moreover, rd10 mice, with a mutation in the Pde6b
gene of rod cells, have been widely used to study retinitis pigmentosa, exhibiting progressive photoreceptor
degeneration, characterized by significant reductions in a- and b-wave amplitudes!>-'4,

Anesthesia played a crucial role in the process of ERG recording in animal models. The combination of
ketamine and xylazine is commonly used in laboratory rodents!>-!¥. Ketamine, a dissociative anesthetic, is
frequently used for anesthesia induction and maintenance as well as for the treatment of depression and pain.
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However, due to its hallucinogenic and addictive properties, ketamine is classified as a controlled substance
in many countries, making it less accessible for laboratory use!®-2!. Anesthetic drugs like isoflurane??-%,
avertin, and pentobarbital sodium are widely used in the experimental settings%‘zs. Isoflurane, an inhalational
anesthetic, is well known for its rapid onset and fast recovery. Additionally, isoflurane helps to maintain stable
physiological function, including heart rate, blood oxygen partial pressure, and blood pH levels. Therefore,
it is suitable for maintaining stable retinal blood flow and retinal function in long-term experiments®*-!.
Similarly, avertin, a non-pharmaceutical-grade anesthetic, has been extensively used for various experimental
manipulations in laboratory rodents due to its ready availability, lack of drug regulation, and rapid anesthetic
induction and recovery time>233, Pentobarbital sodium, another intraperitoneal anesthetic, has been shown to
provide consistent anesthetic depth with minimal adverse effects on ERG recording, although it may suppress
certain components like the scotopic threshold response (STR)3*3°,

Up to now, rare studies have systematically compared the effects of these three anesthetics on ERG
recordings. Most prior research has primarily focused on wild-type mice*-3%. Accordingly, in this study, we
aimed to examine the effect of these anesthetics on ERG recordings in WT mice with healthy retinas as well as
in Kv8.2 KO and rd10 mice with retinal degeneration. The results provide theoretical support for the selection
of anesthetics in ERG recordings.

Methods

Animals

WT C57BL/6 ] mice (male, 7-8 weeks old, 20-25 g) were purchased from Charles River Laboratories, while
rd10 mice (C57BL/6 ], male, 4 weeks old, 9-11 g) were provided by Professor Zhang Zuoming from the Air
Force Medical University. KCNV2~/'~ mice (C57BL/6 ]) were obtained by breeding KCNV2~/~ mice (C57BL/6N)
obtained from Cyagen Bioscience Inc. (Suzhou, China) with C57BL/6 ] mice for five generations, followed by
self-crossing. These mice are referred to as Kv8.2 KO in this paper and were used for experiments in this study
(male, 7-8 weeks old, 20-25 g). All mice were maintained under specific-pathogen-free (SPF) conditions in
the Experimental Animal Center of Xiamen University, under a standard 12/12-h light/dark cycle in climate-
controlled facilities, with free access to food and water. All experiments adhered to the ARRIVE guidelines
for animal use in ophthalmic and vision research and the American Veterinary Medical Association (AVMA)
Guidelines for the Euthanasia of Animals (2020). All methods were performed in accordance with the relevant
guidelines and regulations. The study was approved by the Animal Ethics Committee of Xiamen University
(approval No: XMULAC20230124).

Reagents

1.5% Isoflurane Anesthesia: An appropriate amount of isoflurane (R510-22-10, RWD) was added into the small
animal anesthesia machine (R5835, RWD), and the air pump was turned on with a flow rate of 0.6L/min. Mice
were placed in the induction box for anesthesia induction with isoflurane at a concentration of 5% for 2-3 min.
Anesthesia was maintained with a mask at an isoflurane concentration of 1.5%.

1.25% Avertin Anesthesia: First, 10 g of avertin (T48402-25G, SIGMA) was mixed with 10 mL of tertiary
amyl alcohol (R017959-100 ml, RHAWN), shaken well, and left at room temperature for 2 h to obtain a 100%
stock solution of avertin. Then, 1.25 mL of the stock solution was diluted with 98.75 mL of normal saline to
obtain a 1.25% concentration of avertin, which was administered intraperitoneally to mice at a dose of 300 mg/
kg.

1% Pentobarbital Sodium Anesthesia: A total of 1 g of sodium pentobarbital (Merck) was dissolved in
100 mL of normal saline to obtain a 1% solution, which was then administered intraperitoneally to mice at a
dose of 50 mg/kg.

Standardized anesthesia and euthanasia

The administration of the three anesthetics was performed as described above, with each mouse receiving only
one type of anesthetic throughout the entire examination. Regardless of the anesthetic used, it was essential to
ensure that the mouse remained still, with stable respiration and heart rate, and without obvious pain, while
also maximizing the protrusion of the eyes after anesthesia—crucial for ERG recording. After completing all
examinations, mice were euthanized by cervical dislocation.

Electroretinography

ERG was recorded using the RetiMINER System (AiErXi Medical Equipment Co., Ltd., Chongqing, China)¥.
After overnight dark adaptation (> 12 h), mice were anesthetized with avertin, isoflurane, or sodium pentobarbital.
Their pupils were fully dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride (SANTEN), and
the corneas were coated with 0.2% carbomer gel (Bausch & Lomb) to maintain moisture and conductivity. The
ground electrode was placed at the tail end, the reference electrode subcutaneously at the midline between the
ears, and the gold ring electrode at the corneal apex. ERG was recorded once the oscilloscope showed stable
readings, with all procedures conducted under dim red light. The heating pad integrated into the RetiMINER
system remains on during the recording process to maintain the mouse’s body temperature.

Scotopic ERG involved an series of single white flashes of intensity ranging from 0.001 to 30 cd s/m?
with stimulus intervals increasing from 5 s to 1 min. Each stimulus intensity was recorded three times, and
the waveforms were averaged using a band-pass filter of 0.3-300 Hz. OPs were recorded using dark-adapted
ERG at a stimulus light intensity of 3 cd s/m?, averaging three waveforms with a band-pass filter of 75-300 Hz.
C-wave ERG recordings were made after a 100 ms white light stimulus at an intensity of 150 cd/m?, with 1 min
intervals, averaging three waveforms. Mice were light adapted for 10 min with a background light of 30 cd/
m? before performing light-adapted ERG recording. After 10 min of light adaptation with a white background
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light of 30 cd/m?, photopic ERG recordings began with single white flashes ranging from 1 to 30 cd s/m? on a
white background of 30 cd/m?. Twenty waveforms were recorded per stimulus intensity, and they were averaged
using a band-pass filter of 0.3-300 Hz. The PhNR was recorded at a stimulus intensity of 20 cd s/m? on a green
background of 40 cd/m?, averaging 100 waveforms with a band-pass filter of 0.3-300 Hz. After recording, the
mice were placed on an electric blanket until they regained consciousness*’.

All signal recordings began 20 ms before the flash. The negative wave following the flash was designated
as the a-wave, and the subsequent positive wave was designated as the b-wave. The positive wave following
the b-wave was identified as the c-wave. The a-wave peak time was measured from the flash to the a-wave
trough, and the b-wave peak time was measured from the flash to the b-wave peak. The a-wave amplitude was
determined as the voltage difference from the baseline to the a-wave trough, and the b-wave amplitude was
measured from the b-wave peak to the a-wave trough®. The c-wave amplitude was measured from the c-wave
peak to the baseline. The OP amplitude was calculated as the sum of the three largest wavelets (OP1, OP2, OP3).
The PhNR wave was identified as the largest negative wave following the b-wave in the photopic ERG, and its
amplitude was the voltage difference from the peak of the b-wave to the trough of the PANR wave. If there were
significant interference signals, band-stop filtering was applied. Waveform data files were exported, and various
waveform graphs were plotted using ORIGIN 2024b (OriginLab Corporation, USA).

Fundus imaging

Fundus images were collected using the OPTO-RIS small animal retinal imaging system (Optoprobe, UK).
Each mouse was anesthetized with the same dose and method of the anesthetic used during its ERG recording.
Their pupils were fully dilated using 0.5% tropicamide and 0.5% phenylephrine hydrochloride (SANTEN), while
corneas was kept moist with 0.2% carbomer gel (Bausch & Lomb). The mice were placed on a lifting platform,
and the illumination intensity and eye position were adjusted to center the optic nerve in the field of view and
ensure clear imaging. After the collection, the mice were transferred to the OCT platform.

Optical coherence tomography

OCT was performed using the 4D-ISOCT super-microscopic imaging system (Optoprobe, UK). To avoid
repeated anesthesia and mydriasis in mice, OCT was performed together with fundus imaging. After completing
fundus imaging, the mice were transferred to the OCT platform, and their position and angle were adjusted to
clearly display the retina with the optic nerve centered. The platform was moved back and forth to position the
retinal cross-sectional imaging within the visible window for clearer retinal layering. After collection, the mice
were placed on an electric heating pad until they regained consciousness.

Statistical analysis

All data were analyzed using GraphPad Prism 9.4 software (GraphPad Prism Software, Inc., USA) and presented
as mean+SEM. The results were analyzed using a two-way ANOVA with Geisser-Greenhouse correction
followed by Tukey multiple comparisons correction. A p-value of less than 0.05 was considered to be statistically

significant ("p<0.05, "p<0.01, “'p<0.001, and “p <0.0001)%L.

Results

Retinal morphology

Fundus imaging and OCT are commonly used to evaluate retinal morphology in mice. In WT mice, fundus
photography revealed distinctly retinal arteries and veins, along with uniform retinal pigmentation. Meanwhile,
OCT images displayed distinguishable retinal layers, particularly the inner and outer segments of photoreceptor
cells and the retinal pigment epithelium (RPE) (Fig. 1A). In Kv8.2 KO mice, retinal arteries and veins were
narrowed, and retinal pigmentation was normal. The inner and outer segments of photoreceptor cells and the
RPE remained clearly visible in Kv8.2 KO mice. However, the thickness of the retina and outer nuclear layer
(ONL) was significantly reduced in Kv8.2 KO mice compared to WT mice (Figs. 1C, S1A,B). In rd10 mice,
fundus photography showed retinal vascular atrophy, along with widespread white dot-like pigmentation
changes across the retina. OCT images revealed that the inner and outer segments of photoreceptor cells and
the RPE became indistinguishable, suggesting significant photoreceptor cell degeneration (Figs. 1E, S1C,D). For
mice with the same genetic background, there were no significant differences in retinal morphology among the
three different anesthesia groups (Fig. 1B,D,F).

Scotopic ERG

Scotopic ERG recordings primarily reflect the electrical activity of rod cells under light stimulation. In this study,
ERG recordings were conducted under dim infrared light (> 640 nm) because rod cells are insensitive to light
with wavelengths greater than 640 nm.

In WT mice, the amplitudes of negative a-wave and subsequent positive b-wave increased gradually with
increasing light stimulus intensity (Fig. 2A). There were significant differences in a-wave amplitudes among
the three groups (Fig. 2B). The b-wave amplitudes were highest in the pentobarbital sodium group, while there
were no differences between the isoflurane and avertin groups (Fig. 2C). The peak times of a-wave and b-wave
were delayed in the pentobarbital sodium group compared with the other groups (Fig. 2D,E). In Kv8.2 KO mice,
the a-wave amplitude was highest in the isoflurane group, while there were no significant differences between
the pentobarbital sodium and avertin groups (Fig. 2EG). However, there were no significant differences in the
b-wave amplitudes among the three groups (Fig. 2EH). The a-wave peak time was significantly shorter in the
isoflurane group, with no significant differences between the pentobarbital sodium and avertin groups (Fig. 21).
The b-wave peak time was delayed from the stimulus intensity of 1 to 30 cd s/m? in the pentobarbital sodium
group (Fig. 2]). In rd10 mice, there were no significant differences in a-wave amplitude; however, the b-wave
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Fig. 1. Fundus images and OCT. (A) The left and right columns displayed fundus images and OCT of WT
mice, respectively. The center column showed the optic nerve position in the process of OCT acquisition.

(B) ONL and retina thickness measurement in WT mice. (C) Fundus images and OCT of Kv8.2 KO mice.

(D) ONL and retina thickness measurement in Kv8.2 KO mice. E, Fundus images and OCT of rd10 mice. F,
ONL and retina thickness measurement in rd10 mice. OCT images, the left side corresponding to the lower
visual field. OCT optical coherence tomography; WT wild-type; KO knockout; ILM inner limiting membrane;
NFL nerve fiber layer; GCL ganglion cell layer; IPL inner plexiform layer; INL inner nuclear layer; OPL

outer plexiform layer; ONL outer nuclear layer; OLM outer limiting membrane; IS inner segments; OS outer
segments; IS/OS, inner segment/outer segment complex; ROST rod outer segment tips; RPE, retinal pigmented
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Fig. 2. Scotopic ERG in mice. (A, F, K) Representative waveforms of scotopic responses at different stimulus
intensities in W', Kv8.2 KO, and rd10 mice, respectively. (B, G, L) Quantification of the amplitude of scotopic
a-waves in different mice. (C, H, M) Quantification of the amplitude of scotopic b-waves in different mice. (D,
E, 1], N, O) Quantification of the peak time of scotopic a-waves and b-waves in different mice, respectively.
Black: Avertin group, Green: Isoflurane group, Red: Pentobarbital sodium group. Results are presented as
mean +SE; WT, n=9-11 animals (17-22 eyes per group); KO, n=6-9 animals (11-18 eyes per group); rd10,
n=4-5 animals (8-10 eyes per group); p<0.05, "p<0.01, "p<0.001, “p<0.0001; ‘p (Red) represents
comparisons between avertin and pentobarbital sodium groups; p (Green), isoflurane and avertin groups; p
(Black), pentobarbital sodium and isoflurane groups.

amplitude was significantly higher in the pentobarbital sodium group (Fig. 2K-M). No significant differences in
a- and b-wave peak times in rd10 mice were observed among the three groups (Fig. 2N,0). We also compared
the scotopic a-wave and b-wave amplitudes among the three types of mice under the same anesthetic (Fig. S2).
It was observed that the amplitudes of a-wave and b-wave progressively decreased from WT to Kv8.2 KO, and
then to rd10 mice under avertin (Fig. S2A,B), isoflurane (Fig. S2C,D), and pentobarbital sodium (Fig. S2E,F)
anesthesia.
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Oscillatory potentials

OPs, appearing as triphasic spikes on the positive b-wave, were noticeable and became more pronounced with
increasing stimulus intensity (Fig. 2). As shown in Fig. 3, we recorded the OPs at stimulus intensities of 3 cd s/m?.
In WT mice, three to five OPs peaks were observed (Fig. 3A), with the highest amplitude in the isoflurane group
and the lowest in the pentobarbital sodium group (Fig. 3B). In Kv8.2 KO mice, there was a mild reduction in OPs
(Fig. 3C), with the highest amplitude in the isoflurane group and the lowest in the pentobarbital sodium group
(Fig. 3D). In rd10 mice, the OP amplitudes were very low, and no significant differences were observed among
the three groups (Fig. 3F). The scotopic OP amplitudes were also compared among the three types of mice under
the same anesthetic (Fig. S3). It was observed that the OPs amplitudes consistently decreased sequentially in the
WT, Kv8.2 KO, and rd10 mice under avertin (Fig. S3A), isoflurane (Fig. S3B), and pentobarbital sodium (Fig.
S3C) anesthesia.

A B
-o- Avertin
Isoflurane e
2000 -+ Pentobarbital sodium *2*
S 1500
= * % %
= . o
= B 10004 ... **_** * %k ok
= — % %k %k %k
o —
S * % % % _—
< 500 —_ |¥|
e LT ALa
N OP1 OP2 OP3 OPS
g
<
50ms
1500
C % %k %k k
; % %k %
o = 1000+ I
N ) e . % %
* %
X % 500 fkk | —— e
< —— % %k %k
S .
=° I [
o onlﬁ II‘II‘IIﬁ ,
OP1 OP2 OP3 OPS
E F
200
e ) ) S 150
g <
50ms =
[-%
£
< 504
Aol 1 10 L
Avertin Isoflurane Pentobarbital sodium OP1 oP2 oP3 OPS

Fig. 3. Scotopic OPs in mice. (A, C, E) Representative waveforms of scotopic OPs at a stimulus intensity of

3 cd s/m? in WT, Kv8.2 KO, and rd10 mice, respectively. (B, D, F) Quantification of the amplitude of scotopic
OPs in different mice. Black: Avertin group, Green: Isoflurane group, Red: Pentobarbital sodium group. Results
are presented as mean + SE; WT, n=9-11 animals (17-22 eyes per group); KO, n=6-9 animals (11-18 eyes per
group); rd10, n=3-6 animals (4-12 eyes per group). p<0.05, "p<0.01, “"p<0.001, “"p<0.0001.
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In WT mice in this study, a prominent c-wave closely followed the b-wave (Fig. 4A). Figure 4B shows that the
c-wave amplitude of WT mice was higher in the isoflurane group than in the other two groups. In Kv8.2 KO mice,
the c-wave amplitude was lower than the b-wave amplitude, while the amplitude of c-waves was comparable
among the three groups (Fig. 4C,D). In rd10 mice, a typical c-wave was barely recordable (Fig. 4E,F). Differences
in c-wave amplitude among the three types of mice were also significant under the same anesthetic (Fig. S4).

Photopic ERG

Photopic ERG a-waves, with lower amplitudes and less distinct waveforms compared with scotopic ERG, were
recorded in three types of mice (Fig. 5A,B,FEG,K,L). The amplitudes of a-waves from high to low were as follows:
isoflurane, avertin, and pentobarbital sodium group (Fig. 5B,G,L). Additionally, OPs were observed in b-waves at
higher stimulus intensities in the isoflurane and avertin groups but not in the pentobarbital group (Fig. 5A,EK).
The b-wave amplitudes of WT mice were highest in the pentobarbital sodium group at the light intensities
of 10 and 30 cd s/m? (Fig. 5C). In Kv8.2 KO mice, the b-wave amplitudes were highest in the pentobarbital
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Fig. 4. Scotopic c-waves in mice. (A, C, E) Representative waveforms of c-waves were recorded at a stimulus
intensity of 150 cd/m? in WT, KO, and rd10 mice, respectively. (B, D, F) Quantification of the amplitude of
c-waves in different mice. Black: Avertin group, Green: Isoflurane group, Red: Pentobarbital sodium group.
Results are presented as mean + SE; WT, n=9-11 animals (17-22 eyes per group); KO, n=6-9 animals (11-18

eyes per group); rd10, n =3-6 animals (4-12 eyes per group). p<0.05, "p<0.01, "p<0.001, “"p<0.0001.
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Fig. 5. Photopic ERG in mice. (A, F, K) Representative waveforms of photopic responses in WT, Kv8.2 KO,
and rd10 mice, respectively. (B, G, L) Quantification of the amplitude of photopic a-waves in different mice. (C,
H, M) Quantification of the amplitude of photopic b-waves in different mice. (D, E, L, J, N, O) Quantification
of the peak time of photopic a-waves and b-waves in different mice, respectively. Black: Avertin group, Green:
Isoflurane group, Red: Pentobarbital sodium group. Results are presented as mean + SE; WT, n=9-11 animals
(17-22 eyes per group); KO, n=6-9 animals (11-17 eyes per group); rd10, n=4-6 animals (8-11 eyes per
group); p<0.05, “p<0.01, “p<0.001, “"p<0.0001; p (Red) represents comparisons between avertin and
pentobarbital sodium groups; p (Green), isoflurane and avertin groups; p (Black), pentobarbital sodium and
isoflurane groups.

sodium group, with no significant differences between the other two groups (Fig. 5H). Furthermore, there were
no significant differences in b-wave amplitudes of rd10 mice among the three anesthesia groups (Fig. 5M).
Additionally, the a-wave and b-wave amplitudes of WT mice were highest under all three anesthetics (Fig.
S5A,C,E). However, the b-wave amplitudes of Kv8.2 KO and rd10 mice showed significant differences only when
anesthetized with pentobarbital sodium (Fig. S5B,D,F). In terms of peak time, there were no consistent and
meaningful differences among the three anesthetic groups (Fig. 5D,E,L],N,0).

Scientific Reports |

(2025) 15:16930

| https://doi.org/10.1038/s41598-025-98924-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A -o- Avertin
Isoflurane
400 -+ Pentobarbital sodium
*
= %. 300 T
S o
©
g 200
g‘ % %k %k %
< 100 ko K K
R —_
g 1
100ms 0 1 1 1
a b PhNR
C
250_ % %k %k
*
_ 200- T
o S T * %
X .
g % 150
0 =1
<z = * %
2 100
R £ 3k ok ok
2 —_—
g < 504
100ms
o1 5
T T
a b PhNR
E F
150
e
5 S
. = 100 -
g S
< =
=
g 50-
<

Ninilils

T T
b PhNR

Avertin Isoflurane Pentobarbital sodium

Fig. 6. PhNR in Mice. (A, C, E) Representative waveforms of PhNR at a stimulus intensity of 20 cd s/m? on
a green background of 40 cd/m? in WT, Kv8.2 KO, and rd10 mice, respectively. (B, D, F) Quantification of
the amplitude of C-waves in different mice. Black: Avertin group, Green: Isoflurane group, Red: Pentobarbital
sodium group. Results are presented as mean + SE; WT, n=9-11 animals (17-22 eyes per group); KO, n=6-9
animals (11-17 eyes per group); rd10, n=4-5 animals (4-9 eyes per group). p<0.05, "p<0.01, p<0.001,

*Hkk

p<0.0001.

PhNR

PhNR, including a- and b-wave, were recorded at a stimulus intensity of 20 cd s/m? on a green background
of 40 cd/m? A typical PhNR, as a negative wave following the b-wave, was only recorded in WT mice
(Fig. 6A,C,E). In WT mice, double-peaked b-waves were observed in the avertin and isoflurane groups but
not in the pentobarbital sodium group (Fig. 6A). The PhNR amplitude was highest in the avertin group, the
a-wave amplitude was highest in the isoflurane group, and the b-wave amplitude was highest in the avertin group
(Fig. 6B). In Kv8.2 KO mice, double or triphasic b-waves were observed in the avertin and isoflurane groups but
not in the pentobarbital sodium group (Fig. 6C). The PhNR amplitude was highest in the pentobarbital sodium
group, the a-wave amplitude was highest in the isoflurane group, and the b-wave amplitude was highest in the
pentobarbital sodium group (Fig. 6D). In rd10 mice, double-peaked b-waves were observed in the avertin and
isoflurane groups but not in the pentobarbital sodium group (Fig. 6E). There were no significant differences
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among the three groups (Fig. 6F). The PhNR and b-wave amplitudes in WT mice were highest compared with
the Kv8.2 KO and rd10 mice under the three anesthetic conditions (Fig. S6).

Additionally, we recorded the anesthesia induction time for the three mouse models. The average time to loss
of righting reflex was 1.48 £ 0.86 min for Avertin, 7.49 +2.78 min for pentobarbital sodium, and 0.78 +0.25 min
for isoflurane induction.The anesthesia durations were 56.58+12.83 min for Avertin and 48.94+4.53 min
for pentobarbital sodium. Isoflurane, administered via continuous inhalation, provided sufficient depth and
duration to complete the entire ERG procedure. After cessation of isoflurane, mice regained spontaneous
movement after 3.23 +0.92 min.

Discussion

This study systematically evaluated the effects of three different anesthetics—avertin, isoflurane and pentobarbital
sodium—on ERG recordings in WT, Kv8.2 KO and rd10 mice. The results indicated that these anesthetics
significantly influenced ERG recordings without inducing acute retinal damage. Specifically, under the three
anesthetic conditions, no significant differences were observed in fundus images and OCT among mice with
the same genetic background. Interestingly, in terms of ERG recordings, pentobarbital sodium significantly
suppressed OPs in WT and Kv8.2 KO mice. Inconsistently, pentobarbital sodium resulted in higher b-waves,
which included OPs waves in both scotopic and photopic ERG. Additionally, scotopic ERG showed higher
a-waves, whereas photopic ERG displayed lower a-waves in the pentobarbital sodium group. Isoflurane resulted
in higher scotopic OPs, photopic a-waves, and c-waves in WT mice. Avertin showed lower a-waves in scotopic
ERG and higher PhNR waves in WT mice.

Pentobarbital sodium, a fast-acting central nervous system depressant, induces loss of consciousness
and cardiovascular depression through its action on GABA receptors®. Its primary adverse effects include
respiratory and cardiovascular depression, such as reduced blood pressure??, which may lead to ischemia in the
inner retinal layers, contributing to the suppression of OPs*. Pentobarbital sodium enhances GABA's inhibitory
action by prolonging the opening of chloride ion channels*.. GABA, the main inhibitory neurotransmitter
in the retina, is used by various retinal cells, including horizontal and amacrine cells, which may explain the
suppression of OPs*>. Furthermore, pentobarbital sodium inhibits Ca?* influx through interaction with nicotinic
acetylcholine receptors. As retinal photoreceptors rely on Ca®" for glutamate release, this inhibition likely
explains the increased b-wave amplitudes in scotopic and photopic ERGY. Previous studies have demonstrated
“rod saturation” during pentobarbital sodium anesthesia, further supporting its impact on retinal function*®.

Previous studies have reported that isoflurane has inconsistent effects on ERG. Gerritsen et al. showed that
there were no significant differences in the ERG recordings of rabbits anesthetized with isoflurane or ether®.
Van Norren et al. also found that isoflurane had no obvious effects on the ERG waveform™®. However, Raitta
et al. demonstrated that the amplitudes of the a-wave and b-wave were reduced in patients under isoflurane
anesthesia, while peak time remained unchanged®!. In this study, there was no significant reduction in scotopic
a-waves in the three mouse strains under isoflurane anesthesia. Specially, a-wave amplitudes in Kv8.2 KO mice
were higher in the isoflurane group compared with the other two groups, while the b-wave was comparable to
that under avertin and weaker than with pentobarbital sodium.

OPs are believed to reflect feedback synaptic circuits originating from the inner nuclear layer, where GABA
and glycine serve as inhibitory neurotransmitters. The application of these substances selectively abolished retinal
oscillatory potentials in mudpuppies®2. However, in this study, the waveform and amplitude of retinal oscillatory
potentials under isoflurane anesthesia were not significantly abolished. Volatile anesthetics can inhibit GABA
processing and cause its accumulation at synaptic sites, making OPs particularly sensitive to anesthetic agents™.
This was corroborated in this study, where isoflurane led to significantly heightened OPs. In rhesus monkeys,
ERG showed that all volatile anesthetics delayed dark adaptation®. Although we did not assess dark adaptation
in this study, isoflurane shortened the peak times of scotopic a-waves and b-waves in WT and Kv8.2 KO mice,
consistent with previous studies in mice®.

Avertin has been widely used as a general anesthetic for experimental animals, particularly rodents®, due to
its ease of preparation and administration, as well as its broad therapeutic window compared to its lethal dose™®.
It is known to rapidly induce short-term anesthesia with prompt recovery. However, the primary adverse effect
of avertin is peritonitis, which is linked to the toxicity of its metabolite, dibromoaldehyde. As a result, repeated
injections of avertin can lead to a high mortality rate®. Avertin is also known to raise blood glucose levels, which
can increase the b-wave of the ERG”’. Studies involving the elevated plus maze (EPM) in rats found that avertin
was unsuitable for surgical anesthesia prior to behavioral analysis in the EPM, as it could cause both anxious
and anti-anxiety behaviors, complicating results in this commonly used visual research test®. The choice of
anesthetic significantly impacts respiratory rate, with 1.5% isoflurane resulting in the lowest respiratory rate and
avertin producing the highest®®. Among the three anesthetic agents used in this study, we observed that animals
anesthetized with avertin were more prone to irregular interference waves, which may be attributed to the higher
respiratory rate induced by avertin anesthesia.

Neurotransmitter-gated ion channels, particularly GABA and glutamate receptors, are regulated by most
anesthetics at both synaptic and extrasynaptic sites®®. GABA , receptors are key targets for anesthetics such as
pentobarbital sodium, avertin, and isoflurane®. Most inhalational anesthetics, including isoflurane, enhance
GABA,, receptor activity while reducing glutamate release, thereby increasing channel opening®. Therefore, the
effects of anesthetics on ERG should be considered. Given these effects, it is essential to account for the impact
of anesthetics on ERG measurements.

In this study, pentobarbital sodium significantly suppressed Ops in WT and Kv8.2 mice, making it unsuitable
for recording inner retinal layer function. OPs have important clinical value in cases of diabetic retinopathy
and other ischemic retinal diseases®>®*, so pentobarbital sodium should be carefully considered in such studies.
Pentobarbital sodium also caused a marked reduction in the amplitudes of the photopic a-wave, which reflects
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retina cone function. Isoflurane and Avertin had more moderate effects, potentially making them more suitable
for various ERG recordings. However, considering that Avertin is associated with more severe side effects,
isoflurane is undoubtedly the best choice, despite the need for a slightly more expensive gas anesthesia apparatus.
The results of this study highlight the importance of selecting anesthetics in retinal research and offer valuable
insights for improving the accuracy of ERG recordings.

Anesthetics can increase blood glucose levels, thereby enhancing retinal sensitivity®. Avertin and
pentobarbital sodium have been shown to significantly elevate blood glucose in wild-type mice, potentially
affecting ERG amplitudes®’, while isoflurane, though milder in this regard, has been reported to impair insulin
secretion and aggravate both peripheral and central insulin resistance in type 2 diabetic mice®®®’. Therefore,
the choice of anesthetic may require greater caution when recording ERG in animal models of diabetic
retinopathy. However, there are few studies comparing the effects of different anesthetics on ERG recordings in
animal models of diabetic retinopathy. Hasegawa et al. compared pentobarbital sodium and a medetomidine-
midazolam-butorphanol (MMB) combination in Spontaneously Diabetic Torii (SDT) fatty rats and found that
MMB allowed for better visualization of oscillatory potentials (OPs), suggesting its potential superiority for
evaluating inner retinal function in diabetic animals®®. Miwa et al. further demonstrated that MMB significantly
enhanced OPs in healthy mice, supporting its suitability for inner retinal assessments®. In contrast, Connell
et al. reported that in STZ-induced diabetic rats, both medetomidine and xylazine failed to provide sufficient
anesthetic depth, whereas pentobarbital sodium yielded more reliable ERG recordings’’. In summary, while
medetomidine and its combinations are increasingly used in rodent ERG studies, particularly in rats, their
application in diabetic mouse models is not well established. Given the relatively mild metabolic impact and
stable ERG signals observed with isoflurane in our study, it may be a more appropriate choice for ERG testing
in diabetic mouse models. Further research comparing anesthetic protocols under pathological conditions is
warranted to refine best practices for retinal electrophysiological assessments.

Nevertheless, there are certain limitations to this study that need to be addressed. For instance, we were unable
to obtain ketamine and xylazine for comparison, limiting our findings. This limitation further underscores the
importance of comparing these three easily prepared and administered anesthetics simultaneously. Including
more recordings from ERG waveforms, visual evoked potentials (VEP), and using mice of different ages and
sexes would provide better guidance for selecting anesthetics in ERG recordings. The potential influence of sex on
anesthetic response and ERG outcomes was not addressed in this study. Previous research suggests that hormonal
and metabolic differences between male and female mice may affect both anesthetic pharmacodynamics and
retinal function’!72. Therefore, future studies should include both sexes to evaluate possible sex-specific effects
on ERG recordings. Additionally, variability in anesthetic administration may introduce bias into the results.
Future research should focus on establishing standardized anesthetic protocols and investigating the long-term
effects of these anesthetics on retinal health and function. Expanding the study with a larger sample size and
additional mouse strains, while optimizing statistical analysis methods by incorporating covariates such as
weight and sex to minimize confounding factors, could provide a more comprehensive understanding of how
anesthetics affect retinal electrophysiology.

Data availability
All relevant data supporting the findings of this study are provided in this paper. Access to raw data is available
from the corresponding author upon reasonable request.
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