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The p-ERG spatial acuity
in the biomedical pig
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Pigs are becoming an important pre-clinical animal species for translational ophthalmology, due to
similarities with humans in anatomical and physiological patterns. Different models of eye disorders
have been proposed, and they are good candidates to assess biocompatibility/functionality of retinal
prostheses. Electroretinography is a common tool allowing to gain information on retinal function,
with several types of electroretinogram (ERG) been implemented including full field (ff-ERG),
multifocal (mf-ERG) and pattern (p-ERG). p-ERG represents a valuable tool to monitor Retinal
Ganglion Cells (RGCs) activity and can be used to calculate p-ERG spatial acuity. Unfortunately, scarce
methodological data are available regarding recording/interpretation of p-ERG and retinal acuity

in biomedical pigs yet enhancing knowledge regarding pig vision physiology will allow for more
refined and responsible use of such species. Aim of this study was to record p-ERG in juvenile pigs to
functionally assess visual acuity. Six female hybrid pigs underwent two p-ERG recording sessions at
16 and 19 weeks of age. Photopic ff-ERG were also recorded; optical coherence tomography (OCT)
and histology were used to confirm retinal integrity. ff-ERG signals were repeatable within/across
sessions. All p-ERG traces consistently displayed characterizing peaks, and the progressive decrease
of amplitude in response to the increment of spatial frequency revealed the reliability of the method.
Mean p-ERG spatial acuities were 5.7 + 0.14 (16 weeks) and 6.2 +0.15 cpd (19 weeks). Overall, the
p-ERG recordings described in the present work seem reliable and repeatable, and may represent an
important tool when it comes to vision assessment in pigs.

When looking at relevant ophthalmologic animal models for biomedical purposes, the pig has gained a lot of
ground in the last years, due to the similarities with humans in physiological and genomic patterns, and the great
correlation in size and anatomy'~. The swine retina contains a cone-dominant central area, known as the visual
streak, with a rod-enriched peripheral retina®”’. Out of the most used large preclinical species, the choice of the
pig seems to be more acceptable than non-human primates (NHPs) taking into consideration the ethical aspects
of in vivo trials®®°. Up to date, different pig models have been actually proposed as suitable animal models for
different eye disorders such as retinitis pigmentosa, macular degeneration, glaucoma, and cataract'®-'*. Pigs are
also considered good candidates to assess biocompatibility and functionality of retinal prostheses, as well as
surgical insertion procedures of the exogenous devices'®. As for any other species and field of interest, extensive
characterization and deep knowledge of animal models are pivotal when designing a study protocol. In this
context, electrophysiology portrays a key functional tool to assess the results of pre-clinical ophthalmological
trials. Indeed, electrophysiology represents one of the most objective ways to investigate vision providing reliable
results that can support retinal imaging'” and behavioral analyses'®.

Out of the various electrophysiological approaches, electroretinography is one of the most common inves-
tigation tools allowing to gain information on retinal function in both clinical and research ophthalmological
settings'®. Several types of electroretinogram (ERG) paradigms have been implemented and widely described in
literature®, such as full field ERG (ff-ERG), multifocal ERG (mf-ERG), and pattern ERG (p-ERG). The fi-ERG
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Figure 1. Representative optical coherence tomography (OCT) scans of the right eye in each experimental pig
(A-F). The images show no morphological alterations of the retina. GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer. The structural organization of the retina is normal in all experimental animals.
Scale bar, 250 pum.

provides information regarding the overall retinal function by recording a mass potential from the whole retina?!,
and has been used in biomedical pigs>'®. The mf-ERG can measure electrical activity from more than a hundred
retinal areas per eye, allowing for more topographically precise investigations?>. mf-ERGs have also been used
and described in pre-clinical trials enrolling pig models*?*. The p-ERG represents a valuable tool to monitor
Retinal Ganglion Cells (RGCs) activity and function®. It is a light-adapted response elicited by pattern stimuli*®
that is normally used to assess visual acuity™”’. If accompanied by imaging and behavioral methods, the above-
mentioned strategies allow for precise quantitative structure—function correlations of specific retinal regions. This
experimental approach may provide important information to characterize retinal conditions and/or monitor
the effects of retinal prosthesis on visual functions!®*"-%°,

Despite its potential usefulness to investigate several therapeutic approaches to retinal disorders, only scarce
methodological data are available regarding the recording and interpretation of p-ERGs in biomedical pigs. The
same applies to the assessment of visual acuity, which seems to have been addressed in this species only in a
subjective manner?!. Enhancing and fostering knowledge regarding pig vision physiology and its quantitative
evaluation tools should allow for more robust basis for future studies, contributing to a refined and responsible
use of such species. This, in turn, should lead to a high translational value of in vivo pre-clinical trials*2. The aim
of this study was to record p-ERGs in juvenile pigs to functionally assess retinal acuity.

Results

Optical coherence tomography. We initially performed a spectral domain-optical coherence tomogra-
phy (SD-OCT) analysis to verify the normal health state of the retina in all experimental animals. No morpho-
logical retinal abnormalities were observed as SD-OCT scans revealed full integrity (Fig. 1).

Electrophysiology. ff-ERGs were performed in each animal before shifting to p-ERGs during two record-
ing sessions performed at 16 and 19 weeks of life. All traces (raw data) were FFT filtered to digitally eliminate
the 50 Hz band (noise); representative traces are shown in Fig. 2. We found a small but significant increase
(p=0.0203, paired t-test) of light-adapted ff-ERG amplitudes (AA-B) between the first (237.7 + 28.7 1V, animals
n=6) and the second session (272.3 + 31.2 puV, animals n=5), as expected for young animals before sexual
maturation®. These findings suggest intact retinal functionality at the stages of development investigated, and
are perfectly in line with the SD-OCT observations.

Because we were interested in assessing the quality of vision (i.e., retinal acuity), we next recorded transient
p-ERGs in response to contrast-reversal of pattern visual stimuli while varying their spatial frequency. All traces
consistently displayed peaks that characterize the electrophysiological analysis performed (N1, P1, N2, P2)**%.
The progressive decrease of p-ERG amplitude (AN1-P1) in response to the increment of spatial frequency of

Scientific Reports |

(2022) 12:15479 | https://doi.org/10.1038/s41598-022-19925-8 nature portfolio



www.nature.com/scientificreports/

400 400
300 s 300 B
z 2
3 2004 8 200+
= 2
= =
£ £
S 100 & 100
(O] (O]
| 4
i i
¥ 0 - = 0
A A
2100 4 PhNR -100 4
PhNR
T T T T T 1 T T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (ms) Time (ms)
Figure 2. Representative ff-ERG traces for the first (A) and second (B) electrophysiological sessions. The
morphology of the electrophysiological responses to flashes of light is similar but not identical between the two
time points. Note that the AA-B response slightly increases in the second session, as does the PhNR response
(midline to peak). A,a-wave; B,b-wave; PhANR, photopic negative response.
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Figure 3. Representative p-ERG traces recorded in response to stimulation with sinusoidal gratings of
increasing spatial frequency during the first (A) and second (B) electrophysiological session. The analysis of the
electroretinographic responses showed the progressive decrease of p-ERG amplitude (AN1-P1) after enhancing
the spatial frequency (different colors) of visual stimuli. Insert panels depict the regression line from which
retinal acuity is computed. cpd, cycles per degree.

visual stimuli, in parallel with unaltered latencies of the peaks, revealed the reliability of the electrophysiological
measurements in each recording session (Fig. 3).

Of note, one of the 6 animals enrolled in the present study showed severe breathing complications upon
extubating after the first electrophysiology session; it was therefore re-anesthetized and euthanized (barbiturates
overdose) in agreement with the previously set Humane Endpoints (HEP) for the study. For this animal, data
from the first recording session were still used.

We then utilized p-ERG amplitudes, which depend on the functionality of RGCs, to compute the limit
of spatial resolution in the retina (retinal acuity) in each experimental animal. The p-ERG spatial acuity was
obtained by plotting the amplitude of retinal responses versus the logarithm of the spatial frequencies, as previ-
ously reported®-3. The regression line was extrapolated to the noise level. Retinal acuity was 5.7 + 0.14 cpd in
the first recording session (n=6) and 6.2 + 0.15 cpd in the second one (n=5) (Table 1).

Retinal acuity was significantly lower in the first recording session (p=0.0032, paired t test, p-ERG acuity)
as compared to the second (Fig. 4). Interestingly, this phenomenon somewhat parallels changes of spatial acuity
that occur during visual cortex development in rodents**.

We next addressed whether the amplitude of p-ERGs was correlated to that of the photopic negative response
(PhNR) (Fig. 2; Supplementary Table 1), whose occurrence is related to the integrity of RGCs*!**>. Remarkably,
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I Session II Session
Animal | Regression line P-ERG acuity (cpd) | noise (uV) | Regression line P-ERG acuity (cpd) | noise (uV)
1 Y =-2.316ln(x) +5.3051 | 6.1 1.1 Y =-2.755In(x) + 6.2595 | 6.6 1.1
2 Y =- 1.808In(x) +4.0071 | 5.5 0.9 / / /
3 Y=-1.392In(x) +2.9818 | 5.5 0.6 Y=-2.822In(x) +5.9352 | 5.7 1
4 Y =-3.234In(x) + 6.824 5.8 1.1 Y=-5.252In(x)+10.862 | 6.2 1.2
5 Y=-2.035In(x)+4.3921 | 5.5 0.9 Y=-6.659n(x) +13.094 | 6.1 1
6 Y =-1.333In(x) + 3.4481 | 5.9 1.1 Y =-2.116In(x) +4.841 6.3 0.9
Mean + SEM 5.7+0.14 1+0.08 Mean + SEM 6.2£0.15 1+0.04

Table 1. p-ERG acuities calculated during both recording sessions and corresponding regression line
formulas.
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Figure 4. p-ERG acuity in the experimental animals during the two recording sessions. The electrical
signals recorded during the first session significantly increased in the second one suggesting a developmental
maturation of the spatial resolution. **p=0.0032; paired ¢-test.
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Figure 5. Linear regression analysis showing that p-ERG occurrence is positively correlated with the amplitude
of the PhNR. The Pearson’s correlation coefficient shows a positive correlation between p-ERGs (1.552 cpd)

and PhNRs during the first electrophysiological session (p=0.0379). A not significant trend was observed
(p=0.1146) during the second session. Sample size: (A) n=6, first session; (B) n=>5, second session.

using the Pearson’s correlation coefficient, we found that the amplitude of the PhNR was positively correlated to
that of the p-ERG in the first experimental sessions (r*=0.6998, p =0.0379, animals n=6) (Fig. 5A). We also found
a positive trend, although not significant, in the second session (r>=0.6186, p=0.1146, animals n=5) (Fig. 5B).

Histology. Finally, we performed an histological analysis of the dissected retinas using hematoxylin-eosin
staining, as previously described>*. In agreement with the SD-OCT data, histology images revealed that the
retina was normally stratified and presented no pathological features (Supplementary Fig. 1). A mean nuclear
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count of 4.72 in the outer nuclear layer (ONL) and 3.09 in the inner nuclear layer (INL) was calculated; RGCs
were 7.21 (Supplementary Table 2). Interestingly, from the central to the peripheral retina, there was a gradient
of homolateral decrease of RGCs density, as previously reported®. The normality of cells density per retinal layer
further validates the electrophysiological analysis.

Discussion

The aim of the work hereby presented was to characterize and use the p-ERG in biomedical pigs as an additional
tool for the objective assessment of vision in such species. Indeed, proposing and refining analytical procedures
such as retinal electrophysiology, represents a mandatory step towards the standardization of pre-clinical trials
that may lead to a reduction in the number of animals enrolled by increasing robustness of the results.

One of the pigs enrolled in the study was euthanized upon awakening from the first recording session due
to severe respiratory problems that were non-compatible with the previously established HEPs. Necroscopy
highlighted lungs lesions compatible with enzootic pneumonia that caused breathing issues upon extubating.
Unfortunately, subclinical pneumonia is a relatively common finding when working with commercial porcine
breeds*, and represents, aside from size and logistics issues, the biggest pitfall of using conventional commercial
porcine breeds. We decided to include the data of the euthanized pig recorded during the first session, as the
underlying pathology was not deemed capable of altering ERG recordings. The other animals did not show any
complication and successfully completed all trials as designed.

The anesthesia protocol chosen for the study is commonly used in biomedical pigs as the combination of
tiletamine-zolazepam and dexmedetomidine allows to reduce the injection volume required to achieve sedation
when compared to ketamine combinations*. Nonetheless, more discussion is due regarding the maintenance
regimen used for general anesthesia when recording ERGs. Generally speaking, inhalational anesthetics such
as isoflurane and sevoflurane represent the most common choices for pigs when ventilation devices and trained
equipment are available as they are considered as safe and easier to manage*’. However, the use of halogenated
anesthetics for ERGs and visually evoked potential (VEP) recording is controversial as they can affect electrical
conduction and contrast sensitivity in patients***°. In this context, few studies have been performed in other
species to evaluate the variability in amplitude, latency and morphology of ERG traces induced by sevoflurane
anesthesia®®*!. Since related background data in pig is limited, if not absent, we decided to use a total intravenous
anesthesia approach, by means of a propofol CRI (constant rate infusion), to minimize potential biases to the
recording sessions. Such approach is well known and characterized in the porcine species used for biomedical
purposes®.

To strengthen the reliability of our results, we performed both in vivo SD-OCT analyses and postmortem
histological evaluations to confirm eye and retinal health status. Both approaches confirmed the physiological
condition of the animals, with normal retinal stratification and cell density in the different areas. As for the
p-ERG recordings, the procedure was relatively easy and fast. Data were acquired using JET disposable contact
lens electrodes, chosen amongst different electrodes (conductive fibers and foils), and widely used for other ERG
analyses in pigs™'®!8. Due to the preliminary investigative nature of the study, a wide range of spatial frequencies
from 0.1 to 7.6 cpd was used, allowing for in-depth analyses of the outcoming electrophysiological traces. The
overall morphology of the p-ERG waves was maintained up to 3.7 cpd, with progressively decreasing amplitudes
starting from 0.1 cpd. These findings indicate that our experimental conditions are reliable and allow for correct
p-ERG recording and analysis. In our hands, data recorded in response to 7.6 cpd spatial frequency did not differ
from the noise band. Because the eyes of the animals were not refracted, the possibility arises that p-ERG acuity
measurements could have been affected by blurring. Further analysis of retinal acuity using spatial frequencies
between 3.7 and 7.6 cpd, however, should be focus of attention in future experiments. As stated before, the
amplitudes of the p-ERGs statistically differed between the first and the second recording session, with the lat-
ter being higher. Such difference may be explained by the age of the animals, almost at the end of visual cortex
development. A similar finding has indeed been described in the developing visual cortex of rodents®. To the
best of our knowledge, few electrophysiological data are available regarding the maturation of the visual system
in pigs, but a general consensus exists that large breed can be considered adults after the 5th-6th month of life
with intersexual differences®. Considering this, the two recording sessions, performed at 16 and 19 weeks of
age, depict a dynamic developmental phase of the pig visual system.

ff-ERG recordings were included in the experimental design to validate the interpretation of the p-ERG find-
ing. Not only they provide general information regarding the whole retina health status, but one specific compo-
nent, the photopic negative response (PhNR), is directly correlated to RGCs integrity*!~*. Since p-ERG reflects
RGC functionality, we performed a correlation analysis between PhNR and p-ERG amplitude to validate our
results. A significant positive correlation was found in the first recording session, while the second one showed
a positive correlation trend, likely due to the loss of one animal after the first trial. Despite further investigations
being needed, ff-ERG confirmed the validity of our p-ERG recordings.

We used p-ERG amplitudes to compute the limit of spatial resolution at retinal level in each experimental pig.
Despite this issue deserving further investigations, we observed a higher retinal acuity during the second record-
ing session at 19 weeks of age when compared to the ones recorded at 16 weeks. When looking at the literature
to compare our results, it emerges that visual acuity in pigs has been barely investigated®!, often with different
methodological approaches, such as Landlord C symbols, making a direct comparison almost impossible. Mean
p-ERG acuity values recorded during the two sessions were 5.7 + 0.14 cpd for the first one and 6.2 + 0.15 cpd for
the second. Both values are lower when compared to visual acuities in humans (~ 30 cpd) and rhesus monkeys
(~23.7 cpd)™, but much higher than C57BL/6 ] mice (~ 0.6 cpd)®® and rats (~ 1 cpd)*®. It is nonetheless interest-
ing to note that the retinal acuity values we report in the present study somewhat approach the ones recorded
in two other important large animal models such as Beagle dogs** and cats™.
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Opverall, the p-ERG recordings described in the present work seem to be reliable and repeatable, as supported
by the data validations performed a posteriori. This may represent an important tool to add to the already avail-
able ones when it comes to vision assessment in pigs. As this species gains ground in the field of experimental
and translational ophthalmology, providing the scientific community with new analytical methods, it represents
a relevant possibility for the refinement of experimental procedures and conduction of research. The ability to
record reliable p-ERG traces and quantify spatial discrimination in pigs may be of great help in assessing visual
restoration after surgical implantation of retinal prostheses.

Methods

Animals. The study was performed on six (N =6) female commercial hybrid pigs [(Large White x Landrace)
x Duroc] from the same litter, born and housed in the experimental porcine facility of the Department of Vet-
erinary Medical Sciences of the University of Bologna. At the time of the first electrophysiology session, animals
were 16 weeks old with a mean weight of 24.7 kg (SD: 4.0 kg), while at the second recording session they were
19 weeks old with a mean weight of 27.6 kg (SD: 5.3 kg). The six animals were housed in two multiple pens, with
a light/dark cycle of 12:12 h (minimum of 50 Ix during light periods), and a temperature of 22 + 1 °C; pigs were
fed a commercial standard diet, with free access to water, and in the presence of dedicated plastic environmental
enrichments (Porcichew, Best Balls and Superchallengers; Plexx B.V., ELST, NL) provided to minimize stress.
Animals were daily trained and accustomed, by means of food rewards as positive reinforcement, to interact
with humans. From a microbiological point of view, the facility is officially Pseudorabies- and SVD-free, and
animals tested negative for PRRS, PPV and PCV.

All procedures were performed according to the Statement for the Use of Animals in Ophthalmic and Vision
Research of the Association for Research in Visual Ophthalmology (ARVO) and in compliance with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines.

The experimental protocol was approved by the Animal Welfare Body of the University of Bologna first, and
then by the Italian Ministry of Health (Ministero della Salute) as dictated by D.Lgs 26/2014 (n. 887/2016-PR).

Anesthesia. On recording days, animals were weighted and sedated with an intramuscular (IM) injection
of a mixture of tiletamine-zolazepam (3 mg/kg, Zoletil; Virbac, Prague, CZ) and dexmedetomidine (0.02 mg/
kg, Sedadex; Dechra, Torino, IT) behind the base of the ear, upon 12 h fasting. Once injected, animals were left
in a dark and noise-free environment, under strict veterinary monitoring, for 15 min. A peripheral vascular
access was achieved through an auricular vein and used to induce general anesthesia by means of an IV propofol
bolus (2-3 mg/kg, Proposure; Merial, FR), and to grant fluid therapy (lactated ringer 6 ml/kg/h) throughout
the entire procedure. Immediately after induction, a propofol constant rate infusion (CRI, 0.1-0.2 mg/kg/min)
was started to maintain general anesthesia. Animals were placed in sternal recumbency, orotracheally intubated
with a Murphy cuffed tube, and mechanically ventilated (PVP mode set at 12 mmHg, respiratory rate adjusted
to maintain normocapnia) upon a single dose of atracurium besylate (1 mg/kg, Tracrium; GSK, Brentford, UK).
Temperature was maintained within the physiological range using a Bair Hugger normothermia system (3 M,
Minnesota, USA).

Each recording session, from sedation to standing up, lasted approximately 2 h. Upon electrodes removal,
eyes were washed with sterile saline and an antibiotic ointment (Colbiocin; SiFi s.p.a., Catania, IT) was applied
on the conjunctiva. Except for the single animal euthanized after the first recording session due to respiratory
complications, all animals completely recovered from anesthesia within a maximum of two hours, to be moved
back to their origin pen.

Spectral domain optical coherence tomography (SD-OCT). All procedures herein described,
including electrophysiological recordings, were performed on the right eye of each animal to reduce the dura-
tion of the analyses sessions.

Animals underwent an SD-OCT analysis using the OptoVue iVue 100 (software iVue V3.2; Optovue Inc.,
Fremont CA, US), using 840+ 10 nm light with power at the pupil of 750 uW. The depth of resolution in tis-
sue is 5 um, and the transverse resolution is 15 pm. Each image covered a 6 x 6 mm area centered on the fovea,
acquired at 26.000 A-scan/second and composed of 256 to 1024 A-scan/frame'®. Pupils were dilated with 1 drop
of tropicamide 10%/phenylephrine 0.5% eye drops (Visumidriatic Fenilefrina; Visufarma, Roma, IT), and animals
were placed in sternal recumbency with the right side of the face. Local analgesia was provided by means of 2
drops of oxybuprocaine hydrochloride (Novesina; Visufarma s.r.l., Rome, IT) onto the corneal surfaces, then a
sterile Barraquer blepharostat was placed. Throughout the scanning procedure, corneal hydration was granted
by administration of hyaluronic acid artificial tears (Hyalistil 0.2%; SIFI s.p.a., Catania, IT).

Electrophysiology. For electrophysiology recordings, corneal disposable contact lens electrode (ERG-jet,
Universo Plastique, Switzerland) with a drop of benzalconium chloride polyacrylic acid gel (Lacrinorm, FARMI-
GEA Holding S.r1, Pisa, I'T) were used as active electrode with dermal needle electrodes used as reference placed
under the ipsilateral eyelid and aborally on the snout. All electrophysiological data were acquired and amplified
using the Retimax system (C.S.O. srl, Florence, Italy) as previously reported>'®. The ff-ERG stimuli were pro-
duced by a MiniGanzfeld device; 100 sweeps were averaged with a band pass filter between 1 and 100 Hz, 3 k
gain, and an acquisition time of 250 ms. Stimuli were flashes of light (3 cd/s/m?) at 1 Hz frequency. Light adapta-
tion was of 20 min (30 cd/m?). The p-ERG stimuli, instead, were produced by a 17 inches 1024 x 768 resolution
screen connected to a pattern generator. Stimuli were alternating white and black vertical gratings (squarewave)
of 98% contrast, with a constant temporal frequency of 2 rps (0.5 Hz) and reverse temporal form. The distance
between the screen and the eye was set at 30 cm, with 59 degree visual angle. The background luminance was
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50 cd/m?. For each p-ERG analysis, 200 sweeps were averaged with a band pass filter between 1 and 30 Hz, 30 k
gain, and acquisition times of 500 ms. Different spatial frequencies, expressed as cycles per degree of visual angle
(cpd), were presented: 0.101, 0.517, 1.109, 1.552, 2.587, 3.88, and 7.61 cpd. As a control for all recordings, visual
stimuli with 0% contrast were used. Peak detection was set above three-fold the standard deviation of the basal
electrical signal®. The electrical impedance for all electrodes was lower than 5 kQ, while artifact signals were
automatically recognized and excluded by the software. In each electroretinogram peak-to-peak amplitudes
(AA-B for ff-ERG; AN1-P1 for p-ERG) and midline to peak (for the PhNR of the ff-ERG) were expressed in
microvolts (uV) and retention times (latencies) in milliseconds (ms). Retinal acuity was obtained by plotting the
amplitude of retinal responses versus the logarithm of the spatial frequency, as previously reported®=>>3,

Histology. The right ocular globes were fixed in 10% formalin and trimmed with a sagittal section perpen-
dicular to the long posterior ciliary artery and adjacent to the optic nerve. Three serial section 4 um-thick for
each ocular globe were obtained from paraffin-embedded tissue and routinely stained with hematoxylin and
eosin.

The nuclear profile, for both the outer and inner nuclear layers, was evaluated according to Scott et al.*.

Ten adjacent columns of nuclei were consecutively counted in three serial sections and for each section in
the following four topographical points: (1) visual streak, dorsal (dorsal, 2 mm from the optic nerve head); (2)
dorsal periphery (dorsal, 8 mm from the optic nerve head); (3) ventral central (ventral, 2 mm from the optic
nerve head); (4) ventral periphery (ventral, 8 mm from the optic nerve head). Retinal ganglion cells density was
counted in each of the mentioned topographical points, according to a previous reported method®.

Data analysis. All electrophysiological data was analyzed using the OriginPro software (OriginPro, 93E
version, OriginLab Corporation, Northampton, MA, USA). A digital 50 Hz band-block FFT filter was used
for all electrophysiological traces to eliminate noise. For ff-ERG traces, the amplitude from A to B peaks was
measured; for p-ERG traces we measured the N1 to P1 amplitudes; for PhNR we measured the N2 to baseline
amplitudes. As for histology, normality of the data was assessed according with D’Agostino and Pearson normal-
ity test (GraphPad Prism, Version 9, GraphPad Software, San Diego, CA, USA).

Data availability

The data of this manuscript are available from the corresponding author upon reasonable request.

Received: 26 June 2022; Accepted: 6 September 2022
Published online: 14 September 2022

References
1. Ventrella, D. et al. The biomedical piglet: Establishing reference intervals for haematology and clinical chemistry parameters of
two age groups with and without iron supplementation. BMC Vet. Res. 13, 23 (2017).
2. Ventrella, D. et al. Age-related 1H NMR characterization of cerebrospinal fluid in newborn and young healthy piglets. PLoS ONE
11, e0157623 (2016).
3. Scholz, T., Pharaon, M. & Evans, G. R. D. Peripheral nerve anatomy for regeneration studies in pigs: Feasibility of large animal
models. Ann. Plast. Surg. 65, 43-47 (2010).
4. Elmi, A. et al. 1H NMR spectroscopy characterization of porcine vitreous humor in physiological and photoreceptor degeneration
conditions. Invest. Ophthalmol. Vis. Sci. 60, 741-747 (2019).
5. Barone, E et al. The porcine iodoacetic acid model of retinal degeneration: Morpho-functional characterization of the visual
system. Exp. Eye Res. 193, 107979 (2020).
6. Kostic, C. & Arsenijevic, Y. Animal modelling for inherited central vision loss. J. Pathol. 238, 300-310 (2016).
7. Chandler, M. ], Smith, P. J., Samuelson, D. A. & MacKay, E. O. Photoreceptor density of the domestic pig retina. Vet. Ophthalmol.
2, 179-184 (1999).
8. Middleton, S. Porcine ophthalmology. Vet. Clin. North Am. Food Anim. Pract. 26, 557-572 (2010).
9. Sanchez, I, Martin, R., Ussa, F. & Fernandez-Bueno, I. The parameters of the porcine eyeball. Graefes Arch. Clin. Exp. Ophthalmol.
Albrecht Von Graefes Arch. Klin. Exp. Ophthalmol. 249, 475-482 (2011).
10. Petters, R. M. et al. Genetically engineered large animal model for studying cone photoreceptor survival and degeneration in
retinitis pigmentosa. Nat. Biotechnol. 15, 965-970 (1997).
11. Sugiura, T. et al. Creating cataract in a pig eye. J. Cataract Refract. Surg. 25, 615-621 (1999).
12. Sommer, J. R. et al. Production of ELOVL4 transgenic pigs: A large animal model for Stargardt-like macular degeneration. Br. J.
Ophthalmol. 95, 1749-1754 (2011).
13. Ross, J. W. et al. Generation of an inbred miniature pig model of retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 53, 501-507
(2012).
14. Noel, J. M. et al. Iodoacetic acid, but not sodium iodate, creates an inducible swine model of photoreceptor damage. Exp. Eye Res.
97, 137-147 (2012).
15. Choi, K.-E. et al. An experimental pig model with outer retinal degeneration induced by temporary intravitreal loading of
N-methyl-N-nitrosourea during vitrectomy. Sci. Rep. 11, 258 (2021).
16. Maya-Vetencourt, J. F. et al. Biocompatibility of a conjugated polymer retinal prosthesis in the domestic pig. Front. Bioeng. Bio-
technol. 8, 1188 (2020).
17. Duncan, J. L. et al. Inherited retinal degenerations: Current landscape and knowledge gaps. Transl. Vis. Sci. Technol. 7, 6 (2018).
18. Barone, F et al. Behavioral assessment of vision in pigs. J. Am. Assoc. Lab. Anim. Sci. 57, 350-356 (2018).
19. Pasmanter, N. & Petersen-Jones, S. M. A review of electroretinography waveforms and models and their application in the dog.
Vet. Ophthalmol. 23, 418-435 (2020).
20. Wilsey, L. et al. Comparing three different modes of electroretinography in experimental glaucoma: Diagnostic performance and
correlation to structure. Doc. Ophthalmol. Adv. Ophthalmol. 134, 111-128 (2017).
21. Creel, D.]. Electroretinograms. Handb. Clin. Neurol. 160, 481-493 (2019).
22. Creel, D.]. Multifocal electroretinograms. J. Vis. Exp. JoVE 2011, 3176. https://doi.org/10.3791/3176 (2011).

Scientific Reports |

(2022) 12:15479 | https://doi.org/10.1038/s41598-022-19925-8 nature portfolio


https://doi.org/10.3791/3176

www.nature.com/scientificreports/

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33,
34.

35.
36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Morén, H., Gesslein, B., Andreasson, S. & Malmsj6, M. Multifocal electroretinogram for functional evaluation of retinal injury
following ischemia-reperfusion in pigs. Graefes Arch. Clin. Exp. Ophthalmol. Albrecht Von Graefes Arch. Klin. Exp. Ophthalmol.
248, 627-634 (2010).

Ng, Y.-E. et al. Pharmacologically defined components of the normal porcine multifocal ERG. Doc. Ophthalmol. Adv. Ophthalmol.
116, 165-176 (2008).

Maffei, L. & Fiorentini, A. Electroretinographic responses to alternating gratings before and after section of the optic nerve. Science
211, 953-955 (1981).

Porciatti, V. The mouse pattern electroretinogram. Doc. Ophthalmol. Adv. Ophthalmol. 115, 145-153 (2007).

Porciatti, V., Saleh, M. & Nagaraju, M. The pattern electroretinogram as a tool to monitor progressive retinal ganglion cell dysfunc-
tion in the DBA/2] mouse model of glaucoma. Invest. Ophthalmol. Vis. Sci. 48, 745-751 (2007).

Benfenati, FE & Lanzani, G. New technologies for developing second generation retinal prostheses. Lab Anim. 47, 71-75 (2018).
Maya-Vetencourt, J. E et al. Subretinally injected semiconducting polymer nanoparticles rescue vision in a rat model of retinal
dystrophy. Nat. Nanotechnol. 15, 698-708 (2020).

Maya-Vetencourt, J. E. et al. A fully organic retinal prosthesis restores vision in a rat model of degenerative blindness. Nat. Mater.
16, 681-689 (2017).

Zonderland, J. J., Cornelissen, L., Wolthuis-Fillerup, M. & Spoolder, H. A. M. Visual acuity of pigs at different light intensities.
Appl. Anim. Behav. Sci. 111, 28-37 (2008).

Percie-du-Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research*. J. Cereb. Blood Flow Metab.
40, 1769-1777 (2020).

Reiland, S. Growth and skeletal development of the pig. Acta Radiol. Suppl. 358, 15-22 (1978).

Chou, T.-H., Bohorquez, J., Toft-Nielsen, J., Ozdamar, O. & Porciatti, V. Robust mouse pattern electroretinograms derived simul-
taneously from each eye using a common snout electrode. Invest. Ophthalmol. Vis. Sci. 55, 2469-2475 (2014).

Porciatti, V. Electrophysiological assessment of retinal ganglion cell function. Exp. Eye Res. 141, 164-170 (2015).

Porciatti, V., Pizzorusso, T., Cenni, M. C. & Maffei, L. The visual response of retinal ganglion cells is not altered by optic nerve
transection in transgenic mice overexpressing Bcl-2. Proc. Natl. Acad. Sci. USA 93, 14955-14959 (1996).

Porciatti, V., Pizzorusso, T. & Maffei, L. Electrophysiology of the postreceptoral visual pathway in mice. Doc. Ophthalmol. Adv.
Ophthalmol. 104, 69-82 (2002).

Maya-Vetencourt, J. E. et al. The antidepressant fluoxetine restores plasticity in the adult visual cortex. Science 320, 385-388 (2008).
Fagiolini, M., Pizzorusso, T., Berardi, N., Domenici, L. & Maffei, L. Functional postnatal development of the rat primary visual
cortex and the role of visual experience: Dark rearing and monocular deprivation. Vision Res. 34, 709-720 (1994).
Maya-Vetencourt, J. F. & Pizzorusso, T. Molecular mechanisms at the basis of plasticity in the developing visual cortex: Epigenetic
processes and gene programs. J. Exp. Neurosci. 7, 75-83 (2013).

Cvenkel, B., Sustar, M. & Peroviek, D. Ganglion cell loss in early glaucoma, as assessed by photopic negative response, pattern
electroretinogram, and spectral-domain optical coherence tomography. Doc. Ophthalmol. Adv. Ophthalmol. 135, 17-28 (2017).
Wilsey, L. J. & Fortune, B. Electroretinography in glaucoma diagnosis. Curr. Opin. Ophthalmol. 27, 118-124 (2016).

Banerjee, A., Khurana, M., Sachidanandam, R. & Sen, P. Comparison between broadband and monochromatic photopic nega-
tive response in full-field electroretinogram in controls and subjects with primary open-angle glaucoma. Doc. Ophthalmol. Adv.
Ophthalmol. 138, 21-33 (2019).

Scott, P. A, Kaplan, H. J. & Sandell, J. H. Anatomical evidence of photoreceptor degeneration induced by iodoacetic acid in the
porcine eye. Exp. Eye Res. 93, 513-527 (2011).

Garca, M., Ruiz-Ederra, J., Hernandez-Barbachano, H. & Vecino, E. Topography of pig retinal ganglion cells. J. Comp. Neurol. 486,
361-372 (2005).

Luehrs, A. et al. Occurrence of Mycoplasma hyorhinis infections in fattening pigs and association with clinical signs and pathologi-
cal lesions of Enzootic Pneumonia. Vet. Microbiol. 203, 1-5 (2017).

Flecknell, P. et al. Chapter 24—preanesthesia, anesthesia, analgesia, and euthanasia. In Laboratory Animal Medicine (Third Edition)
(eds. Fox, J. G. et al.) 1135-1200 (Academic Press, 2015). https://doi.org/10.1016/B978-0-12-409527-4.00024-9.

Iohom, G. et al. Postoperative changes in visual evoked potentials and cognitive function tests following sevoflurane anaesthesia.
Br. J. Anaesth. 87, 855-859 (2001).

Iohom, G., Gardiner, C., Whyte, A., O’Connor, G. & Shorten, G. Abnormalities of contrast sensitivity and electroretinogram fol-
lowing sevoflurane anaesthesia. Eur. J. Anaesthesiol. 21, 646-652 (2004).

Ghita, A. M., Parvu, D,, Sava, R, Georgescu, L. & Zagrean, L. Analysis of the visual evoked potential in anesthesia with sevoflurane
and chloral hydrate: (Variability of amplitudes, latencies and morphology of VEP with the depth of anesthesia). J. Med. Life 6,
214-225 (2013).

Iliescu, D. A. et al. Electrophysiologic evaluation of the visual pathway at different depths of sevoflurane anesthesia in diabetic
rats. Roman. J. Ophthalmol. 62, 34-41 (2018).

Mikkelsen, M. L. G. et al. Effect of propofol and remifentanil on cerebral perfusion and oxygenation in pigs: A systematic review.
Acta Vet. Scand. 58, 42 (2016).

Ver-Hoeve, J. N., Danilov, Y. P, Kim, C. B. & Spear, P. D. VEP and PERG acuity in anesthetized young adult rhesus monkeys. Vis.
Neurosci. 16, 607-617 (1999).

Maehara, S., Itoh, Y., Ito, Y., Hayashi, M. & Masuko, A. Measurement of visual acuity in Beagle dog by visual evoked potential with
pattern stimulation. J. Vet. Med. Sci. 80, 1758-1761 (2018).

Bisti, S. & Maffei, L. Behavioural contrast sensitivity of the cat in various visual meridians. J. Physiol. 241, 201-210 (1974).

Author contributions

D.V,, JJEM-V. and EBarone. conceptualized the work. D.V., A.E. and C.A. performed the animal investigations.
D.V.,, A.E. and . EM-V. performed the formal data analyses. G.P. and M.M. supported SD-OCT interpretation.
L.V.M. performed histology and prepared Figure 5. M.L.B., G.P. and FE.Benfenati. provided senior support to the
study and supported funding. D.V. and J.EM-V. wrote the manuscript. All authors reviewed the manuscript.

Funding
This work was supported by grants from the Univeristy of Bologna (RFO).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-19925-8.

Scientific Reports |

(2022) 12:15479 | https://doi.org/10.1038/s41598-022-19925-8 nature portfolio


https://doi.org/10.1016/B978-0-12-409527-4.00024-9
https://doi.org/10.1038/s41598-022-19925-8
https://doi.org/10.1038/s41598-022-19925-8

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to A.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |  (2022) 12:15479 | https://doi.org/10.1038/s41598-022-19925-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The p-ERG spatial acuity in the biomedical pig under physiological conditions
	Results
	Optical coherence tomography. 
	Electrophysiology. 
	Histology. 

	Discussion
	Methods
	Animals. 
	Anesthesia. 
	Spectral domain optical coherence tomography (SD-OCT). 
	Electrophysiology. 
	Histology. 
	Data analysis. 

	References


