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Purrosk. Retinal explant cultures provide simplified systems where the functions of the retina
and the effects of ocular therapies can be studied in an isolated environment. The purpose of
this study was to provide insight into long-term preservation of retinal tissue in culture
conditions, enable a deeper understanding of the interdependence of retinal morphology and
function, and ensure the reliability of the explant technique for prolonged experiments.

MerHODS. Retinal explants from adult mice were cultured as organotypic culture at the air-
medium interface for 14 days in vitro (DIV). Retinal functionality was assessed by
multielectrode array technique and morphology by immunohistochemical methods at several
time points during culture.

Resuwts. Retinal explants retained viability for 14 DIV, although with diminishing neuronal
activity, progressing neuronal loss, and increasing reactive gliosis. We recorded spontaneous
retinal ganglion cell (RGC) activity up to 14 DIV with temporally changing distribution of
RGC firing rates. Light responsiveness was measurable from RGCs for 7 DIV and from
photoreceptors for 2 DIV. Apoptotic cells were detected beginning at 3 DIV with their density
peaking at 7 DIV. The number of RGCs gradually decreased by 70% during 14 DIV. The change
was accompanied by the loss of RGC functionality, resulting in 84% loss of electrically active
RGCs.

Concrusions. Retinal explants provide a valuable tool for studies of retinal functions and
development of ocular therapies. However, critical for long-term use, retinal functionality was
lost before structural loss, emphasizing a need for both functional and morphologic readouts
to determine the overall state of the cultured retina.

Keywords: retina, explant culture, electrophysiology

In vitro models are valuable tools for the development of
therapies and pathogenic investigation of various diseases
complementing in vivo studies." These models fill the gap
between in vivo studies that are expensive and time consum-
ing, with complexities arising from systemic effects and
inaccessibility of target tissue, and cell cultures that are less
expensive and rapid, but limited in their ability to mimic the in
vivo situation. Retinal explant culture, an in vitro model for
retinal studies, provides a simplified system for investigating the
functioning of the retina and the effects of different therapeutic
approaches in an isolated environment.> An emerging retinal
culture model is an organotypic explant culture in which a
small piece of retina is cultured on an organotypic filter.>™'> In
organotypic systems, many of the retinal cell types and their
morphologic interactions are maintained intact.* Yet, the extent
to which retinal cells retain their viability in culture conditions

has not been fully evaluated.

Organotypic retinal explant cultures have been used to

retinal diseases and inju-
and retinal stem cell thera-
pies.s"%’35 The culture systems also have high potential outside
these fields, and they could be beneficial for completely new
fields, including prion research and,

study retinal development,l‘i'16
ries,'7"2° drug screening,>?”"»
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typic slice culture assays.36 Rodent retinae are most commonly
used in explant cultures due to their flexibility in gene
manipulation.®>3” In addition, human organotypic retinal
culture models have recently been developed and character-
ized”>'"'® (Szabo A, et al. IOVS 2018;59:ARVO E-Abstract 4021).
The organotypic cultures have high potential as tools for testing
pharmacologic compounds since a serum-free and chemically
defined in vitro environment allows accurate and reproducible
manipulation of the experimental conditions. For evaluating
the retinal responses to these manipulations, knowledge
regarding the preservation of retinal functionality in organo-
typic culture is a necessity.

In this study, we investigated the viability and functionality
of retinal explants in culture conditions. We used an organo-
typic retinal explant culture system, which was optimized to
correspond to the natural environment in the eye and to enable
good preservation of retinal structure over time. We followed
the viability of retinal explants during the 14-day culture period
and focused especially on the preservation of the functionality
of retinal neurons by recording their electrical activity. Retinal
tissue has been shown to retain its viability in culture
environment for a varying number of days.>® %123 Most of

specifically, prion organo-  this evidence, however, comes from morphologic studies and
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thus does not contain information about the preservation of
neuronal functionality. The few studies that have involved the
electrophysiological assessment of retinal explant cultures
have been primarily conducted using single-cell patch-clamp
technique.”'*® In our study, the multielectrode array (MEA)
technique was used because it allowed us to investigate
electrical activities of large neuronal populations simultaneous-
ly and provided information on both photoreceptors and
retinal ganglion cells (RGCs). Simultaneous recording from
tens of electrodes also reduces the time required for one
experiment, enables the recordings from several retinal
explants at specific time points, and makes possible the
detection of changes in the number of RGCs that remain
functional in the degenerating retina. In addition, the large
number of electrodes allow the recording of an electroretino-
gram (ERG) in a multifocal manner, revealing information on
the local activities of photoreceptors that is challenging to
obtain from rodents in vivo.?* *! Furthermore, the MEA
technique typically has an excellent recording stability, and
compared to single-cell techniques, this allows the monitoring
of the activity of neurons for longer periods. To assess changes
in retinal morphology, including neuronal loss and the level of
reactive gliosis during the culture, we used immunohisto-
chemical methods. The combination of morphologic and
functional characterization gives detailed insight into the
changes occurring in retinal organotypic explants during a
period of 2 weeks and improves the usability of retinal explant
cultures in the future.

MATERIALS AND METHODS

Animals and Tissue Preparation

Six- to eight-week-old C57BI/6] mice (Animal Centre, Univer-
sity of Eastern Finland, Kuopio, Finland; and Animal Facility,
Tampere University, Tampere, Finland) were used in this study.
The animals were housed at a constant temperature (22 * 1°C)
and in a light-controlled environment (lights on from 7 AM to 7
PM). All animals were treated in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and the EC Directive 86/609/EEC for animal
experiments, using protocols approved and monitored by the
Animal Experiment Board of Finland.

The mice were dark-adapted overnight and killed by CO,
inhalation and cervical dislocation. Both eyes were immediate-
ly enucleated and immersed in oxygenated (95% O, and 5%
CO,) Ames’ medium. The eyes were opened around the
limbus, followed by the removal of the cornea, lens, and the
vitreous body. With very fine forceps, the remainders of the
vitreous body were gently peeled off, and the neural retina was
carefully isolated from the underlying retinal pigment epithe-
lium (RPE). Each retina was cut into two halves, yielding four
retinal explants per animal.

Retinal Explant Culture

The retinae were cultured for 14 days in vitro (DIV) using a
method developed and optimized by Johnson and Martin® and
Bull et al.® Briefly, the retinal explants were transferred onto
12-mm-diameter culture inserts (0.4 pm pore; EMD Millipore
Corp., Billerica, MA, USA) and positioned so that the
photoreceptors were facing the insert membrane. The
explants were flattened by gently removing the excess medium
and cultured at the air-medium interface in serum-free
conditions with the following supplements: 2% B27
(0080085-SA; Invitrogen, Carlsbad, CA, USA) and 1% N2
(17502-048; Invitrogen), 2 mM GlutaMAX (35050038; Invitro-
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gen), and 100 units/mL penicillin-100 pg/mL streptomycin
(P4333; Sigma-Aldrich Corp., St. Louis, MO, USA), added to
medium (Neurobasal-A, 10888022; Invitrogen). Half of the
media were changed every 2 days, and the first change
occurred at 1 DIV. The cultures were maintained in humidified
cell culture incubators at 37°C and in 5% CO,.

Electrophysiological Recordings

Electrophysiological characterization of the retinae was per-
formed using a MEA technique to record RGC action potentials
and transretinal microelectroretinograms (miERGs).42 The
recordings were carried out at specific DIV (0, 1, 2, 4, 7, 10,
and 14 DIV), and each explant was recorded at only a single
time point. To perform the MEA recordings, the insert
membrane with the retinal explant was removed from the
insert plate and transferred onto a perforated 60-channel MEA
plate (60pMEA200/30iR-Ti; Multi Channel Systems MCS GmbH,
Reutlingen, Germany) with the RGCs facing the electrodes.
The explant was sandwiched between the culture insert (or
small piece of lens paper at 0 DIV) and MEA plate and
weighted down by a slice anchor (SHD-41/10; Warner
Instruments, Hamden, CT, USA). The diameter of the electrode
array was 1.64 mm, and the electrodes were 30 pum in diameter
and spaced 200 pum apart. An external reference electrode was
placed into the perfusion medium at the photoreceptor side of
the retina to enable miERG recordings. The retinae were
perfused with oxygenated Ames’ solution buffered with
sodium bicarbonate and equilibrated with a gas mixture of
95% O, and 5% CO,. The temperature was held at 36°C. All the
recordings were conducted inside a light-tight Faraday cage in a
room illuminated with dim red light, and all the preceding
procedures (tissue preparation and culture) were conducted
under dim red light.

For every retina, we used a measurement protocol that
enabled the recordings of both spontaneous and light-evoked
activity. We started with the recordings of spontaneous activity
and proceeded with light-evoked activity with increasing
stimulus intensity. As light stimuli, we used pulses of full-field
505-nm light with varying durations and intensities. Our
stimulus protocol started with flashes of light (20 milliseconds)
and included steps of light with varying durations (1, 3, 5, 10,
and 30 seconds). We varied the time interval between light
stimuli for each recording. The number of consecutive stimuli
in a recording sequence decreased (from 10 to 1), and the
interval between each stimulus increased (from 10 to 60
seconds), as the stimulus protocol proceeded. The 30-second
stimuli were presented only once at the end of the experiment.

MEA Data Analysis

Signals were acquired using software (MC_Rack; Multi Channel
Systems MCS GmbH) at a sampling rate of 20 kHz and were
stored for offline analysis. The data were further analyzed with
additional software (MC_Rack, NeuroExplorer; Plexon, Inc.,
Dallas, TX, USA, and MATLAB; MathWorks, Inc., Natick, MA,
USA). The recordings were band-pass filtered between 100 and
3000 Hz for the RGC spike responses and low-pass filtered
(with a cutoff frequency of 40 Hz) for the miERG response.
Spikes were detected using a negative threshold trigger set to
five times the standard deviation of the filtered data.

Each MEA electrode typically measures the activity of more
than one cell. To separate the different waveforms, the data
were spike-sorted using a publicly available spike sorting
algorithm, Wave_clus, in MATLAB.*® One spike waveform from
a cluster was assumed to belong to one cell. These clustered
spike waveforms were stored as time-stamped spike trains. To
monitor the quality of spike sorting, each spike train was
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ensured to have clean refractory periods (no interspike
intervals below 3 milliseconds). Tri4phasic spike forms were
assumed to be axonal and rf:jected.4 The firing rates of spike-
sorted cells were calculated by counting the number of spikes
in a 60-second recording period, and the data from separate
retinae were pooled. Statistical analysis of the differences in the
distributions was performed with the Kolmogorov-Smirnov
test. The data was stated as mean * SD.

Tissue Preparation for Morphologic Analysis

For morphologic characterization of retinal explants, the
following time points (# = 9 at each time point) were used:
0, 2, 3, 7, and 14 DIV. Immediately after tissue preparation (at 0
DIV) or at each of the culture time points, the retina was put
into fixative and was fixed with 4% paraformaldehyde in 0.1 M
PBS, pH 7.4, overnight. For cryosection analysis, the tissue was
embedded into optimal cutting temperature compound
(Sakura Finetek Europe BV, Alphen aan den Rijn, The Nether-
lands), cryosectioned at a thickness of 8 um using a cryostat
(Leica CM 1860; Leica Microsystems Nussloch GmbH, Nus-
sloch, Germany), and mounted on slides (SuperFrost Plus;
Gerhard Menzel B.V. & Co. KG, Braunschweig, Germany). For
whole-mount analysis, the fixed retinae were rinsed with 0.1 M
PBS and processed for immunohistochemistry.

Morphologic Analysis

We analyzed qualitatively and quantitatively the survival of
RGCs during the culture from retinal cryosections and whole-
mount preparations, focusing on the retinal ganglion cell layer
(RGCL). Apoptotic cells were detected by TUNEL staining to
detect DNA fragmentation in the retinal sections using an in
situ cell death detection kit, according to the manufacturer’s
instructions (Fluorescein, 11684795910; Sigma-Aldrich Corp.).
Cell nuclei were counterstained using 0.1 pg/mL nuclear
marker 4’,6-diamidino-2-phenylindole (DAPID) (82320-1; Sigma-
Aldrich Corp.).

The amount of ganglion cells and melanopsin-expressing
intrinsically photosensitive RGCs (ipRGCs) were detected by
staining of RNA-binding protein with multiple splicing
(RBPMS) (1:200 1830-RBPMS; PhosphoSolutions, Aurora, CO,
USA) and melanopsin (1:2500 AB-M38; Advanced Targeting
Systems, San Diego, CA, USA), respectively. The level of gliosis
in retinal explants was detected by staining of glial fibrillary
acidic protein (GFAP) (1:1000 G3893; Sigma-Aldrich Corp.).
Secondary antibodies were used (1:500, Alexa Fluor 488 and
594 1gG; Thermo Fisher Scientific, Waltham, MA, USA). All
immunostained samples were qualitatively analyzed and
imaged using a microscope (Axiolmager 2; Carl Zeiss
Microscopy GmbH, Jena, Germany). The number of RGCs
and apoptotic cells in RGCL were quantified by counting the
RBPMS- and TUNEL-positive cells from 6 to 13 widefield
fluorescence images of retinal cryosections, and the RGC
density was determined by counting RBPMS-positive cells from
8 to 10 confocal images of retinal whole mounts. The images
were acquired from three explants at each time point, and
quantification was conducted by using Image]J software (http://
imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA). Statistical
analysis of the differences in the cell numbers was performed
with the Kruskal-Wallis test. The data were stated as mean *
SD.

Microscopy was performed with a laser-scanning confocal
microscope (Zeiss LSM780; Carl Zeiss Microscopy GmbH)
mounted on inverted microscope body (Zeiss Cell Observer;
Carl Zeiss Microscopy GmbH) by using Plan-Apochromat 63X/
1.4 oil immersion or Plan-Apochromat 25X/0.8 multi-immer-

Downloaded from iovs.arvojournals.org on 06/11/2019

IOVS | May 2019 | Vol. 60 | No. 6 | 1916

sion objectives (Carl Zeiss Microscopy GmbH). Voxel size was
set to x = = 100 nm, z = 200 nm and image size to 1024 X
1024 pixels (63X objective) or x =y =550 nm, z =500 nm and
image sizes to 1024 X 1024 or 2048 X 2048 pixels (25X
objective).

Widefield microscopy was performed with fluorescence
microscope (Nikon Eclipse FN1; Nikon, Amsterdam, Nether-
lands) by using CFI Super Fluor 40X/1.3 oil immersion
objective (Nikon) and pixel size x = y = 325 nm and image
size of 1024 X 1024 pixels. The images were saved in czi-format
(confocal micrographs) or nd2-format (widefield micrographs)
and processed with ImageJ software, adjusting linearly only
brightness and contrast.

RESULTS

Electrical Activity of Freshly Isolated Retinae

Two types of electrical activities were recorded from freshly
isolated retinae using the MEA technique (Fig. 1). When the
retinal explant was exposed to a light stimulus, the unfiltered
signal included both ganglion cell spike responses and trans-
retinal miERG (Fig. 1A). These responses can be separated
from each other by filtering the signal: low-pass filtering
isolates the miERG (Fig. 1B) and band-pass filtering isolates the
RGC spike responses (Fig. 1C). Typical of transretinal ERG in
general, the waveform of the miERG was multiphasic with
negative a-wave and positive b-wave components arising
primarily from the functioning of photoreceptors and bipolar
cells, 1'espectively.45’46 A slow negative wave component is also
typically present in transretinal ERG, resulting from the activity
of Miiller glial cells. 47 However, this was only a minor wave
component in our recordings. The amplitude and kinetics of
the a-wave showed stimulus light-dependent behavior so that
with increasing light intensity the time to peak decreased and
the amplitude increased until reaching a saturation level.

Electrophysiological recordings of RGC activity are often
plotted using raster plots, where the ticks represent the
detected spikes in the recordings. In darkness, RGCs exhibit
spontaneous firing, which in the freshly isolated retinae was
rich and diverse (Fig. 1D). Examples of raster plots of light-
evoked activity with varying stimulation lengths from individ-
ual RGCs are shown in Figure 1E. In the examples, on-type
ganglion cells respond to light increments with increased
spiking and off-type ganglion cells with decreased spiking,
typical of their natural behavior. Overall, the mouse retina has
been shown to contain more than 30 distinct RGC types based
on their morphology and/or responses to light,48’49 and in our
recordings this was reflected by the diversity of RGC spike
train characteristics.

Spontaneous Activity of RGCs During the Culture

Retinal functionality was followed during a 14-day culture
period at 1, 2, 4, 7, 10, and 14 DIV time points. The MEA
technique enabled the analysis of the overall condition of the
RGC:s in the retina due to its capability to record from multiple
electrodes simultaneously. Spontaneous RGC activity was
present during the whole culture period, although it gradually
changed and diminished. This is illustrated in Figure 2 as
representative spike trains (Fig. 2A), cumulative firing rate
histograms (Fig. 2B), and spike activity parameters (Figs. 2C-
2G).

The percentage of active MEA channels decreased from
73.1% = 9.5% to 9.4% * 8.8% during the culture (Fig. 2D).
Spike trains from one to three cells, separated by spike sorting,
were recorded simultaneously from each electrode. The
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FiGure 1.

light stimulus.

number of simultaneously recorded cells per retinal explant
was initially 53.0 £ 4.0. This number decreased during the 14-
day culture period to 2.5 = 7.0 (Fig. 2E). Based on the
recorded waveforms, triphasic spikes were regarded as axonal
spikes. During the first week in culture, the number of cells
per retinal explant with axonal responses decreased from 6.5

* 0.9 to 0.5 £ 0.4, and after the 7 DIV time point, triphasic
spike waveforms were not detected (Fig. 2E). RGC response

peak-to-peak amplitudes decreased during the 2-week culture
period so that the mean value changed from 82.4 * 0.8 to 67.9

+ 1.8 pV and the maximum value from 229 * 47 to 76 £ 62
LV (Fig. 2F). The peak-to-peak amplitudes, however, showed a

temporal increase from 1 DIV to 2 DIV: maximum and average
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Electrical activity of freshly isolated retinae (0 DIV). (A) Examples of unfiltered signals recorded simultaneously from two separate
channels when a retinal explant was exposed to a 20-millisecond full-field light stimulus (505 nm, 2.1 X 10° photons pm™2). The signals include both
ganglion cell spike responses and transretinal miERG. (B) An example of the miERG response family recorded from a single channel as a response to
20-millisecond full-field light stimuli at increasing intensities (from 2.1 X 10’ photons pm > (topmost trace) to 2.1 X 10’ photons um = (lowest
trace). Signals are low-pass filtered with the cutoff frequency of 40 Hz. (C) RGC spike activity from two different channels separated from the
unfiltered signals (presented in A) by band-pass filtering between 100 and 3000 Hz. (D) Representative raster plots of spontaneous RGC activity
from four different cells recorded simultaneously for 30 seconds. The examples are chosen to represent mean firing rates of quarters (25%, 50%,
75%, and maximum) of the cumulative firing rate histogram of the spontaneous RGC activity. (E) Raster plots of light-evoked RGC activity from nine
different cells. Full-field light stimulus (2.6 X 10° photons pum 2 s with varying pulse lengths (20 millisecond, 1 second, and 5 second) is used as a

amplitudes increased from 218 * 46 to 279 * 66 pV and 84.8
* 0.8 to 102.7 = 1.0 pV, respectively.

The firing rate distributions of spontaneous RGC activity
changed during the culture (Fig. 2B), and the change compared
to 0 DIV was statistically significant after 4 DIV (P < 0.05).
Overall, the change in the firing rate distributions was seen as
an increase in low-frequency values (firing rates <2 Hz) and as
a decrease in high-frequency values (firing rates >2 Hz) during
the culture, with the 2 DIV time point deviating from this
behavior (Fig. 2G). The mean firing rates of spontaneous
activity decreased from 2.7 * 0.6 to 0.5 * 0.4 Hz during the
follow-up (Fig. 2C). However, the mean firing rate increased
from 1 DIV to 2 DIV (from 1.4 * 0.4 to 3.2 = 0.6 Hz), reaching
a value that was even higher than that recorded from the
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Ficure 2. Spontaneous RGC activity during the 14-day culture period. (A) Representative raster plots of spontaneous RGC activity from four
different cells recorded simultaneously for 30 seconds at 0, 1, 2, 4, 7, 10, and 14 DIV. The examples are chosen to represent mean firing rates of
quarters of the cumulative firing rate histograms (25%, 50%, 75%, and maximum). (B) Distributions of mean firing rates of spontaneous RGC activity
at 0, 1, 2, 4, 7, 10, and 14 DIV. The distributions comprise the cumulative number of mean firing rates of all cells on each recording day. The mean
firing rates were calculated by counting the number of spikes in 1-second time windows over a 60-second recording period, and the data from
separate retinae are pooled. The histograms show the cumulative number of mean firing rates at different frequencies in 0.2-Hz bins from 0 Hz to
the maximum value of mean firing rate for each recording day. The last bar represents all mean firing rates between 2 Hz and the maximum mean
firing rate (bolded) on that recording day. (C) Averages of mean and maximum firing rates of spontaneous RGC activity on each recording day. (D)
Recorded activity during the culture as a percentage of active channels. (E) Number of recorded cells (number/retina) and axonal responses
(number/retina) during the culture. (F) Average and maximum spike amplitudes during the culture (peak-to-peak, microvolts). (G) Proportion of
RGCs (percentage) with mean firing rates at low (<2 Hz) and high (>2 Hz) frequencies during the culture. The whiskers show standard deviation of
the means for each recording day (1 = 3-4).
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freshly isolated retinae. The maximum firing rates of sponta-
neous activity decreased during the culture on average from
19.1 = 10.1 to 0.5 = 0.7 Hz, with the exception of an increase
between 1 DIV and 2 DIV of 9.1 * 4.2 to 21.6 = 12.0 Hz.

Light-Evoked Activity of Retinal Cells During the
Culture

Light responsiveness of retinal explants was assessed by
measuring the light-evoked activity of the retinal cells during
the culture. The responsiveness of photoreceptors to light
stimulation (miERG response) was detectable for the first 2
days following retina isolation (Figs. 1B, 3A). In the RGC level,
however, light responsiveness was retained for much longer,
even for 7 days (Figs. 3B, 3C). Figure 3 presents examples of
light-evoked retinal activity as responses to rod-saturating light
stimuli (intensity of 2.6 X 10 photons pm™ > s~ ) ranging from
20-millisecond flashes to 1- or 10-second steps of light.
Between 0 DIV and 2 DIV, we could detect light responses
with all stimulus lengths; however, the 20-millisecond stimulus
did not induce a visible response after 2 DIV. Furthermore,
with increasing culture time, longer steps of light were needed
to induce a response in RGCs. After 7 days in culture, no direct
response to light stimulation was observed, even with the
highest intensity and the longest stimulus duration.

Distributions of Population Firing Rates of Light-
Evoked RGC Activity During the Culture

The effect of light stimuli on RGC activity was seen as an
increase in the amount of recorded cells during the measure-
ment protocol in the whole culture period (Fig. 4C). At the 0
DIV time point, the number of recorded cells per retinal
explant increased from spontaneously active 53 * 4 cells to 69
+ 1 and 66 * 2 active cells during stimulation by flashes and
steps of light, respectively. At the end of the 14-day culture
period, electrical activity of 4 £ 3 and 11 * 9 cells were
recorded in the presence of light stimulation (flashes and
steps, respectively) compared to spontaneously active 2 * 2
cells. In addition to increased RGC activity, light stimulation
changed distributions of population firing rates (Figs. 4A, 4B).
This was seen as a decrease in low-frequency values (<2 Hz),
as an increase in high-frequency values (>2 Hz), and as an
increase in the average values of mean and maximum firing
rates (Figs. 4D, 4E). Most of these effects were more evident
during the first 4 days in culture. From 7 DIV on, light-induced
changes in the mean firing rates were less clear. However, the
light stimulation induced an increase in the maximum firing
rate during the whole culture period, with the exception at 2
DIV (Fig. 4E).

Changes in Morphology During the Culture

To follow the morphology changes in the retinal explants
during the culture, we performed assays to detect the amount
of apoptotic cells in the retinal explants and the number of
RGCs in the RGCL. A TUNEL assay was used to identify and
quantify apoptotic cells in retinal cryosections (Fig. 5A). The
assay indicated a high number of TUNEL-positive cells present
in different retinal layers already at 3 DIV. At this time point,
the majority of TUNEL-positive cells were localized in the inner
nuclear layer (INL). In addition, some cells in the outer nuclear
layer (ONL) and RGCL were also TUNEL positive. At 7 DIV, we
observed the overall highest density of TUNEL-positive cells in
retinal sections from which the TUNEL positivity decreased
toward the 14 DIV time point. We quantified the number of
TUNEL-positive cells in the RGCL, and based on 6 to 13
widefield fluorescence images at each time point, it increased
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during the 14-day culture from 0 to 33 * 6 cells/300 um (Fig.
5B). The highest density of TUNEL-positive cells was observed
at 7 DIV (38 *= 5 cells/300 pm). The increase in TUNEL-
positive cells was coupled with a decrease in the number of
RGCs during the culture. Based on the number of RBPMS-
positive cells in the retinal cryosections (6 to 13 widefield
fluorescence images at each time point), the number of RGCs
decreased during the first 2 days from 49 * 9 cells/300 pm to
31 £ 9 cells/300 pm (statistically significant difference, P <
0.01). By the end of the 14-day culture, the number of RGCs
had decreased to 24 = 5 cells/300 um (statistically significant
difference compared to 0 DIV, P < 0.01). It is noteworthy that
the amount of apoptotic cells exceeded the number of RGCs at
the 7 and 14 DIV time points.

More precise evaluation of the change in RGC density was
performed from the whole-mount preparations (Fig. 5C).
Quantification of RGCs (RBPMS-positive cells) from 8 to 10
confocal images at each time point revealed that the RGC
density decreased during the first 2 days in culture by 21%
(1400 = 600 cells/mm? at 0 DIV versus 1100 = 400 cells/mm?
at 2 DIV). After the first week in culture, the RGC density had
declined by 50% (to 700 = 200 cells/mmz), and during the
whole 14-day period, the amount of RGCs had decreased by
70% (to 400 = 200 cells/mmz), both changes with a statistically
significant difference, P < 0.01. From the RGC population, the
existence of melanopsin-expressing ipRGCs during the culture
was assessed by staining melanopsin from the retinal whole
mounts and cryosections (Fig. 6) and analyzing both immuno-
reactivity and cell morphology.”® The ipRGCs were present in
the explants at all the time points from 0 to 14 DIV, with
examples at 0, 2, 7, and 14 DIV shown in Figure 6A. Since
ipRGCs present a small proportion of neurons among the total
RGC population, we were unable to reliably quantify changes
in their number during the culture.

As a part of our morphologic analysis, we analyzed the level
of gliosis in retinal explants during the culture. In general,
gliosis is characterized as the proliferation and hypertrophy of
glial cells, and it is one of the earliest and most remarkable
responses of the retina to various stress factors.”'>* In the
mammalian retinae, gliosis results in upregulation of the
expression of intermediate filament proteins, such as
GFAP>?5%5% GFAP immunostaining from whole-mount prepa-
rations showed typical retinal astrocyte labeling at both 0 and 3
DIV (Fig. 6B). Severe retinal gliosis was observed at 7 DIV and
persisted for the remaining culture period up to 14 DIV,
extending through the retina (Fig. 6C). It is of interest that
when strong gliosis was present in the 14 DIV explants, ipRGC
immunoreactivity was especially intense, and the ipRGC
processes were clearly detectable in the close vicinity of the
glial cell processes (Fig. 6C).

DIScUSSION

Organotypic retinal explant cultures provide cost-effective and
reproducible in vivo mimicking tools for investigations of
retinal functions and for the development of novel retinal
therapies.2’23”25’50’34’56’64 For the full exploitability of the
explant cultures, however, viability of retina in culture
conditions needs to be thoroughly characterized. While most
previous studies have focused on morphology, the mainte-
nance of retinal functionality in culture conditions has
remained unclear. To fill this gap in knowledge, we investigat-
ed the structural and functional integrity of organotypic retinal
explants in culture conditions by evaluating both retinal
morphology and functionality during the 2-week culture.

The preparation of retina for organotypic explant culture,
which requires axotomy of the optic nerve and separation of
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the neural retina from the RPE, results in cellular changes
throughout the retina.®>%® The morphologic changes are
highly similar to those following retinal detachment or
axotomy in vivo. In vitro, the cultured retinal explants have
been reported to become thinner and suffer from a loss of
major retinal neuron types after 4 to 7 DIV>126067 gimilar to
these results, we observed clear temporal changes in the
retinal explants during the culture in both morphology and
functionality. We detected apoptotic cells in the cultures at 3
DIV, with their prevalence peaking at 7 DIV. These changes
were accompanied by loss of RGCs during the culture. The
functional changes were analyzed both in the retinal input and
output levels, thus including the activity of retinal photore-
ceptors and RGCs. The presence of spontaneous RGC activity
for the whole 14 DIV culture period and light-evoked RGC
activity up to 7 DIV is very promising for the usability of
explant cultures in long-term studies, for example, in the
development of novel therapies for diseases of optic nerve,
such as glaucoma.

The first degenerative changes in the retinal explant
cultures have been reported to occur in photoreceptors,
starting from the gradual loss of their outer and inner segments
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Ficure 3. Light-evoked activity of different retinal cells during the culture. (A) Examples of miERG responses recorded from a single channel as a
response to 20-millisecond full-field light stimuli (intensity of 4.2 X 10° photons pm™?). Signals are low-pass filtered with the cutoff frequency of 40
Hz. The miERG responses were not detectable after 2 DIV. (B) Examples of RGC light responses to two successive flashes of light (20-millisecond
duration, 20-second interval). A flash of light did not induce a visible response after 2 DIV. (C) Examples of RGC light responses to two successive
steps of light (at 1 to 2 DIV: 1-second duration, 30-second interval; at 4 DIV: 1-second duration, 30-second interval; and at 7 DIV: 10-second duration,
20-second interval). The intensity of light stimulus in flashes and steps was 2.6 X 10° photons pum s .

followed by the loss of photoreceptor nuclei.'*% In this study,
the preservation of photoreceptor functionality was followed
by transretinal miERG, and a photoreceptor response was
detectable up to 2 DIV. It is worth noting that the transretinal
ERG response is induced by photoreceptors but reflects the
light-induced changes in the radial currents of the retina,
representing all retinal cells and circuits.** Furthermore, the
method enables measuring the mass response of retinal cells
but is not sensitive when evaluating the responses at the level
of individual neurons or detecting RGC activity induced by
photoreceptor input. Thus, in the degenerating retina,
photoreceptor viability cannot be fully assessed using ERG
exclusively due to the changes occurring throughout the
retina. In the present work, although we were not able to
detect miERG response after 2 DIV, our MEA recordings
indicated retinal light responsiveness for longer than 2 DIV.
Moreover, TUNEL assay illustrated that apoptotic cells were
present in the photoreceptor nuclei layer starting from 3 DIV,
with the highest amount of apoptotic cells in the ONL
observed at 7 DIV. The same time range of photoreceptor
survival has been reported in previous studies, with the
observation of photoreceptor outer segment deterioration
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Fiure 4. Distributions of mean firing rates of light-evoked RGC activity at 0, 1, 2, 4, 7, 10, and 14 DIV. The cumulative distributions comprise the
mean firing rates of all cells on each recording day over a 60-second recording period, and the data from separate retinae are pooled. (A, B)
Cumulative histograms of light-evoked activity as response to flashes and steps of light during the culture. The histograms show the number of
mean firing rates at different frequencies in 0.2-Hz bins from 0 Hz to the maximum value of mean firing rate for each culture day. The last bar

represents mean firing rates between 2 Hz and the maximum mean firing rate (bolded) on that culture day. The pie charts show proportions of
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RGCs (percentage) with mean firing rates at low (<2 Hz) and high (>2 Hz) frequencies during the culture. (C) Number of recorded cells (number/
retina) in spontaneous and light-evoked RGC activity during the culture. (D, E) Averages of mean and maximum firing rates of spontaneous and
light-evoked RGC activity during the culture. The whiskers show standard deviations of the means for each recording day (z = 3-4). The intensity of
the light stimulus was 2.7 X 10° photons pm > s ', and the duration of a single light stimulus was 20 millisecond in flashes and 1 second in steps.

after 3 DIV and the most significant loss of photoreceptors
between 3 and 8 DIV.>®” The main reason for the poor survival
rate of photoreceptors is the absence of RPE, which performs
many vital support and maintenance functions for the retina
and photoreceptors.(’8 To overcome this challenge, retina-RPE
cocultures have been suggested as ways to improve photore-
ceptor cell survival®7? (Szabo A, IOVS 2018;59:ARVO E-
Abstract, 4021).

In the ganglion cell layer, the death of RGCs following
axotomy has been reported both in vitro and in vivo in rodents,
rabbits, and humans.>>*74"7¢ Our analysis of the RGC density
revealed that the number of RGCs in the retinal explants
gradually decreased during the 14-day culture period. At 2 DIV,
the number of RGCs had decreased by 21%. After the first

week in culture, the RGC number had halved, with a further
decrease resulting in 70% RGC loss by 14 DIV. Our results are
consistent with the earlier studies that demonstrate the loss of
RGCs in retinal explants to be most rapid during the first week
in culture, after which the rate of loss becomes slower.>>%7¢
On the other hand, morphologic studies of RGCs in vivo have
shown these cells to survive for 5 to 7 days after axotomy,
followed by a significant loss in RGC survival during the
subsequent d:;lys.m’75

Functional studies of rat RGCs have indicated their firing
rates to decrease 7 days after axotomy.y Patch clamp
recordings from retinal explant cultures have revealed that
rat and rabbit RGCs are able to generate action potentials up to
4 to 6 DIV and exhibit light response up to 4 DIV.>'° In
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Ficure 5. Changes in the morphology of the retinal explants during culture. (A) Retinal cell nuclei and apoptotic cells in cryosections at 3, 7, and
14 DIV time points. TUNEL-positive cells are shown in green and cell nuclei (DAPI) in blue. INL, inner nuclear layer; ONL, outer nuclear layer. (B)
Confocal images of RBPMS (red) and TUNEL-positive cells (green) in retinal cryosections at 0 and 14 DIV time points. The number of RGCs and
apoptotic cells in RGCL was quantified by counting the RBPMS and TUNEL-positive cells from widefield fluorescence images (mean * SD, n = 6-
13).* No TUNEL positivity at the 0 DIV time point. (C) RBPMS-positive cells (red) in retinal whole mounts at 0 and 14 DIV time points. The number
of RGCs was quantified by manually counting the RBPMS-positive cells from the confocal images (mean = SD, n = 8-10). Scale bars: 50 um (A, B)
and 20 um (O).
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Ficure 6. The presence of ipRGCs (A, €©) and reactive gliosis (B, C) in the retinal explants during culture. (A) Maximum intensity projections of
confocal images showing melanopsin immunostaining (red) in retinal whole mounts. Melanopsin-positive cells with characteristic ipRGC
morphology indicate the presence of ipRGCs in retinal explants at 0, 2, 7, and 14 DIV time points. (B) Immunostaining of GFAP (green), labeling the
intermediate filaments in glial cells in retinal whole mounts at 0 DIV, 3 DIV, 7 DIV, and 14 DIV time points. (C) GFAP (green) and melanopsin (red)
immunostaining in retinal cryosections at 0 and 14 DIV time points. Maximum intensity projections of confocal images show the presence of
ipRGCs in the RGCL and GFAP-positive glial cell processes at the inner surface of the retina at 0 DIV. At 14 DIV, ipRGCs and their processes are
detected especially strongly in the areas with severe gliosis. Scale bars: 10 pm (A), 50 pm (B), and 20 p (O).

addition, patch clamp recordings of zebrafish retinal cultures
have demonstrated RGCs to be viable up to 10 DIV and to
evoke light responses until at least 2 DIV.>® In the present
work, we observed the presence of gradually diminishing RGC
activity with temporally changing distribution of RGC firing
rates up to 14 DIV. The MEA technique used enabled us to
follow the functionality of the RGC populations, although we
cannot fully exclude the contribution of displaced amacrine
cells in the rec<>rdi1‘1gs.77’78 However, due to the small size of
amacrine cell spike amplitudes (rarely bigger than 25 mV) and
frequency content below 80 Hz, our recordings with a band-
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pass filter of 100 to 3000 Hz should remove such spikes from
our data.”®

MEA technique has been used with retinal explant cultures
previously to provide a brief overview of rabbit RGC responses
to spatial white noise stimuli after 2 to 3 days in culture.” At
this time point, RGCs in explant cultures showed slightly
reduced light responsiveness that was visible as decreased
mean firing rates and an increased number of cells with mean
firing rates at low frequencies (<2 Hz). Similarly, in our study,
light-evoked RGC responses started to reduce at the 1 DIV time
point, so that the mean firing rates decreased and the number
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of cells with mean firing rates at low frequencies (<2 Hz)
increased during the whole culture period. An exception to
this was the time point at 2 DIV when light-evoked RGC
activity was at the same level as it was initially. However, this
time point also differed in spontaneous RGC activity as we
observed it to increase in the 2 DIV explants. This was seen as
an increased number of recorded cells, larger spike amplitudes,
and increased high-frequency firing compared to 1 DIV
explants. Increased spontaneous RGC activity has been
reported during photoreceptor degeneration in different
animal strains, including rd1 and rd10 mice.””*"®3 It has been
suggested that rhythmic and increased RGC activity in the
mature retina is triggered by missing photoreceptor input.

When the functional data and morphologic RGC survival
were compared, the observed changes were surprisingly
similar during the first week in culture. The number of RGCs
with spontaneous and/or light-evoked electrical activity
decreased concurrently with the RGC density. After 2 DIV,
the number of electrically active cells had decreased by 15%,
and RGC density by 21%. By the end of the first week, both of
these numbers had halved (active cells by 53% and RGC
density by 50%). After 2 weeks in culture, however, the
number of RGCs that showed activity in MEA recordings had
dropped more than the RGC density: the decrease in recorded
RGCs was 84% whereas the decrease in RGC density was 70%.
This indicates better structural preservation of retinal explants
in long-term culture and suggests that the cells most likely lose
their functionality before they actually die.

In our MEA recordings, light-evoked RGC activity was
present up to 7 DIV. Even though we were not able to detect
miERG response from photoreceptors up to this time point,
the preservation of the ONL indicates their survival and
suggests their contribution to the RGC light responsiveness.
Furthermore, it is noteworthy that the ipRGCs function as a
third class of light-sensitive neurons in the retina.®4 They
constitute 1% to 5% of the total RGC population in mice, and
their light responses have specific characteristics such as long
latency, long temporal integration, slow deactivation, and
sustained response under tonic light stimulation. >*-8%57:88
Some of these response characteristics were evident in our
MEA recordings, being even more prominent during the 4 to 7
DIV culture period. This suggests that the light-driven RGC
activity observed during the later culture time points most
likely reflects the activity of the ipRGCs. It is interesting that
several studies have shown ipRGCs to be more resistant to cell
death and injury than conventional RGCs,*® and our results do
not contradict with these observations. By immunostainings,
we could detect ipRGCs in our retinal explants up to 14 DIV;
however, due to their relatively small number, we were unable
to reliably quantify changes in their expression during culture.

The upregulation of GFAP is universally used as a cellular
marker for retinal injury.>®> Studies on organotypic cultures
from mouse retinae have shown GFAP to be upregulated from
2 to 3 DIV and to peak at 6 to 8 DIV.'*?® In our study, severe
gliosis was observed at 7 DIV onward, making individual
astrocytes difficult to distinguish. Studies show reactive gliosis
as a highly variable disease-dependent response that can be
either supportive or harmful to the retina, depending on the
injury or disease.®*?°%% It of interest that astrocytes could
participate in the clearance of the RGC axonal debris.”®
Moreover, Miiller glial cells have been demonstrated as a
source of neuronal regeneration after retinal damage in
mammals, suggesting their potential in retinal therapiesf)("97
The presence of RGC activity at the later time points with
severe gliosis might be partially a result of the supportive
effects of glia to the retina. Further indication of this
supportive role was the observation of the ipRGC processes,
especially in the areas with strong gliosis. However, it is
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possible that the diminishing RGC activity during the culture is
partly the result of increased density of glial cells that can
prevent the measurement of electrical signals from RGCs with
the MEA system. Yet, mean spike amplitudes of spontaneous
RGC activity were quite constant during the culture, suggest-
ing that the increased number of glial cells does not
significantly attenuate the signals.

In this study, we have characterized the preservation of
retinal viability in culture conditions. Our electrophysiological
and immunohistochemical data demonstrates the changes that
occur to retinal functionality and morphology when cultured
as an organotypic explant. The observation of neuronal
electrical activity for the whole 2-week culture period is very
promising for the future use of explant cultures in retinal
studies and therapy development.
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