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a b s t r a c t

The purpose of this study was to characterize organ culture of human neuroretina and to establish
survival and early degeneration patterns of neural and glial cells. Sixteen neuroretina explants were
prepared from 2 postmortem eyes of 2 individuals. Four explants were used as fresh retina controls, and
12 were evaluated at 3, 6, and 9 days of culture. Neuroretina explants (5 � 5 mm) were cultured in
Transwell� dishes with the photoreceptor layer facing the supporting membrane. Culture medium
(Neurobasal A-based) was maintained in contact with the membrane beneath the explant. Cryostat and
ultrathin sections were prepared for immunohistochemistry and electron microscopy. Neuroretinal
modifications were evaluated after toluidine blue staining and after immunostaining for neuronal and
glial cell markers. Ultrastructural changes were analyzed by electron microscopy. From 0 to 9 days in
culture, there was progressive retinal degeneration, including early pyknosis of photoreceptor nuclei,
cellular vacuolization in the ganglion cell layer, decrease of both plexiform layer thicknesses, disruption
and truncation of photoreceptor outer segments (OS), and marked reduction in the number of nuclei at
both nuclear layers where the cells were less densely packed. At 3 days there was swelling of cone OS
with impairment of pedicles, loss of axons and dendrites of horizontal and rod bipolar cells that stained
for calbindin (CB) and protein kinase C (PKC-a), respectively. After 9 days, horizontal cells were pyknotic
and without terminal tips. There were similar degenerative processes in the outer plexiform layer for rod
bipolar cells and loss of axon terminal lateral varicosities in the inner plexiform layer. Glial fibrillary
acidic protein (GFAP) staining did not reveal a dramatic increase of gliosis in Müller cells. However, some
Müller cells were CB immunoreactive at 6 days of culture. Over 9 days of culture, human neuroretina
explants underwent morphological changes in photoreceptors, particularly the OS and axon terminals,
and in postsynaptic horizontal and bipolar cells. These early changes, not previously described in
cultured human samples, reproduce some celullar modifications after retinal damage. Thus, this model
may be suitable to evaluate therapeutic agents during retinal degeneration processes.

� 2012 Elsevier Ltd. All rights reserved.
tinaldehyde-binding protein;
dic protein; GNB3, guanine
er nuclear layer; IPL, inner
iting membrane; ONL, outer
ments; PKC-a, protein kinase
ent; RHO, rhodopsin; SYP,

, Genetics and Microbiology,
90 Alicante, Spain. Tel.: þ34

All rights reserved.
1. Introduction

Retinal explant culture systems provide a better alternative to
animal experimentation than do cellular cultures composed of only
a single cell type. This is because organotypic systems maintain
many of the cellular dynamics among the multiple cell types and
intercellular matrices that are lost in cultures of isolated cells (Caffe
et al., 2001). Thus, mammalian retinal organ cultures have been
used in numerous studies to describe the in vitro differentiation of
the pre- and early post-natal retina under controlled conditions
(Caffe et al., 1989; Feigenspan et al., 1993). These studies have
provided valuable insights into the pathophysiological processes of
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Table 1
Primary antibodies.

Molecular marker Antibody Source Working
dilution

Calbindin D-28K (CB) Rabbit polyclonal Swant, #CB-38a (Bellinzona, Switzerland) 1:500
Synaptophysin (SYP) Mouse monoclonal Chemicon-Millipore, #MAB5258 (Temecula, CA, USA) 1:1000
Rhodopsin (RHO) Rabbit polyclonal Chemicon-Millipore, #AB9279 (Temecula, CA, USA) 1:200
Parvalbumin Rabbit polyclonal Swant, #PV-28 (Bellinzona, Switzerland) 1:300
Guanine nucleotide-binding

protein 3 (GNB3)
Rabbit polyclonal Sigma, #HPA005645 (Saint Louis, MO, USA) 1:50

Protein kinase C, a isoform
(PKCa)

Rabbit polyclonal Santa Cruz Biotechnology, #SC-10800 (Santa Cruz, CA, USA) 1:100

Glial fibrillary acidic protein
(GFAP)

Rabbit polyclonal DakoCytomation Inc, #N1506 (Glostrup, Denmark) 1:500

Cellular retinaldehyde-binding
protein (CRALBP)

Mouse monoclonal [B2] Abcam plc, #Ab15051 (Cambridge, UK) 1:1000
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neurodegenerative diseases (Ogilvie et al., 1999; Katsuki et al.,
2004; Cossenza et al., 2006; Fernandez-Bueno et al., 2008).
Furthermore, this kind of culture has proved useful in testing
therapeutic substances (Katsuki et al., 2004; Cossenza et al., 2006),
Fig. 1. Semithin sections of human retinas stained with toluidine blue. On day 0 (A) of cultu
organized distinct layers, easily recognized rod and cone outer and inner segments, outer lim
day of culture (B), there was loss of cone outer segments, and the remaining cone outer seg
was more evident with swollen cone inner segments and cell bodies (arrows). (D) At 9 day
layers. OS: outer segments; IS: inner segments; OLM: outer limiting membrane; ONL: outer
layer; GCL: ganglion cell layer. Scale bar: 20 mm. (For interpretation of the references to co
examining the role of growth factors (Delyfer et al., 2005; Franke
et al., 2006), assessing the potential toxicity of substances (Saikia
et al., 2006), and enhancing retinal stem cell therapy (Johnson
and Martin, 2008).
re the morphological organization of the retina had a normal appearance with highly
iting membrane, and both outer and inner nuclear and plexiform layers. On the third

ments were enlarged (arrows). (C) At 6 days of culture the process of the degeneration
s there were pyknotic nuclei in the ONL (arrowhead) and thinning of retinal plexiform
nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform
lour in this figure legend, the reader is referred to the web version of this article.)
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General alterations observed during in vitro experimental
retina culturing include rapid tissue edema (Ogilvie et al., 1999),
hypertrophy, proliferation and migration of Müller cells (Caffe
et al., 1993), early degeneration of photoreceptor outer
segments (Caffe et al., 1993; Winkler et al., 2002; Kuhrt et al.,
2004) and thinning of the retinal tissue (Caffe et al., 1989;
Ogilvie et al., 1999; Winkler et al., 2002; Kuhrt et al., 2004).
Similarity between these changes in vitro and the characteristics
of experimental retinal detachment in vivo (Fisher et al., 2005)
allows investigations of pharmacological and bioengineering
treatment modalities (Azadi et al., 2007; Liljekvist-Larsson and
Johansson, 2007).

Adult human retina cultures have been established to eval-
uate microglia and ganglion cells dynamics (Niyadurupola et al.,
2011; Carter and Dick, 2003, 2004; Balasubramaniam et al.,
2009). However to our knowledge, there are no reports
regarding the early cellular changes in explant cultures of adult
human neural retina. Thus, the aim of the present study was
to characterize adult human neuroretina organ cultures and
establish the survival and early degeneration patterns of
neuronal and glial cells, as an adequate model for testing new
therapeutic agents.
Fig. 2. Retinal sections immunostained for calbindin. At day 0 (A) of the culture the cones c
were stained with TO-PRO (blue). However, at 3 days (B) there was degeneration of cone cel
cone outer segments presented signs of degenerations with elongate (asterisks) and small
calbindin (C, D, arrowheads). OS: outer segments; IS: inner segments; ONL: outer nuclear lay
ganglion cell layer. Scale bar: 20 mm. (For interpretation of the references to colour in this
2. Material and methods

2.1. Tissue specimens

This study followed the tenets of the Declaration of Helsinki and
was approved by the Institutional Research Committee of the
University of Valladolid. Postmortem human eyes from donors
without known concomitant ocular diseases were obtained with
specific research consent from Hospital Clínico Universitario (Val-
ladolid, Spain) after the removal of corneas for transplantation.
Eyes were wrapped in gauze saturated with 0.1 M sodium phos-
phate buffer (PB) and transported to the laboratory in a humid
chamber. One eye each from two donors, ages 57 and 59, were
obtained for this study and processed 3e4 h postmortem.

Under aseptic conditions, each eyeball was immersed in 70%
ethanol and then washed in clean CO2-independent Dulbecco’s
Modified Eagle Medium (DMEM) without L-glutamine, supple-
mented with a 1% antibioticeantimycotic mixture containing
penicillin, streptomycin, and amphotericin B (Gibco, Paisley, UK),
1 min each. Neuroretina explants were obtained as previously
described by our group for porcine eyes (Fernandez-Bueno et al.,
2008). In brief, the eyes were dissected to remove the iris and
ells were immunoreactive for calbindin (green) and had a normal morphology. Nuclei
ls for which the loss of outer segments was apparent. At 6 (C) and 9 (D) days of culture
circular outer segments (double arrows). At 6 and 9 days some Müller cells expressed
er; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL:
figure legend, the reader is referred to the web version of this article.)
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the lens. The vitreous was then removed from the posterior
eyecup by cotton swabs. The neuroretina was detached as a whole
by paintbrushing and cutting the optic nerve. Finally, the neuro-
retina was unrolled in a Petri dish containing Neurobasal A
medium (Gibco), with photoreceptors laying down, and cut into
5 � 5 mm explants, in such a way as to avoid taking the most
peripheral retina.

In total, 16 neuroretina explants were obtained. Twelve of them
were explanted on Transwell� culture dishes (0.4 mm pore,
24 mm; Corning Inc., Corning, NY, USA) with the photoreceptor
layer facing the membrane. The explants were cultured in Neu-
robasal A medium supplemented with 2% B-27, 2% fetal bovine
serum (Gibco), 1% L-glutamine (Sigma-Aldrich, St. Louis, MO, USA),
and the 1% antibioticeantimycotic mixture. Explants were main-
tained at 37 �C in an atmosphere of 5% CO2 with 95% humidity. The
Fig. 3. Retinal morphology of cone (green in AeC) and rod (green in DeF) photoreceptor c
morphology of cone photoreceptors and terminals (arrows). At 6 and 9 days (B, C) long de
segments were swollen (arrowhead), and some cones had degenerated inner and outer seg
(A). At 6 and 9 days of culture (B, C, arrows), it was identified throughout the photorecep
segments had a normal appearance on day 0 of culture. (E, F) However on days 6 and 9 of cu
the rod inner segments and the ONL (F, arrowhead). Some photoreceptor cell bodies were dis
outer nuclear layer; OPL: outer plexiform layer. Scale bar: 20 mm. (For interpretation of the re
article.)
culture medium level was maintained in contact with the support
membrane beneath the explant and changed with freshly
prepared, warmed medium every second day. Cultured explants
were divided into 3 groups, which were kept for 3, 6, and 9 days
(n ¼ 4 each) in culture. The remaining four explants were pro-
cessed for normal morphologic evaluation, and were used as
culture day 0 controls.

2.2. Immunohistochemistry

Samples were fixed in 4% paraformaldehyde (PFA) in PB, pH 7.4,
for 1 h and then subjected to sucrose cryoprotection (Cuenca et al.,
1995; Cuenca and Kolb, 1998). On the following day they were
embedded in Tissue-Tek� (O.C.T.� Compound; Sakura Finetek
Europe B.V., Alphen, The Netherlands). Sections (12 mm) were cut
ells. At day 0 (A) of culture immunostaining for calbindin (green) showed the normal
generated outer segments were present (asterisk). At 9 (C) days of culture some inner
ments. Synaptophysin was located at photoreceptor axon terminals at day 0 of culture
tor cell bodies. (D) As visualized by immunostaining of rhodopsin (green), rod outer
lture the outer segments showed signs of degeneration. Rhodopsin was present within
placed into the inner segment (F, arrow). OS: outer segments; IS: inner segments; ONL:
ferences to colour in this figure legend, the reader is referred to the web version of this



Fig. 4. Retinal sections immunostained for calbindin and CRALBP. At 9 (A, B) and 6
(C, D) days of culture some Müller cells were immunostained with antibodies against
calbindin. Immunolabeling were found in the cell bodies (A and B arrows) and
processes crossing the ONL (A and B arrowheads). Double immunostaining against
CRALBP and calbindin antibodies (C and D) showed colocalization of these proteins in
Müller cells processes at the ONL. ONL: outer nuclear layer; OPL: outer plexiform layer;
INL: inner nuclear layer; IPL: inner plexiform layer. Scale bar: 10 mm.
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on a cryostat and mounted on glass slides (SuperFrost� Plus;
Menzel-Gläser, Braunschweig, Germany). Sections were immuno-
stainedwith specific combinations of antibodies (Table 1) diluted in
PB containing 0.5% Triton X-100, and incubated overnight at room
temperature. The next day, sections were washed in PB. Thereafter,
the corresponding species-specific secondary antibodies to IgG
(Molecular Probes, Eugene, OR, USA) conjugated to Alexa Fluor 488
(green) and/or 568 (red) were applied at a 1:100 dilution for 1 h.
Nuclei were visualized with 1:100 TO-PRO�-3 iodide 642/661
(far-red; Molecular Probes). Finally the sections were washed in PB,
mounted in fluorescent mounting medium (DakoCytomation Inc.,
Carpinteria, CA, USA) and coverslipped. Fluorescence was detected
with a Leica TCS SP2 confocal laser-scanning microscope (Leica
Microsystems, Wetzlar, Germany), using a pinhole diameter of
77 mm. Images were obtained as optical slices with a thickness of
0.9 mm sequentially from the green, red, and/or far-red channels.
Images from the latter were subsequently pseudocolored in blue.
Brightness and contrast were adjusted using Adobe Photoshop 7.0
(Adobe Systems, San Jose, CA, USA).

All of the primary antibodies in this work were utilized in
several previous studies and are well-characterized by us and
other authors regarding specific cell type immunostaining.
Furthermore, control slides in which primary antibodies were
omitted were processed in parallel, with no immunoreactivity
found in any case.

2.3. Transmission electron microscopy

Samples were fixed overnight in 1% PFA and 1% glutaraldehyde
in PB, washed in PB, and then postfixed in 1% OsO4 in PB. After
gradual dehydration in ethanol series, the pieces were embedded in
low-viscosity epoxy resin (Spurr, TAAB, Aldermaston, UK). Semithin
sections (1 mm) stained with 1% toluidine blue in 3% sodium tetra-
borate (PANREAC Química S.A.U., Barcelona, Spain) were analyzed
with a Leica DM4000B light microscope (Leica Microsystems) to
perform histological evaluation and to select areas for ultrastruc-
tural study. Ultrathin sections (100 nm) were examined in a JEM-
1011 HR electron microscope (JEOL GmbH, München, Germany)
after staining with lead citrate. Semithin and ultrathin sections
were obtained in an ultramicrotome (LKB Bromma 8800 Ultra tome
III, Freiburg, Germany).

3. Results

3.1. General morphology

Staining with toluidine blue showed the general overview of
all layers in the human retina (Fig. 1). In the control retinas (day
0, Fig. 1A), there was adequate preservation of the architecture at
the beginning of the culture period. With time, the retinas slowly
and progressively degenerated. At 3 days of culture (Fig. 1B),
there was no dramatic structural changes, but many cone outer
segments (OS) were absent, and those that remained had light
staining and swollen morphology (Fig. 1B arrows). Rod OS
(Fig. 1B) were shorter than in controls (Fig. 1A). At 6 days of
culture (Fig. 1C), some vacuolization was present at the ganglion
cells layer (GCL) and below the outer limiting membrane (OLM).
Rod OS looked shorter, and cone inner segments (IS) and cell
bodies were swollen compared with controls (Fig. 1C arrows).
Finally at 9 days (Fig. 1D), there were remarkable progressive
modifications. Those included early pyknosis of some photore-
ceptor nuclei (Fig. 1D arrowhead), vacuolization of the GCL,
considerable diminution of the neuroretinal thickness associated
with thinning of the plexiform layers, disruption and truncation
of rod OS and of the small remaining number of cone OS, and
marked reduction in the number of nuclei at the outer nuclear
layer (ONL) and inner nuclear layer (INL) where the cells were
also less densely packed.

3.2. Immunohistochemical characterization

3.2.1. Photoreceptor cells
To further assess photoreceptor integrity during culture, the

retinal cell morphology and the synaptic structures of cone and rod
terminals were examined with antibodies against calbindin (CB),
a calcium-binding protein that labels cone photoreceptor, hori-
zontal, bipolar, and amacrine cells. Additionally, they were immu-
nostained for synaptophysin (SYP), a synaptic-vesicle protein in
axon terminals of cone pedicles and rod spherules and in presyn-
aptic vesicles of second order neurons. Lastly, they were immuno-
stained for rhodopsin (RHO), an opsin protein in rod OS (Cuenca
and Kolb, 1998; Martinez-Navarrete et al., 2008).

In control retinas (day 0, Fig. 2A, 3A), cone photoreceptors had
well-preserved OS and IS. The axons streamed straight across the
ONL from the cell bodies to the synaptic terminals at the outer



Fig. 5. Retinal sections double immunostained for calbindin and synaptophysin. Cones were immunostained with calbindin (green), and rod spherules and cone pedicles were
immunostained for synaptophysin (red). At day 0 (A) of culture cone pedicles showed normal invagination in their bases (arrows), and rod spherules displayed typical circular
morphology (arrowheads). From 3 to 9 (BeD) days of culture the cone pedicles lost the normal triangular shape, and the rod axon terminal spherules became smaller (arrowheads).
Scale bar: 10 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Horizontal cell axon and dendrites immunostained for parvalbumin (green). After day 0 of culture (A) there was a decrease of staining intensity and loss of terminal tips of
horizontal cells (BeD, short arrows). (BeD) Pyknotic nuclei in the ONL were present from 3 to 9 days of culture (long arrows). At 9 (D) days of culture the nuclei of all horizontal cells
were pyknotic (TO-PRO 3, inset). Sprouting processes of the horizontal cells were present in the IPL (arrowheads). ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner
nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bar: 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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plexiform layer (OPL) (Fig. 3A arrows). The cone pedicle had normal
morphology (Fig. 2A arrowheads). During culture, cone morphology
underwent a progressive degeneration. The most evident change
was the loss of coneOS. From3 to 9 days of culture (Fig. 2BeD, 3B and
C) cone IS were swollen and most of the cone OS were lost. In some
cases, abnormally long cone OS were present (Figs. 2C and 3B
asterisk), and other OS had a small circular structure on top of the
ellipsoid that could represent disrupted cone OS (Fig. 2D double
arrows). The remaining cone IS appeared swollen, especially at 9
days (Figs. 2D and 3C arrowhead), and some of them had lost their
inner and outer segments (Fig. 2D). The increase of relocated SYP
immunoreactivity along the photoreceptors, from the axon termi-
nals to IS, indicated signs of degeneration at 6 and 9 days of culture
(Fig. 3B and C arrows). Furthermore, at 6 and 9 days of culture, CB
labeling was present in some Müller cell bodies located at the INL
(Fig. 2C and D arrowheads; Fig. 4A and B arrows) and extensions at
the ONL (Fig. 4A and B arrowheads). Double immnostaining with
antibodies against CB and CRALBP, a retinoid-binding protein
implicated in vitamin A metabolism and which is found in Müller
cells (Guerin et al.,1990a,1990b), confirmed that these CB expressing
extensions correspond to Müller cells (Fig. 4C and D arrowheads).
Processes of Müller cells stained with CB were also present around
the photoreceptor nuclei, forming the OLM and crossing the GCL and
the optic nerve layer (Fig. 2C and D arrowheads).
Fig. 7. ON-cone and ON-rod bipolar cells immunostained for GNB3 (green). After day 0 of c
terminals in the IPL were evident at 9 days of culture. OPL: outer plexiform layer; INL: inner
interpretation of the references to colour in this figure legend, the reader is referred to the
Morphological changes in RHO-labeled rod morphology were
also examined (Fig. 3DeF). In control retinas, (day 0, Fig. 3D) rods
maintained normal long and straight OS morphology. At 6 and 9
days they had shorter and tortuous OS, and the IS and some cell
bodies presented ectopic RHO (Fig. 3F arrowheads). At 9 days some
photoreceptor cell bodies were displaced to the IS region (Figs. 2D
and 3F arrow).

Cone terminals were easily identified by the wide spacing and
large size, compared to the tightly packed and smaller rod terminals
in the OPL. In control retinas, pedicles were triangular in shape
with invaginating processes from horizontal and bipolar cells (day 0,
Fig. 5A arrows). Rod spherules were circular in shape (Fig. 5A
arrowheads). During the culture period, both axon terminals
suffered changes in shape and size compared to normal retinas. The
pedicles became smaller and had packed synaptic terminals with
a reduction in presynaptic contact extension. The axon terminals
appeared to lose the typical synaptic invaginations, with the bases
becoming progressively flattened (compare Fig. 5A with 5BeD
arrows). These changes were associated with the loss of horizontal
cell dendrites immunostainedwith antibodies against CB. As a result,
there was significant thinning of the plexus formed in the OPL by
these processes during culture (Fig. 5BeD). Rod spherules became
smaller, disrupted and less numerous from 3 to 9 days of culture
compared with 0 days culture retina (Fig. 5AeD arrowheads).
ulture (A) there was a decrease in the thickness of the OPL (BeD). Loss of bipolar axon
nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bar: 20 mm. (For
web version of this article.)
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3.2.2. Second order neurons
Photoreceptor postsynaptic horizontal and bipolar cells were

examined to determine if the disruptions of photoreceptor axon
terminals also affected the structure of these cells. To analyze the
morphology of horizontal and bipolar cells, several antibodies
were used to specifically stain these retinal cell populations. All
types of horizontal cell dendrites and axons were immunostained
with antibody to parvalbumin (PV), a calcium-binding albumin
protein (Martinez-Navarrete et al., 2008). Cone photoreceptors
and ON-cone and ON-rod bipolar cells were immunostained with
antibody to guanine nucleotide-binding protein subunit beta-3
(GNB3) (Ritchey et al., 2010). ON-rod bipolar cells were immu-
nostained with antibody to protein kinase C alpha (PKC-a)
(Cuenca et al., 2005a).

In control retinas (day 0, Fig. 6A), horizontal cell bodies labeled
with PV antibody were located in the external portion of the INL.
Their terminal tips, consisting of dendrites and axon terminals,
made a dense plexus in the OPL (Fig. 6A short arrows). During the
culture period, the thickness of the OPL diminished, with an evident
reduction of PV-immunoreactivity in horizontal cell bodies (Fig. 6B
and C). The postsynaptic terminal tips were still present at 3 days of
culture (Fig. 6B short arrows), but there was a decrease at 6 days
(Fig. 6C). At 9 days, only few terminal tips were identifiable (Fig. 6D
short arrow), indicating the loss of connections between photore-
ceptors and horizontal cells. At this stage of culture, all of the
Fig. 8. ON-rod bipolar cells immunostained for PKCa (green). At day 0 (A) of the culture ON
axon terminals (arrowheads). (BeD) These varicosities were lost during the time course of
sprouting into the ONL layer (D, inset arrowhead), making contact with photoreceptors axo
layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ga
figure legend, the reader is referred to the web version of this article.)
horizontal cell nuclei were pyknotic in appearance (Fig. 6D long
arrows and inset), indicating the initial stage of apoptosis. Some
pyknotic-looking cells in the ONLwere also present from3 to 6 days
(Fig. 6B and C long arrows). At 9 days of culture, PV-immunoreactive
processes were present in the inner plexiform layer (IPL), indicating
some sprouting of horizontal cell processes into this layer (Fig. 6D
arrowheads).

Bipolar cells are second order neurons postsynaptic to photore-
ceptors. In control retinas (day 0, Fig. 7A), cell bodies of ON-cone and
ON-rod bipolar cells immunostained with antibodies against GNB3
were located in the external margin of the INL. The dendritic
terminals contacted cone pedicles at the OPL and the thin axons
formed rounded and clearly defined axon terminals at the ON layer
of the IPL (Fig. 7A arrowhead). At 3 days of culture (Fig. 7B), ON-cone
and ON-rod bipolar axon terminals were conserved, but the density
of the axon terminals in the IPL was diminished. At 6 and 9 days of
culture (Fig. 7C and D), the neuroretinal structures began to degen-
erate. Finally at 9 days (Fig. 7D), the OPL dendritic plexus and the IPL
axon terminals became discontinuous and decreased in thickness.
This indicated the loss of dendrites connecting with photoreceptors
in the OPL and axons in the ON layer of the IPL. Bipolar cell bodies
descended across the INL (Fig. 7C arrow) and the axons widened,
showing a clear reduction of axon terminals (Fig. 6BeD arrowheads).

To further analyze a specific type of bipolar cell, ON-rod bipolar
cells were immunostained with antibodies against PKC-a (Fig. 8).
-rod bipolar axon terminals maintained typical morphology with lateral varicosities of
the culture period. At 9 days of culture some dendrites of ON-rod bipolar cells showed
n terminals immunostained with synaptophysin antibodies (red). ONL: outer nuclear
nglion cell layer. Scale bar: 20 mm. (For interpretation of the references to colour in this
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In control neuroretinas (day 0, Fig. 8A), cell bodies of ON-rod
bipolar cells were located at the outermost layer of the INL.
Their dendritic tips were located in the OPL and their axons ran
through the IPL and finished in bulbous axon terminals with
lateral varicosities in the ON layer of the IPL (Fig. 8A arrowheads).
At 3 days of culture (Fig. 8B), ON-rod bipolar cell bodies main-
tained their typical alignment in the INL, and their shape was
similar to controls. Their dendritic and axon terminals did not
appear to be reduced in length or in density (Fig. 8B arrowheads).
However at 6 and 9 days of culture (Fig. 8C and D), axon terminals
showed less complex branching patterns, and the loss of bulbous
axon terminals characteristic of these cells was evident (Fig. 8C
and D arrowheads).

By the end of the culture period, some ON-rod bipolar cells
sprouted short processes around the photoreceptor cell bodies in
the ONL. Double labeling with PKC-a and SYP showed retraction of
SYP-labeled rod axon terminals associated with the new dendritic
terminals of the ON-rod bipolar cells in the ONL, suggesting the
presence of ectopic synapses (Fig. 8D inset arrowhead).

3.2.3. Glial cells
To address the degree of glial cell activation, retinal samples

were immunostained with antibodies against GFAP, an interme-
diate filament protein present in glial cells, and CRALBP.

In control neuroretinal tissue (day 0, Fig. 9A and B), GFAP-labeled
astrocytes were located at the GCL (Fig. 9B arrows), with processes
extended around blood vessels in the OPL (Fig. 9A and B arrow-
heads). CRALBP labeled the entire extension of Müller cells between
the inner limiting membrane and the OLM (Fig. 9A). During orga-
notypic culture, glial cell activation took place (Fig. 9CeH). Mainly
Fig. 9. Glial cells immunostained for GFAP and CRALBP. At day 0 (A) of culture immunostai
Müller cell immunostaining for GFAP (red) indicates that these cells were not activated. At da
the blood vessels in the GCL (arrows) and some processes in the OPL (arrowheads). At 3 (Ce
GFAP (CeH, arrows). Müller cells also expressed GFAP at the OLM level (CeH, arrowheads)
nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform lay
colour in this figure legend, the reader is referred to the web version of this article.)
astrocytes entered a reactive gliosis state marked by increased GFAP
immunoreactivity (Fig. 9CeH arrows). At 3 days, labeled spots of
GFAP, possibly corresponding to Müller cell processes, were present
in the ONL near the OLM (Fig. 9CeH arrowheads). At 6 and 9 days of
culture (Fig. 9EeH), increased GFAP immunoreactivity was present
in the cell bodies of Müller cells, indicating that the process of
reactive gliosis occurred in all of the retinal cell layers (Fig. 9EeH).
However, not all of the CRALBPþMüller cells were GFAPþ (compare
Fig. 9E and G with F and H).

3.3. Transmission electron microscopy

We analyzed the ultrastructural changes in photoreceptor OS
and axon terminals by transmission electron microscopy. In control
retinal explants (day 0), cone (Fig. 10A and B) and rod (Fig. 10C and
D) OS had normal ultrastructure with well-aligned disks in the OS,
normal appearing mitochondria in the ellipsoids (Fig. 10C white
arrow), and rod OS connected to the IS via a cilium. However at 6
days of culture (Fig. 10E and F), disks in the rod OS were swollen,
and some OS formed circular structures that indicated a degree of
disk degeneration (Fig. 10E arrows).

At 9 days of culture, the typical stack of disks in the OS was
difficult to identify (Fig. 11A and B), and only vesicles and broken
fragments of the disks remained on top of the cilium. However,
ellipsoid mitochondria, surrounded by glycogen granules, main-
tained a normal appearance with well-preserved cristae (Fig. 11C
and D arrowhead). A few synapses at the OPL were present at 9
days of culture; however, the typical triad, composed of two lateral
elements of horizontal cell processes with a bipolar cell dendrite in
the middle, were difficult to identify in the remaining pedicles
ning for CRALBP (green) showed Müller cells with normal morphology. The absence of
y 0 of culture (A, B) immunostaining for GFAP (red) revealed healthy astrocytes around
D), 6 (EeF), and 9 (GeH) days of culture astrocytes had increased immunoreactivity to
. OS: outer segments; IS: inner segments; OLM: outer limiting membrane; ONL: outer
er; GCL: ganglion cell layer. Scale bar: 20 mm. (For interpretation of the references to



Fig. 10. Ultrastructure of photoreceptor outer and inner segments. At day 0 of culture the outer and inner segments of cones (A, B) and rods (C, D) had well-preserved disks and
normal cilia (arrow). At 6 days of culture (E, F) the outer segment disks were swollen (E, arrows), and some outer segment disks developed into circular disorganized structures (F).
Scale bar: (A, E) 2 mm; (BeF) 0.5 mm.
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(Fig. 11E arrowhead). Abnormal groups of synaptic ribbons that
appeared to be free-floating within of the rod axon terminals were
located in the remaining photoreceptors (Fig. 11F arrowheads).

4. Discussion

Histopathological changes following retinal damage have been
well documented in animal models (Lewis et al., 2002; Marc et al.,
2003; Fisher et al., 2005), however, the relationship with human
pathology is still not very well known due to species-dependent
morphological and functional differences. Obviously, human
retinal tissue in acute phases of retinal degeneration is difficult to
obtain; and data from retinectomy specimens, after retinal detach-
ment (RD) complicated with proliferative vitreoretinopathy, reveal
long-term intraretinal modifications that do not contribute to the
knowledge of the early changes (Sethi et al., 2005; Pastor et al., 2006;
Charteris et al., 2007). In this sense, organotypic retina culture, from
human and other mammals, has been demonstrably useful in
improving our knowledge of retinal physiology and pathobiology
(Niyadurupola et al., 2011; Caffe et al., 1989; Feigenspan et al., 1993;
Ogilvie et al., 1999; Carter and Dick, 2003, 2004; Katsuki et al., 2004;
Delyfer et al., 2005; Cossenza et al., 2006; Franke et al., 2006; Saikia
et al., 2006; Fernandez-Bueno et al., 2008; Johnson and Martin,
2008; Balasubramaniam et al., 2009). Furthermore, in organotypic
cultures the morphology and functionality of the organ is tempo-
rarily retained, and experimental conditions are under control (Caffe
et al., 2001). Thus, in this study, an organotypic culture of adult
human neural retina was developed to establish the survival and
early degeneration patterns of neuronal and glial cells.

Cellular modifications observed in organotypic models, mainly
at the outer retina, can be comparable with in vivo conditions
(Winkler et al., 2002). Nevertheless, there are some obvious limi-
tations of this culture system, such as the obtention of freshly
postmortem human eyes, in order to limit early retinal degenera-
tion inside the globe after donors death, the axotomy of ganglion
cells, the absence of retinal and choroidal blood supply, and the
absence of the retinal pigment epithelium. Thus, cellular modifi-
cations influenced by these limitations, especially at the inner



Fig. 11. Ultrastructure of inner and outer segments and synaptic terminals at 9 days of culture. At 9 (A, B) days of culture disks of the outer segments were absent. (C) However,
mitochondria in the inner segments and cilium maintained normal morphology. (D) Mitochondria with normal cristae and outer and inner membranes. Only a few synapses were
present, and they did not have triads. Also present were abnormal groups of synaptic ribbons (E, F arrowheads). Scale bar: (A, B) 2 mm; (C) 0.5 mm; (DeF) 0.2 mm.
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retina, could differ from in vivo conditions. In this sense, due to
axotomy, we decided not to study in depth the ganglion cell
dynamics, as these cells are directly influenced by this damage
(Watanabe and Fukuda, 2002). However, cellular modifications
observed here cannot be attributed solely to the culture conditions,
as the mitochondria in the ellipsoids were surrounded by glycogen
and maintained well-preserved cristae, and Müller cells did not
undergo marked gliosis. Thus, the organotypic culture presented
here can contribute to better understanding human retinal
degeneration pathobiology.

In our studies, neuroretinal architecture and cellularmorphology
were adequately preserved before culturing, matching the previ-
ously characterized human normal retina (Sethi et al., 2005). At the
time points studied during culture, the general morphology of the
retina revealed a slow, progressive degeneration. However, immu-
nohistochemical characterization, evaluated by commonly used
markers, showed early cellular modifications. The most remarkable
changeswere the loss of the photoreceptor OS beginning at 3 days of
culture and almost completely loss at 9 days. The mislocation of
proteins like rhodopsin and synaptophysin are indicative of photo-
receptor damage (Fernandez-Sanchez et al., 2011; Barhoum et al.,
2008). At 6 days of culture we also found that in addition to the
loss of OS and synaptophysin mislocation, photoreceptor post-
synaptic bipolar and horizontal cells were also impaired. Retraction
of photoreceptor axon terminals were observed associated to
sprouting bipolar cells dendrites, as described in animal models
(Fisher et al., 2005) and in organotypic culture of porcine retina
(Fontainhas and Townes-Anderson, 2011). Further, ultrastructural
evaluation of the OPL synaptic terminals showed marked signs of
degeneration. If similar changes occur in patients between the time
of RD and reattachment surgery, they could negatively affect cellular
and visual recovery as it has been described after successful reat-
tachment (Salicone et al., 2006; Pastor et al., 2008).

The rapid neuronal degeneration patterns observed in our
organotypic culture are similar to those described in animal models
soon after RD induction (Fisher and Lewis, 2003; Jackson et al.,
2003; Lewis et al., 2003; Fisher et al., 2005), and in specimens
from a human case with a 10-day history of visual loss, one month
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of floaters, and a rhegmatogenous RD (Wickham et al., 2006).
Similar degeneration was also reported in human samples from
long-term and complicated RD (Sethi et al., 2005; Pastor et al.,
2006; Charteris et al., 2007). However, rod axon extensions,
passing through the OPL and reaching the INL, described in human
retinectomy samples (Sethi et al., 2005), were not observed in this
study. The absence of these extensions is consistent with the
observation that elongation of rod axons occurs only after reat-
tachment, as described in the feline model (Lewis et al., 2003). In
our experiments, horizontal cells presented pyknotic nuclei by 9
days of culture. Most of their processes were lost, but sprouts
descended into the IPL. No terminal tips were identified, indicating
the loss of connections between photoreceptors and these cells.
However, neurite sprouting into the ONL was not observed as
described in the feline model of RD (Fisher et al., 2005), in human
retinectomy samples (Sethi et al., 2005), in RCS rats (Cuenca et al.,
2005b), and in human retinitis pigmentosa (Fariss et al., 2000).

Glial cell modifications also occurred during culture. Müller cell
expression of CB was not previously described, but it appeared as
early as 6 days of culture. Expression of GFAP in the outermost
portion of the retina appeared in this model after 6 days. In the
feline model GFAPþ filaments were evident in the subretinal space
at 3 days (Lewis et al., 1995; Lewis and Fisher, 2000), and in porcine
models prominent expression of the GFAP throughout the length of
the Müller cell fibers appeared between 3 and 7 days after RD
(Jackson et al., 2003; Iandiev et al., 2006). Similar changes were
present in the organotypic culture of porcine retina described by
our group (Fernandez-Bueno et al., 2008). Nevertheless, as previ-
ously observed in primate models of RD (Guerin et al., 1990a,
1990b), GFAP expression in this human organotypic culture
system appeared later than in other animal models.

5. Conclusions

This work demonstrates in an organotypic culture of human
retina the early impairment of photoreceptors accompanied by a loss
of structural integrity and degeneration of the neural retina.
Photoreceptor OS modifications can lead to the compromised
integrity of their terminals. This damage subsequently impairs
second order neurons and their synaptic circuits, ultimately result-
ing in cell death and retinal degeneration.

In summary, our findings presented here, not previously
described in human samples, characterize cellular modifications
that happen soon in culture and which are likely to hinder the
recovery of normal functionality, and highlight the usefulness of
this model to evaluate neuroprotector agents, stem cell integration,
gene therapy and optogenetics, that could limit the use of living
animals (Fradot et al., 2011; Busskamp et al., 2012).
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