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Abstract
Human corneal endothelial cells (HCEC) have become increasingly important for a range of eye
disease treatment therapies. Accordingly, a more detailed understanding of the processing and
preservation associated stresses experienced by corneal cells might contribute to improved
therapeutic outcomes. To this end, the unfolded protein response (UPR) pathway was investigated
as a potential mediator of corneal cell death in response to hypothermic storage. Once
preservation-induced failure had begun in HCECs stored at 4°C, it was noted that necrosis
accounted for the majority of cell death but with significant apoptotic involvement, peaking at
several hours post-storage (4-8 hours). Western blot analysis demonstrated changes associated
with apoptotic activation (caspase 9, caspase 3, and PARP cleavage). Further, the activation of the
UPR pathway was observed through increased and sustained levels of ER folding and chaperone
proteins (Bip, PDI, and ERO1-Lα) in samples experiencing significant cell death. Modulation of
the UPR pathway using the specific inhibitor, salubrinal, resulted in a 2-fold increase in cell
survival in samples experiencing profound cold-induced failure. Furthermore, this increased cell
survival was associated with increased membrane integrity, cell attachment, and decreased
necrotic cell death populations. Conversely, addition of the UPR inducer, tunicamycin, during
cold exposure resulted in a significant decrease in HCEC survival during the recovery period.
These data implicate for the first time that this novel cell stress pathway may be activated in
HCEC as a result of the complex stresses associated with hypothermic exposure. The data suggest
that the targeted control of the UPR pathway during both processing and preservation protocols
may improve cell survival and function of HCEC thus improving the clinical utility of these cells
as well as whole human corneas.
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Introduction
Recent advances in cell therapy and transplantation technology have increased uses, and in
turn driven demand, for corneal tissue and cells[1,14,18,19]. In particular, the optimal
processing and preservation of human corneal endothelial cells (HCEC) has become an area
of focus because of their importance to the development of new cell based
technologies[20,24,25,29]. HCECs are progressively being considered for a range of uses,
including corneal bioengineering for replacement therapies to treat diseases of the eye[62].
Reports have also shown the importance of endothelial maintenance for retention of whole
corneal function[3,21,31,57]. Further, HCECs do not divide in vivo so the preservation of
these cells in particular is of great importance for clinical application of corneal tissue
[37,58]. The role of corneal endothelial cells is to regulate the osmotic balance and nutrient
exchange to maintain proper optical clarity for correct vision, given the avascular nature of
the cornea.

There has been considerable research examining the whole cornea and isolated endothelial
cells in relation to their biology, preservation and transplantation, including investigations
into the role that molecular alterations have in different corneal
models[3,5,11,13,27,39-41,44,46,49,54,56]. Some studies have focused on the role that
storage temperature has on endothelial survival, as storage at normothermic temperatures
(organ culture) can have some benefits over hypothermic storage [38,41-43,47,49]. There
have been numerous reports on apoptotic involvement, particularly in endothelial cells
related to transplantation, that implicate reactive oxygen species formation, inflammation,
and chemical exposure as molecular-based response triggers that ultimately result in
decreased endothelial functionality[9,45,48,50-52,60,63,64]. Other studies have examined
additional molecular-related events, detailing how disease states, media supplementations,
genetic changes, and transcription factors have profound effects on corneal biology at a
molecular level[10,15,17,19,22,26,37,44,45,52,59]. Despite this increased molecular focus,
there remains a void in our understanding of the complex molecular responses of corneal
cells in response to hypothermic exposure. An understanding of cold induced changes is
critical given that hypothermic conditions are often employed to maintain these biologics
prior to utilization. Knowledge of the molecular responses could result in not only improved
processing strategies but also improved therapeutic outcomes through targeted modulation
of stress pathways.

Numerous reports have demonstrated that a molecular based cell death response, apoptosis,
is initiated in cells in response to cold exposure[8]. Studies have shown that changes
associated with cold exposure, such as decreased membrane fluidity, pH change, osmotic
imbalances, mitochondrial permeability transition pore opening, and oxidative stress can
trigger a cell death response in a number of different cell systems[6,7,55]. Furthermore,
studies have demonstrated the beneficial effects of targeting these cold-induced molecular
responses through solution formulation changes as well as the addition of specific chemical
modulators (i.e. anti-oxidants, protease inhibitors, ion chelators)[33-36]. While this research
has led to the identification of specific molecular events, a void remains in our
understanding of cold stress pathway activation, particularly in corneal endothelial cells.

The unfolded protein response (UPR) is the process in which a cell responds to the
accumulation of misfolded proteins in the endoplasmic reticulum (ER). The UPR pathway
has several functions, including correction of this accumulation through inhibiting
translation of new proteins and up-regulating ER chaperone and folding proteins in an effort
to clear the ER of these proteins[30]. Another function of the UPR pathway is to initiate an
apoptotic response if the ER stress remains too severe or prolonged[30]. The UPR pathway,
while identified relatively recently in human cell systems, has become a major area of study
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with various reports detailing its involvement in response to various cellular stress
events[2,4,16,23,28,32,61]. ER stress and subsequent UPR activation has been implicated in
response to disease states, chemical exposure, cancer proliferation, aging, cell death,
inflammation, autophagy, among others. A recent study by Engler et. al.[15] demonstrated
the activation of the UPR pathway in the corneal endothelium of patients suffering from
Fuchs endothelial dystrophy. Further, this report suggests that the UPR may be a central
pathogenic pathway with its activation triggering endothelial cell apoptosis through a
mitochondrial based, caspase 9 mediated response. However, review of the previous
investigations questioned whether this pathway is activated in response to complex changes
and stresses associated with cold exposure. To this end, we investigated the role of the UPR
to determine its potential involvement in cellular demise associated with cold exposure.

Methods and Materials
Cell Culture

HCEC were obtained from Dr. Nancy Joyce at Schepens Eye Research Institute (Boston,
MA) and were maintained under standard culture conditions (37°C, 5% CO2/95% air) in
OptiMEM (Invitrogen, Grand Island, NY) supplemented with 8% Fetal Bovine Serum
(Atlanta Biologicals, Lawrenceville, GA), bovine pulmonary extract (Biomedical
Technology Inc., Stoughton, MA), gentamicin sulfate (Invitrogen, Carlsbad, CA), epidermal
growth factor (Millipore, Billerica, MA), nerve growth factor (Biomedical Technology Inc.),
Anti-biotic/mycotic (Sigma-Aldrich, St. Louis, MO), ascorbic acid (Sigma-Aldrich),
calcium chloride (Sigma-Aldrich), and chondroitin sulfate (Sigma-Aldrich). Cells were
propagated in Falcon T-75 flasks and media was replenished every two days of cell culture.

Hypothermic Solutions
Four different storage media were utilized for hypothermic storage: complete growth media
(CGM), Hank’s Balance Salt Solution with calcium and magnesium(HBSS) (Mediatech,
Inc., Manassas, VA ), ViaSpan (commercially available University of Wisconsin solution),
and OptiSol (commercial whole cornea storage solution) (Bausch and Lomb, Rochester,
NY)

Hypothermic Storage
Cells were seeded into 96-well tissue culture plates (13,000 cells per well) and cultured for
24 hours into a monolayer. Culture media was decanted from experimental plates and
replaced with 100 μl/well of the pre-cooled (4°C) solution (complete growth media, HBSS
with calcium and magnesium, ViaSpan, or OptiSol). Cultures were maintained at 4°C for 18
hours to 9 days. Following cold storage, the media were decanted, replaced with 100 μl/well
of room temperature (~25°C) complete culture media and then placed into standard culture
conditions (37°C, 5% CO2) for recovery and assessment.

Cell Viability Assay
To assess cell viability the metabolic activity assay, alamarBlue™ (Invitrogen) was utilized.
Cell culture medium was decanted from the 96-well plates and 100 μl/well of the working
alamarBlue™ solution (1:20 dilution in HBSS) was applied. Samples were then incubated
for 60 minutes (± 1 min) at 37°C in the dark. The fluorescence levels were analyzed using a
Tecan SPECTRAFluorPlus plate reader (TECAN, Austria GmbH). Relative fluorescence
units were converted to a percentage compared to normothermic controls set at 100%.
Readings were taken immediately following removal from hypothermic storage as well as
24 and 48 hours of recovery.
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Chemical Additions
Modulation of the UPR was accomplished through the use of salubrinal (UPR-specific
inhibitor) and tunicamycin (UPR-specific inducer). Salubrinal (EMD Chemicals Inc.,
Gibbstown, NJ) was added to hypothermic media at working concentrations of 10 and 25
μM immediately before utilization. Tunicamycin (EMD Chemicals Inc.) was added to
ViaSpan at a working concentration of 2ug/mL immediately prior to use. All chemicals were
diluted in Me2SO prior to utilization and Me2SO controls were conducted to ensure no
effect of the dilution vehicle.

Fluorescence Microscopy
Samples in 96-well plates were assessed for the presence of live, necrotic or apoptotic cells
through triple labeling using Hoechst [81μM], propidium iodide [9μM], and YoPro-1 [.8
μM] (Molecular Probes, Eugene, OR), respectively. Probes were added to samples and
incubated in the dark for 20 minutes prior to imaging. To assess membrane integrity a dual
label of calcein-AM [4μM] and propidium iodide [9μM] was utilized. Dual label probes
were added to the samples and incubated for 30 minutes in the dark. All fluorescence images
of labeled cells were obtained at 1, 4, 8 and 24 hours post-storage using a Zeiss Axiovert
200 fluorescent microscope with the AxioVision 4 software (Zeiss, Germany).

Flow Cytometric Analysis
Counts of the unlabled (live), necrotic (PI [1.5μM]) and apoptotic (YOPRO-1 [0.1μM])
labeled cells were obtained using microfluidic flow cytometry (Millipore). Probes were
added to each sample and incubated in the dark for 20 minutes prior to cell collection.
Counts of cells with polarized and depolarized mitochondria (JC-1 [7.7μM]) were also
obtained via microfluidic flow cytometry. Samples were labeled, collected and analyzed at
1, 4, 8 and 24 hours post-storage. Analysis was performed using the CytoSoft 5.2 software
for the Guava PCA-96 system.

Western Blot Analysis
Cells were cultured in 60mm Petri dishes to form a monolayer. Cell culture media was
removed and replaced with 4mL of pre-cooled (4°C) solution and dishes were placed at 4°C
for 18 hours. Following cold storage, solutions were decanted and replaced with 4mL of
room temperature culture media and placed into standard culture conditions (37°C, 5% CO2)
for recovery. Cell lysates were collected 1, 4, 8 and 24 hours post-storage using ice-cold
radio-immunoprecipitation assay cell lysis buffer with protease inhibitors. Samples were
homogenized by vortex mixing and centrifuged at 15,000 rpm for 15 minutes at 4°C. Protein
concentrations were quantified using the bicinchonic acid protein assay (Thermo Fisher
Scientific, Rockford, IL) and a Tecan SPECTRAFluorPlus plate reader. Equal amounts of
protein (30μg) for each sample were loaded and separated on a 10% SDS-PAGE gel (Bio-
Rad, Hercules, CA). Proteins were transferred to PVDF membranes (Bio-Rad) and blocked
with a 1:1 mixture of NAP™-Blocker (G-Biosciences, Maryland Heights, MO) with 0.05%
Tween-20 in PBS for 2 hours at room temperature. Membranes were incubated at 4°C
overnight in the presence of each antibody: anti-human caspase 9, anti-human caspase 3,
anti-human PARP, anti-human Bip, anti-human calnexin, anti-human ERO1-Lα, anti-
human PDI and anti-human β-Tubulin (Cell Signaling Technology, Danvers, MA).
Membranes were then washed three times with 0.05% Tween-20 in PBS and exposed with
horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature.
Membranes were again washed three times with 0.05% Tween-20 in PBS before detection
with the LumiGLO®/Peroxide chemiluminescent detection system (Cell Signaling
Technology). Membranes were visualized using a Fujifilm LAS-3000 luminescent image
analyzer. Equal protein loading was achieved through initial quantification of all samples
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and confirmed by Ponceau S staining of PVDF membranes prior to blocking as well as
probing for β-Tubulin levels.

Data Analysis
Viability experiments were repeated a minimum of three times with an intra-experiment
repeat of seven replicates. Western blots, flow cytometry and fluorescence microscopy were
all conducted on a minimum of three separate experiments. Standard errors were calculated
for viability values and single-factor analysis of variance (ANOVA) was utilized to
determine statistical significance.

Results
Effect of Hypothermic Exposure on Human Corneal Endothelial Cell Survival

HCECs displayed a variable level of cold sensitivity in vitro that was dependent upon the
media and duration of hypothermic storage. This was characterized by a decrease in viability
immediately following 18 hours of cold storage in all solutions utilized: CGM, HBSS,
ViaSpan and OptiSol (Figure 1). Storage in CGM resulted in 14.9% (±3.8) viability, while
samples stored in OptiSol retained 57.4% (±6.5) viability and storage in HBSS and ViaSpan
yielded retention of 99.0% (±8.2) and 91.5% (±4.0) viability, respectively. Despite the levels
of cell death observed, samples were able to recover and repopulate in culture following 18
hours of cold exposure regardless of the media utilized. As the storage interval was
increased, however, corresponding decreases in sample viability were evident across all
conditions (Figure 1). Following 24 hours of cold exposure samples stored in CGM yielded
few remaining viable cells (3.9% (±1.0)) and no replicative capacity. HCECs stored in
OptiSol demonstrated a marked decrease in viability, compared to 18 hour exposure,
retaining only 29.3% (±8.9) metabolic activity and an inability to repopulate to
normothermic control levels by 48 hours post-storage. Storage in HBSS and ViaSpan
demonstrated lower reductions in viability retaining 85.8% (±9.9) and 86.8% (±6.1)
respectively, immediately following 24 hour exposure. Further increasing the cold exposure
interval to two days resulted in more pronounced cell loss with a complete loss of viability
in the CGM and OptiSol stored HCEC samples. HBSS samples decreased to 4.9% (±1.5)
viability while the ViaSpan samples retained a high level of metabolic activity (68.2%
(±7.7)) as well as an ability to repopulate to normothermic control levels during the recovery
period (Figure 1).

Post-cold exposure sample viability data were confirmed via fluorescence microscopy
probing for viable, necrotic and apoptotic cells using hoechst, propidium iodide (PI) and Yo-
Pro-1, respectively. Micrographic assessment demonstrated a similar level of viable cells
remained following the various hypothermic exposure intervals in the four solutions utilized
as measured by alamarBlue (data not shown, representative micrographs presented in Figure
5A). These analyses also allowed for the assessment of the modes of cell death contributing
to sample demise following hypothermic storage of HCECs. Fluorescence microscopy
revealed that the primary mode of cell death involved in HCEC preservation-induced
cellular demise was necrosis as indicated by the high incidence of PI-labeled (red) cells.
Along with necrosis it was noted that a considerable amount of apoptotic cells (green) were
detected throughout the 24 hours post-storage, with a peak occurrence of this population at
4-8 hours following removal from the cold. These data were consistent with studies on other
cells systems following cold exposure, where a delayed apoptotic peak and large necrotic
population have been reported [6-8,12,35].
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Activation of Apoptosis Following Hypothermic Exposure
Following the establishment of viability profiles for HCECs stored for various intervals
coupled with the observation of a molecular-based component to cell death, western blot
analysis was conducted in an effort to decipher the activation of specific cold-induced cell
stress pathways. Samples were collected after 1, 4, 8 and 24 hours of recovery following 18
hours of cold storage in either CGM, HBSS, ViaSpan or OptiSol and total protein was
extracted. The assessment of proteins associated with apoptotic activation revealed a
correlation between the loss of viability and activation of the apoptotic cascade (Figure 2A).
Targeted assessment of caspase 9, a specific mediator of mitochondrial (intrinsic) based
apoptotic activation, revealed cleavage (activation) of the pro-form intermediate at 1 hour
post-storage in the CGM stored samples (21.5% as compared to control levels) with a
subsequent complete loss (2.5%) by 24 hours post-exposure while OptiSol storage
demonstrated a reduction in pro-caspase 9 without a complete loss throughout the time
course (19.2% at 24 hours of recovery). Pro-caspase 9 levels in HBSS and ViaSpan stored
HCECs maintained higher and more consistent levels throughout the initial 24 hours post-
cold exposure recovery period (~60-70% as compared to controls). This maintenance in pro-
caspase 9 levels was consistent with the elevated viability levels observed under these
conditions. Assessment of the downstream apoptotic mediator, caspase 3, revealed a similar
pattern of cleavage as observed with pro-caspase 9. Decreases in pro-caspase 3 levels were
detected in both the CGM and OptiSol stored HCECs (13.2% and 42.3% at 24 hours post-
storage, respectively), with more pronounced cleavage noted in the CGM samples and to a
lesser extent in OptiSol storage as compared to normothermic control levels. As with
caspase 9, caspase 3 activation correlated with the viability data. Likewise, HBSS and
ViaSpan stored cells demonstrated a pattern of sustained pro-caspase 3 levels throughout the
post-storage time course indicating a lower level of apoptotic activity and overall cell death.
With the observed caspase 3 activation, assessment of the active caspase 3 target, Poly
(ADP-ribose) polymerase (PARP), was conducted to further support the evidence of
apoptotic signal progression following cold storage (Figure 2A). PARP is a DNA repair
enzyme whose cleavage is indicative of late stage apoptosis and cells’ commitment to
completing cell death. Western blots revealed an increase in PARP cleavage in the CGM
and OptiSol samples as compared to the HBSS and ViaSpan samples and normothermic
controls. Examination of PARP cleavage revealed a similar pattern of apoptotic activation in
the CGM and OptiSol samples with noticeably less activation in the HBSS and ViaSpan
samples. These data further confirmed apoptotic activation in HCECs leading to
preservation-induced viability loss.

Involvement of the Unfolded Protein Response Following Hypothermic Exposure
Following the identification of apoptosis through both fluorescence microscopy and western
blot analysis, an investigation of the involvement of ER stress and the UPR pathway in
response to hypothermic exposure was conducted. Western blots were performed examining
the levels of ER folding and chaperone proteins, including Bip, ERO1-Lα, PDI and
calnexin, in HCEC isolates at 1, 4, 8 and 24 hours recovery post 18 hours cold storage.
Similar to apoptotic-associated protein changes, a correlation was noted between a loss of
sample viability and changes in the ER stress protein levels and the subsequent UPR
activation. In the CGM and OptiSol samples, increases in Bip and ERO1-Lα were observed
as compared to normothermic controls (Figure 2B). A time dependent increase in Bip was
seen in CGM and OptiSol stored samples as both peaked at 24 hours post-storage (359.7%
and 455.8%, respectively). Analysis of ERO1-Lα levels demonstrated an immediate peak 1
hour post-exposure for CGM samples (123.0%) and a delayed peak for OptiSol samples
(172.9% at 24 hours of recovery). Comparatively, HBSS and ViaSpan stored samples
demonstrated lower overall levels of these proteins with no time dependent up-regulation.
Examination of PDI revealed that levels remained relatively consistent throughout the initial
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24 hours following hypothermic exposure for all conditions tested. Probing for calnexin also
revealed a time related cleavage in CGM and OptiSol samples, an event reported in response
to apoptotic stimuli. Conversely, HBSS and ViaSpan samples exhibited no calnexin
cleavage throughout the 24 hour recovery interval. These data suggest that changes in
proteins associated with ER stress and UPR activation occur in a manner that correlates with
the activation of the apoptotic cascade in response to cold exposure.

Effect of UPR Specific Chemical Modulation on Human Corneal Endothelial Cell Survival
Identification of ER stress and UPR involvement in HCEC response to cold exposure led us
to investigate the effect of targeted, specific modulation of the UPR pathway. UPR
inhibition and UPR induction studies were conducted through the addition of salubrinal
(inhibition) and tunicamycin (induction) during hypothermic storage to confirm the role of
the UPR pathway in cold-induced cell death. To examine the effect of UPR specific
inhibition, HCECs were stored at 4°C in the presence of salubrinal for 18 hours, 24 hours
and 2 days, allowed to recover and sample viability assessed. Cold storage for 24 hours in
the presence of salubrinal resulted in a pattern of improved HCEC survival during the 48
hours recovery period (Figure 3A). HBSS and ViaSpan samples remained highly viable
(70-80%) and demonstrated no differences with salubrinal addition at this storage interval (p
= 0.28 and p = 0.98, respectively). CGM and OptiSol stored HCECs demonstrated
considerable improvements following salubrinal addition as these systems began to undergo
hypothermic stress dependent failure. Storage in CGM alone resulted in 7.9% (±2.4)
viability immediately following storage with a subsequent decrease during recovery
resulting in complete loss of viability. Addition of 10μM and 25μM salubrinal, however,
yielded improved post-storage viabilities of 23.1% (±1.4) and 28.0% (±2.1), respectively (p
< 0.001). Interestingly, the 25μM condition allowed for the subsequent maintenance of
HCECs as viability was retained over the 48 hour recovery period. Similarly, HCEC storage
in OptiSol with and without salubrinal addition for 24 hours resulted in similar patterns as
the aforementioned CGM storage with post storage viabilities of 33.5% (±13.3), 52.3%
(±8.2) and 53.9% (±8.2) (OptiSol with 0μM, 10μM and 25μM salubrinal, respectively) (p <
0.01). These UPR inhibition data demonstrated a concentration dependent increase in HCEC
viability that translated to improved survival throughout the 48 hour recovery period.

An extension of the hypothermic exposure interval from 1 to 2 days provided additional
verification of the involvement of UPR and beneficial effect of its inhibition (Figure 3B).
Following 2 days of cold storage there was a complete loss in viability in all CGM and
OptiSol HCECs samples. Interestingly, following this storage interval, HBSS samples
succumbed to preservation-induced cell death yielding sample viability of 9.3% (±3.5)
immediately post-storage. Inclusion of salubrinal during cold storage provided dose-
dependent increases in overall viability to 26.9% (±1.5) and 37.8% (±1.4) (10μM and
25μM, respectively) (p < 0.001). As with the 24 hour sample, 48 hour storage in ViaSpan
yielded minimal cell loss and no effect of salubrinal supplementation (74.3% vs. 76.7%, p =
0.87). These data suggest that UPR specific inhibition has a beneficial effect only once
HCECs begin to demonstrate substantial losses in viability (greater than 50%).

To further test UPR involvement, induction studies were conducted to determine whether
UPR activation would have a negative effect on HCEC survival following hypothermic
storage. As such, the UPR specific inductor, tunicamycin, was added to ViaSpan and HCEC
samples were stored at 4°C for 3 days in the presence and absence of tunicamycin then
assayed for viability at 0, 24 and 48 hours of recovery (Figure 3C). Interestingly,
tunicamycin addition had no immediate effect on post-storage viability as both storage
conditions yielded ~60% cell survival (p = 0.86). However, significant differences in the
storage conditions became evident as assessment continued through the recovery period.
Following 24 hours of recovery a survival difference of 29.0% was noted between the
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conditions. This differential further increased to 53.9% by 48 hours post-storage (p < 0.001).
These findings further support the significant effect that the UPR pathway may play in cell
survival following cold exposure.

Effect of UPR Specific Chemical Modulation on Cell Death Populations Following Cold
Storage

Following the observation of differences in viability through the targeted modulation of the
UPR, we next analyzed what effect this targeted approach has on the level and timing of cell
death following hypothermic storage. HCECs were held at 4°C for 24 hours in various
solutions (CGM, HBSS, ViaSpan and OptiSol) with and without the addition of 25μM
salubrinal and assessed via microfluidic flow cytometry and fluorescence microscopy.
Analysis of the apoptotic and necrotic populations was conducted to examine the effect UPR
inhibition (25μM salubrinal) had on cell death populations post-storage. Temporal Yo-
Pro-1/PI flow cytometric analysis revealed that necrosis accounted for a larger percentage of
the total population in uninhibited samples as compared to their UPR inhibited counterpart.
In this regard, the CGM and OptiSol stored cells demonstrated the largest differences in
levels of necrosis (data not shown). Interestingly, examination of the apoptotic populations
revealed the opposite trend, with the UPR inhibited samples having a larger apoptotic
population than in uninhibited samples. This suggests that UPR inhibition may have resulted
in an increased prevalence of cells that survive the initial stress of cold exposure but
experienced sufficient damaging effects to trigger an apoptotic response following storage,
thus resulting in increased populations of both apoptotic and viable cells as compared to
uninhibited samples. When samples were normalized to the normothermic control, it was
observed that necrotic populations between UPR inhibited and uninhibited samples were
similar. The levels of apoptosis, however, were elevated in the inhibited samples as
compared to uninhibited conditions at each time point (Figures 4A and 4B). The most
noticeable differences between the conditions were in the level of viable cells as well as the
overall total cell retention (as noted by the total stacked population in both Figures 4A and
4B). This was particularly evident in the CGM and OptiSol HCEC samples. These data
illustrate that UPR specific inhibition had a beneficial effect through an increased retention
of total cells during hypothermic exposure resulting in an elevated viable cell population.

These data were corroborated visually via fluorescence microscopy utilizing tri-stain
(Hoechst, PI, Yo-Pro-1) to examine the levels of viable, necrotic and apoptotic and a dual-
staining (calcein-AM, PI) to examine membrane integrity (live and dead cells) between UPR
inhibited and uninhibited samples (Figures 5A and 5B). Specifically, CGM storage for 24
hours with and without salubrinal yielded patterns similar to those observed with flow
cytometry. Increases in viable cell populations and overall cell retention in UPR inhibited
samples compared with uninhibited samples were found (Figure 5A). Micrographs of
calcein-AM and propidium iodide probed samples revealed that salubrinal addition resulted
in a marked increase in both membrane integrity as well as cellular attachment during the
recovery period (Figure 5B). These data further support the beneficial effect that the specific
targeting of the UPR pathway has on HCEC tolerance to hypothermic stress.

Discussion
In this study we examined the role of UPR activation in cellular demise following cold
exposure. In an effort to examine the universality of UPR involvement, four unique storage
media were utilized, each of which represented a vastly different composition ranging from
a balanced salt solution (HBSS) to complete growth media (CGM) to commercial cold
storage media (OptiSol and ViaSpan). The motivation behind the selection of these diverse
media was not to compare solution performance but to examine the activation, progression,
and modulation of UPR based cell death associated in preservation failure regardless of
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storage time or base medium. Investigation of the differential level of survival after a given
storage time due to basal medium formulation, while interesting, was beyond the scope of
this study. As it is progressively recognized that all cold storage media fail to protect cells as
storage time increases, we focused on those “extended” intervals specific to each media in
examining UPR involvement. Examination of HCECs revealed a contrast in cold sensitivity
in vitro with viability dependent on exposure duration and solution. Cell death analysis
demonstrated that necrosis was the dominate mode of cell death once failure had begun
regardless of the media utilized. A sizeable population of apoptotic cells was also noted in
the hours following storage, illustrating the involvement of a complex molecular-based
response to lethal cold exposure. Furthermore, these cell death populations displayed a
temporal response to the cold with a peak in apoptosis observed several hours (4-8) into
recovery in addition to a continued increase in necrosis throughout the initial 24 hour
recovery period. This illustrates the fact that physical stress alone is not the only factor
responsible for cellular demise but instead cold-induced stress pathways are being activated
in response to cold exposure. Previous studies have reported on the involvement of caspases
in response to cold stress as well as the beneficial effect of their inhibition. Western blot
investigations demonstrated the involvement of caspases as well as the down-stream target
PARP in HCEC preservation-induced cell death. In particular, this analysis suggested that
the mitochondrial-mediated (intrinsic) pathway of apoptosis was being activated. This was
an important observation as it led us to investigate UPR involvement, as reports have shown
that the UPR mediates the activation of an apoptotic response, at least partially, through the
mitochondria[53].

The examination of proteins specific to ER stress and the subsequent UPR activation
confirmed that changes, such as the up-regulation of ER chaperones and protein folding
proteins, were observed in correlation with increased losses in sample viability. This finding
was significant because it provided the first implication of the UPR pathway activation in
response to severe cold stress in an in vitro cell model. While there has been an increasing
focus on the UPR pathway in relation to other cell stressors (i.e. ischemia, oxidative stress,
disease states), there was little to no evidence that the UPR is involved with hypothermic-
induced cellular demise, particularly in the cornea. Further, investigation of UPR pathway
involvement through its specific modulation provided supporting evidence of its role during
hypothermic storage. Comparison between UPR inhibited and non-inhibited samples
revealed that modulation of the UPR resulted in increased metabolic activity, membrane
integrity, cellular attachment, and overall sample viability. Additionally, the specific
induction of the UPR resulted in a pronounced increase in cell death throughout the recovery
period as well as the accelerated activation of preservation-induced cell death as compared
to non-induced samples. These data provide additional evidence implicating the UPR’s
involvement as a cold-induced stress pathway playing a role in delayed cell death.

Our data indicate a clear need for further in-depth studies on the UPR in response to cold
exposure. This study was an important first step for human corneal endothelial applications
given that many of these processes involve subjecting corneal tissue to cold prior to
utilization. The in vitro model employed in this study was deemed most relevant for
studying this specific subset of corneal cells as HCECs have little to no replicative capacity,
this is in contrast to using whole cornea from an animal as the model which contain
endothelial cells that have the ability to divide and repopulate following endothelial death
and damage. It is also important to note that the results obtained in this study on individual
HCEC populations differed from the results of studies examining whole cornea storage in
terms of the length of storage times achievable (i.e. 24 hours for HCEC storage in OptiSol
vs. 7 or more days for whole cornea storage in OptiSol). The difference may be attributed to
a number of factors that differ between a whole cornea and HCEC cell culture. The
activation of the UPR was observed in all solutions tested at these “extended” storage times
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demonstrating that this pathway may serve as an important target particularly for cell-based
therapies and potentially for future studies on whole cornea.

This study represents an important first step in linking UPR activation and HCEC storage
failure, however there remains a need for understanding the direct causal relationship. While
the identification and modulation of caspases represents a fundamental advance, it does not
account for the entire preservation-induced cell death story. As such, there remains a
definitive need for further stress pathway identification for improved control. The
identification of novel cold stress pathways, such as the UPR, may allow for a more specific
molecular control of cell responses to improve survival and function. This in turn may
translate into improved outcomes for down-stream corneal utilizations (i.e. transplants,
engineered tissues, etc.). In summary, the UPR appears to be an important pathway for
future studies and holds potential for manipulation as technologies continue to more forward
into more molecular based approaches.
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Figure 1. Viability Assessment of Hypothermically Stored Human Corneal Endothelial Cells
HCEC’s were placed at 4°C in either: Complete Media (CGM), HBSS with Ca++ and Mg++,
ViaSpan, or OptiSol for 18 hours, 1 day, or 2 days. Resultant cell viability following storage
was determined 0, 24 and 48 hours post-storage. The data illustrate profound differences
between storage media and sensitivity of corneal endothelial cells to cold exposure in vitro.
Immediate following 18 hours of storage viabilities of 14.9% (±3.8), 99.0% (±8.2), 91.5%
(±4.0), and 57.4% (±6.5) were noted for CGM, HBSS, ViaSpan and OptiSol storage,
respectively. As the interval was increased to 2 days, only ViaSpan samples remained viable
(68.2% ±7.7).
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Figure 2. Assessment of Apoptosis and UPR Activation Following Hypothermic Exposure
HCEC’s were placed at 4°C in either: Complete Media (CGM), HBSS with Ca++ and Mg++,
ViaSpan, or OptiSol for 18 hours. Protein isolates were collected at 1, 4, 8 and 24 hours
post-storage and western blot analysis was performed on these samples. (A) Analysis of
apoptotic associated proteins revealed increased activation (increased caspase and PARP
cleavage)in CGM and OptiSol stored samples that correlated with decreased viability. (B)
Analysis of ER folding maintenance proteins demonstrated an increase in UPR specific
protein activation in samples which were shown to have decreased viability. Specifically,
there was a marked increase in ERO1-Lα and Bip levels for CGM and OptiSol stored
samples as compared to controls as well as HBSS and ViaSpan stored counter-parts.
Furthermore, a sustain level of PDI in addition to cleavage of calnexin was noted in these
samples illustrating the further evidence of UPR specific activation.
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Figure 3. UPR Specific Chemical Modulation on Human Corneal Endothelial Cell Survival
(A) HCEC samples were stored at 4°C for 24 hours in Complete Media (CGM), HBSS with
Ca++ and Mg++, ViaSpan, or OptiSol been supplemented with either 0μM, 10 μM, or 25
μM salubrinal (UPR inhibitor). Increased survival with salubrinal addition was seen in the
CGM and OptiSol samples as post-thaw viabilities of 7.9%, 23.1% and 28.0% for CGM
storage and 33.5%, 52.3% and 53.0% for OptiSol storage with 0μM, 10 μM, and 25 μM
salubrinal, respectively. (** p<0.001, * p<0.01) (B) Samples were stored at 4°C for 2 days
in Complete Media (CGM), HBSS with Ca++ and Mg++, ViaSpan, or OptiSol supplemented
with either 0μM, 10 μM, or 25 μM salubrinal (UPR inhibitor). Increases in sample viability
in the HBSS condition were observed with salubrinal additions (26.1% and 36.5% vs. 12.7%
without addition). (** p<0.001) (C) HCEC’s were stored at 4°C for 3 days in ViaSpan
supplemented with either 0μg/mL or 25 μg/mL tunicamycin (UPR inducer). Immediately,
post storage no significant difference was observed with tunicamycin addition with
viabilities of 62.2% (±6.9) without addition and 61.4% (±7.3) with tunicamycin. As samples
were allowed to recover a significant difference was noted between the conditions as
ViaSpan without tunicamycin re-grew to 85.4% (±2.4) viability while ViaSpan with
tunicamycin addition declined to 31.5% (±4.4). (** p<0.001)
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Figure 4. Effect of UPR Inhibition on Human Corneal Endothelial Cell Death Populations
Following Hypothermic Exposure
(A) HCEC’s were stored at 4°C for 24 hours in CGM supplemented with either 0μM or 25
μM salubrinal. The total numbers of viable, apoptotic, necrotic and secondary necrotic cells
were assessed at 1, 4, 8 and 24 hours post-exposure using flow cytometry and the relative
percentages of each population determined. An increase in both viable cell and total cell
number was noted at all time points examined with the addition of salubrinal. (B) HCEC’s
were stored at 4°C for 24 hours in OptiSol supplemented with either 0μM or 25 μM
salubrinal. The total numbers of viable, apoptotic, necrotic and secondary necrotic cells were
assessed at 1, 4, 8 and 24 hours post-exposure using flow cytometry and the relative
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percentages of each population determined. An increase in both viable cell and total cell
number was noted at all time points with the addition of salubrinal.
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Figure 5. Time Course Fluorescent Microscopy Assessment of UPR Inhibition on HCEC Cells
Following Hypothermic Storage
Fluorescent images were taken 1, 4, 8 and 24 hours post-storage following 24 hours of cold
storage in Complete Media (CGM) with either 0μM or 25 μM salubrinal. (A) Blue labeled
(Hoechst) cells denote living cells, red (propidium iodide) are necrotic and green (Yo-Pro-1)
indicates apoptotic cells. The micrographs corroborated the trends in cell death as
determined with flow cytometric analysis with salubrinal addition resulting in increased
viable cell and total cell retention populations. (B) Green labeled (calcein-AM) cells indicate
viable cells and red (propidium iodide) cells denote necrotic cells. The micrographs
demonstrate that salubrinal addition resulted in increased cellular membrane integrity, cell
attachment and overall cell viability throughout the initial 24 hours post-expsoure.
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