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II. Impact statement  

Corneal transplantation is a common form of live, allogenic tissue 

transplantation. As newer endothelial keratoplasty (EK) techniques are 

developed, robust methods to evaluate them prior to clinical adoption are 

needed. In the first portion of this thesis, methods to evaluate graft viability at 

all stages of the transplantation journey are described and validated. Unlike 

methods previously described, the imaging techniques developed as part of 

this work allow for viability to be assessed across the entirety of the 

endothelial graft, allowing regional variations in cell density, ongoing cell 

death and healing of wounds during organ storage to be accounted for. 

We examined alternate methods for graft preparation, injection, trephination 

and storage in Descemet membrane endothelial keratoplasty (DMEK), in 

order to determine which of the available options maximises endothelial 

transfer. Our results suggest that peeling DMEK tissue is largely atraumatic, 

with the majority of cell loss being either already present or a result of tissue 

trephination. We show that trephination onto a non-deforming surface, use of 

a larger injector and avoiding entry site incarceration all help to preserve 

endothelial cells. Further endothelial cell loss occurs if prepared DMEK 

scrolls are returned to organ culture prior to clinical use. Endothelial migration 

onto the stromal aspect of Descemet membrane and metaplasia can occur. 

These changes in pre-cut DMEK donor material vary with the duration and 

method of storage used. This has implications for centralised preparation and 

distribution of tissue.  

We developed a rabbit model of keratoplasty to assess endothelial survival 

and migration in-vivo. We show that the total number of endothelial cells 

present immediately post-implantation maps directly to those preserved at 1 

month. We show that, in DMEK, endothelial cell transfer can occur from donor 

to host and vice versa, with the final endothelial monolayer comprising a 

mosaic of the donor and host cells. 

We go on to show endothelial cell migration is affected by the presence of an 

intact basement membrane. Both human and rabbit endothelial cells migrate 
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faster and maintain a more ‘endothelial’ morphology when Descemet 

membrane, a native cell adhesion environment, is preserved. Transplantation 

of an acellular donor Descemet membrane restores the same beneficial 

effect as maintaining the native host Descemet membrane. In situations in 

which Descemet membrane is itself abnormal, such as in Fuchs dystrophy, 

our findings suggest that Descemet Membrane Transfer (a term we have 

coined to describe this procedure) may be more beneficial than Descemet 

Stripping Only.  

Finally, we show that the use of a near infrared tracer, DIR, allows tracking 

of native endothelial cells and those implanted via keratoplasty/cell injection 

for a minimum of a month. The method we describe uses widely available 

clinical imaging equipment. We hope this technique may be developed into a 

clinically useful tool providing new insights into human corneal endothelial 

biology. 
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III. Abstract 

Corneal disease ranks second only to cataract as the leading cause of 

preventable blindness globally, and corneal transplantation is the commonest 

tissue transplant procedure performed worldwide. Whilst scarring and 

infection are overwhelmingly the major causes of corneal sight-loss in the 

developing world, in the USA, Europe and parts of Asia (e.g. Singapore and 

Australia) endothelial dysfunction is the primary indication for corneal 

transplantation. 

Over the past 20 years there has been a paradigm shift in the management 

of corneal endothelial dysfunction. Endothelial keratoplasty (EK), in which the 

patients’ diseased endothelium is selectively replaced with donor endothelial 

cells, has now surpassed penetrating keratoplasty in developed nations. This 

move from penetrating keratoplasty (PK) to EK – small-incision, lamellar 

transplantation – has hastened visual recovery, reduced post-operative 

refractive errors, reduced vulnerability to injury after surgery, and widened 

access to surgery under local anaesthetic. However, each iteration of EK has 

come with a new surgical learning curve, initial increases in donor tissue 

manipulation, and associated increases in primary graft failure rates.  

The goal in corneal transplantation for endothelial failure remains a minimally 

invasive, refractively neutral, and technically simple transplant that provides 

quick recovery and lasting restoration of endothelial function. Preservation of 

endothelial cell density during donor material preparation, implantation and 

storage are key to transplant survival. Low immunogenicity is desirable to 

reduce endothelial failure subsequent to rejection.  

Tools for assessing endothelial damage at each stage of the transplant 

process are pivotal to the development of new surgical strategies. In this 

thesis I describe the development of new image-based, viability assessment 

techniques that allow endothelial damage to be assessed at each stage of 

the transplant process. 
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IV. Abbreviations 

ALK Activin Like Receptor Kinase 
bFGF Basic Fibroblast Growth Factor 
BMP Bone Morphogenic Protein  
BSA Bovine Serum Albumin 
BSCVA Best Spectacle Corrected Visual Acuity  
BSS  Balanced Salt Solution  
Calcein AM Calcein acetoxymethyl ether 
CCD  Charge Coupled Device 
CCT  Central Corneal Thickness 
CEC Corneal Endothelial Cells  
CNTF  Ciliary Neurotrophic Factor  
DIO 3,3'-Dioctadecyloxacarbocyanine Perchlorate 
DIR 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine 

iodide - A Near Infrared Dye 
DM  Descemet Membrane 
DMEK  Descemet Membrane Endothelial Keratoplasty 
DMEK-OSR  DMEK Following Over-Sized Rhexis 
DMEK-USR   DMEK Following Under-Sized Rhexis 
DMT  Descemet Membrane Transfer 
DSAEK  Descemet Stripping Automated Endothelial Keratoplasty 
DSO Descemet Stripping Only 
ECD Endothelial Cell Density 
EDTA  Ethylenediaminetetraacetic Acid 
EGF Epidermal Growth Factor 
EK  Endothelial Keratoplasty 
EMT Endothelial To Mesenchymal Transformation  
En-OC Enhanced Organ Culture Media  
FCS Fetal Calf Serum  
FED  Fuchs Endothelial Dystrophy 
FGF Fibroblast Growth Factor 
FNC Fibronectin, Collagen and Albumin coating mix 
ICG  Indocyanine Green 
ITCN  Image-Based Tool For Counting Nuclei – ImageJ Plugin 
ITS Insulin/Transferrin/Selenium  
HCEC  Human Corneal Endothelial Cell 
HRA Heidelberg Retinal Angiograph 
HRT 
HTA 

Heidelberg Retinal Tomograph 
Human Tissue Authority  

MEM Minimum Essential Medium   
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NHSBT 
NIR 

NHS Blood and Transplant  
Near Infrared 

OCT Optimal Cutting Temperature Medium 
OCT  Optical coherence tomography 
PBS  Phosphate buffered saline 
PBK Pseudophakic Bullous Keratopathy 
PCNA Proliferating Cell Nuclear Antigen 
PDGF Platelet Derived Growth Factor 
PDL Pre-descemetic Layer 
PFA Paraformaldehyde 
PK Penetrating Keratoplasty. 
PDGF Platelet Derived Growth Factor  
pRb Retinoblastoma gene product  
ROCK  Rho-associated protein kinase 
RT  Room temperature 
SERI Singapore Eye Research Institute 
SFM  Serum free media  
TGF-β2 Transforming Growth Factor-β2  
VIP  Vasointestinal Peptide 
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1 : General Introduction   
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1.1 Corneal Surgical Anatomy 

The cornea is classically considered to be composed of 5 layers, from 

anterior to posterior these are the epithelium; Bowman’s membrane; corneal 

stroma; Descemet membrane (DM) and the endothelium. In EK, the 

endothelium, DM and a variable amount of supporting corneal stroma are 

transplanted to restore endothelial function. The different forms of EK are 

defined by the amount of supporting stroma and the preparation method 

used; none for Descemet Membrane Endothelial keratoplasty (DMEK), 

approximately 20µm in Pre-Descemet Endothelial keratoplasty (PDEK) and 

between 50-200µm in Descemet stripping automated endothelial 

kertaoplasty (DSAEK) (Figure 1.1). Recently there has been a debate as to 

whether the dissection plane created during pneumo-dissection in PDEK 

constitutes a new layer. Experimentation has shown that fluid separation of 

the endothelium can occur at one of two planes, either between the DM and 

stroma or by cleaving a deep intrastromal plane, with a thin layer of stroma, 

the pre-descemetic layer (PDL) (McKee et al., 2011, McKee et al., 2013, Dua 

et al., 2013), remaining attached to the DM. This deep stromal dissection can 

only be achieved by forceful fluid injection, and unlike separation at the DM-

stroma level, cannot be produced by peeling. 
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Figure 1.1 Diagrammatic representation of different forms of 
endothelial keratoplasty 

(a) DSAEK: The graft is produced using a microkeratome and consists of a layer 
of posterior stroma (light blue), the PDL (dark blue), Descemet membrane (red) 
and the endothelial cells (b) PDEK: the graft consists of the PDL, (typically in the 
order of 20µm thick), Descemet membrane and the endothelial cells. The graft 
is produced by fluid dissection (c) DMEK:  the graft consists of only Descemet 
membrane and the endothelial cells (d) DMEK-S/DMAEK – The graft is a PDEK 
graft with a peripheral ring of stroma that prevents scrolling when submerged in 
liquid 
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1.2  Corneal Endothelium Anatomy 

The human corneal endothelium is a monolayer of predominantly hexagonal 

cells in contact with the aqueous humor. Uniform hexagonal patterns are 

observed throughout the natural world. In foam models, a hexagonal pattern 

has the lowest energy state and the greatest ratio of volume to surface area 

(Worner et al., 2011). The hexagonal pattern of the corneal endothelium is 

thus believed to result from the interplay between cell surface tension and the 

need to densely pack mitochondria rich cytoplasm into a limited space. 

Corneal endothelial cells are derived from the neural crest (Wulle et al., 1974, 

Wulle, 1972). The term endothelium is an anatomical description and it is 

noteworthy that corneal endothelial cells differ from vascular endothelial cells 

in function and in their tissue of origin – vascular endothelium is 

mesodermally derived and shares few surface markers with corneal 

endothelium. A mature, phenotypically normal endothelial monolayer is 

characterized by the expression of zonular occludens 1 (ZO-1) and vimentin 

at the apical cells borders and sodium/potassium ATPase (Na+/K+ ATPase) 

at the lateral borders (He et al., 2016). Classically, expression and 

localization of these proteins was used to determine the health of the 

endothelium (Crewe and Armitage, 2001) and confirm endothelial cells have 

not been overgrown by fibroblasts or undergone metaplasia in culture 

experiments. A cell surface  marker specific for corneal endothelial cells has 

been found,Tag2A12, and may be useful for cell sorting prior to culture and 

differentiating corneal cell subtypes (Ding et al., 2014). 

At birth, endothelial cell density (ECD) is 3000-4000 cell/mm2 (Hiles et al., 

1979). This gradually declines with age, at a rate of approximately 0.6%/year, 

reaching approximately 2500 cell/mm2 in adulthood (Laing et al., 1976, 

Murphy et al., 1984, Bourne et al., 1997). There is a reduction in cell density 

from the periphery to the centre of the cornea and recent studies suggest that 

this may be partly due to perpetual centripetal migration of cells from putative 

stem cell niches located in the extreme periphery (Amann et al., 2003, 

Whikehart et al., 2005, McGowan et al., 2007, He et al., 2012,), although any 

regeneration seems insufficient to replace cell loss in conditions such as 
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Fuchs endothelial dystrophy. 

1.3 Corneal Endothelial Physiology 

The primary role of the corneal endothelium is to maintain corneal clarity by 

actively pumping water out of the stroma and into the anterior chamber. 

Water is naturally drawn into the stroma by the imbibition pressure produced 

by the negatively charged proteins that comprise the proteoglycan matrix that 

surrounds each collagen fibre (Hedbys et al., 1963). Tight junctions between 

epithelial cells are continuous, forming an effective barrier to fluid flow from 

the tear film, however those in the endothelium are discontinuous meaning 

water ‘leaks’ from the anterior chamber into the stroma (He et al., 2016). This 

is to allow the avascular cornea to derive nutrients from the aqueous, which 

are transported along with the flow of water. Water is actively ‘pumped’ back 

into the anterior chamber by ATP dependent, electro-osmosis maintaining 

the 78% hydration state required for optimal corneal clarity and light 

transmission (Meek and Knupp, 2015). 

The precise mechanism is yet to be resolved, but a combination of sodium 

and bicarbonate transport is known to be involved (Hull et al., 1977, Geroski 

and Edelhauser, 1984). If the ECD drops below a threshold of 300-500 

cells/mm2 this function is reduced to the point where corneal clarity can no 

longer be maintained. At present, the only widely available treatment is 

replacement of endothelial cells via transplantation. Assessment of 

endothelial function/health, for example in human cultured endothelial cells 

(HCEC’s), is usually based on normal expression of the classical phenotypic 

markers and anatomical descriptors. Even though pump function can be 

measured directly using an Ussings Chamber (Hedbys and Dohlman, 1963, 

Elliott et al., 1980), this is technically very challenging and not universally 

performed.  

1.4 Regenerative Capacity 

It is generally accepted that the human corneal endothelium, in contrast to 

that of other species, has a very limited regenerative potential. Endothelial 
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cells are terminally differentiated and are maintained in a state of G1 cell-

cycle arrest by a number of factors including contact inhibition (possibly 

mediated by the cyclin-dependent kinase inhibitor p27Kip1)(Joyce et al., 

2002); deficiency of positive growth factor stimulation (Senoo and Joyce, 

2000a); premature senescence ( Joyce et al., 2009,Sheerin et al., 2012); and 

the presence of transforming growth factor-β2 (TGF-β2) suppressing S-

phase entry ( Joyce et al., 2002, Okumura et al., 2013a). 

In-vivo, corneal wounds heal primarily through spreading and migration of 

neighbouring healthy cells. This process leads to a reduction in the 

percentage of hexagonal cells (pleomorphism), enlargement of cells and a 

greater variation in cell size (polymegethism) (Doughman et al., 1976). These 

descriptors can be obtained from in-vivo and in-vitro imaging methods, such 

as specular/confocal microscopy and, along with ECD, are often used as 

indirect metrics of cell health.  

There is evidence of low level human endothelial proliferation in-vivo, 

following wounding. Trefers et al. studied endothelial proliferation in two 

patients. A wound was created by a central transcorneal freeze in live human 

subjects scheduled for enucleation for choroidal melanoma. After removing 

the cornea from the enucleated eye, using tritriated thymidine, evidence of 

both migration and proliferation of corneal endothelial cells was observed 

(Treffers, 1982). These findings were consistent with those of similar 

experiments conducted in ex-vivo human corneas in organ culture 

(Doughman et al., 1976). Possible evidence of in-vivo corneal replication has 

also been seen using specular microscopy in recovering grafts following 

rejection episodes (Laing et al., 1984). 

He et al. studied flat-mounted, fresh corneoscleral specimens for the 

proliferation marker Ki67 and found positive staining in the far periphery of 

unwounded corneal specimens (He et al., 2012). Similar findings have been 

seen in organ cultured corneas stained for proliferating cell nuclear antigen 

(Gan et al., 1998). It has also been postulated that stem cell activity may 

reside in the peripheral cornea (Whikehart et al., 2005, He et al., 2012). 
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What remains unclear, is if the level of proliferation can be augmented to the 

extent where it can become a viable option to provide a lasting treatment for 

endothelial failure without transplantation of allogenic donor cells. 

1.5 Corneal Endothelial Failure 

If ECD falls below approximately 500 cells/mm2, risk of pump failure 

increases, resulting in corneal oedema, opacity and ultimately scarring and 

vascularization if left untreated (Bourne and Kaufman, 1976). The most 

common causes of endothelial failure are inherited degeneration and surgical 

trauma.  

Fuchs corneal endothelial dystrophy (FED) is characterized by non-confluent 

central deposits of extracellular matrix termed guttae. FED is considered an 

autosomal dominant disorder with variable expressivity (Magovern et al., 

1979, Eghrari et al., 2015) and it is the commonest cause of corneal 

endothelial dysfunction (Aldave et al., 2013). The disease typically manifests 

after the age of 40, but an early onset form associated with mutations in the 

COL8A2 gene that encodes the a2 polypeptide of collagen type 8 has been 

described (Gottsch et al., 2005). 

Mutations in several genes, including LOXHD1 (Riazuddin et al., 2012), 

SLC4A11 (Vithana et al., 2008) and TCF4 (Baratz et al., 2010) have been 

associated with FED. Baratz et al. described results of a genome-wide 

association study that revealed a highly significant association between 

single nucleotide polymorphisms, most notably rs613872, in the transcription 

factor 4 (TCF4) gene and typical, late onset FED (Baratz et al., 2010).  The 

presence of greater than 50 CTG repeats was found to have a 79% sensitivity 

and 96% specificity for late onset FED, and similar results have been reported 

independently (Wieben et al., 2012, Vasanth et al., 2015). Expansion of a 

non-coding trinucleotide repeat in the TCF4 gene is seen in approximately 

75% of FED cases (Fautsch et al., 2020, Wieben et al., 2012). TCF4 

mutations have since been confirmed in FED patients of Chinese (Xing et al., 

2014)  and Indian origin (Nanda et al., 2014).  
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As the number of guttae increase, there is a corresponding decline in ECD. 

Increased pleomorphism, polymegethism and large intracellular vacuoles 

containing melanin like deposits are seen. Endothelial cells become 

metaplastic showing both fibroblastic and epithelial morphologies (Mustonen 

et al., 1998) and surface markers (Tuft and Coster, 1990). As endothelial cell 

number and function declines, corneal oedema develops leading to 

opacification with vascularization if left untreated. The pathogenesis of Fuchs 

dystrophy remains to be fully elucidated. Recently it has be shown that triplet 

expansions associated with TCF4 gene mutations accumulate as RNA foci, 

sequestering RNA splicing factors and resulting in a global splicing disruption 

within corneal endothelial cells (Zarouchlioti et al., 2018). It is unclear why 

central endothelial cells seem preferentially affected, and differences in 

oxidative stress may play a role (Wang et al., 2007). 

A study of 8 million enrolees in a national managed care network throughout 

the United States estimated the overall prevalence of Fuchs dystrophy at 

0.078% (Moller and Sunde, 2013). However these population based studies 

fail to account for the increasing prevalence of FED with age, and prevalence 

in the older, ‘at-risk’, population is significantly higher (Musch et al., 2013).  

Rosenblum et al. reported guttae visible on slit-lamp examination in 4% 

patients above 40 years old (Rosenblum et al., 1980), and Waring et al. 

reported that guttae occur in 5% to 70% of patients above 40, with an 

increasing prevalence seen in older patients (Waring et al., 1978).  

When assessed with specular microscopy, the prevalence of guttae is even 

higher, being observed in 11.2% of white subjects (over 55 years old) and  

5.5% of East Asian’s  (over 50 years old). Prevalence is also higher in females 

(5.5%–11%) than males (1.5%–7%) ( Kitagawa et al., 20, 02Zoega et al., 

2006) . 

Detailed epidemiological data on other causes of endothelial failure are not 

available. Most information on the aetiology of endothelial failure comes from 

corneal graft registries. In the USA, the commonest causes of endothelial 

failure necessitating corneal grafts are Fuchs dystrophy (46.8%) and surgical 

trauma – pseudophakic bullous keratopathy (PBK) (19.1%). Primary 



 34 

endothelial dysfunction accounts for one third of all corneal transplants in the 

USA, with re-grafts accounting for a further 15% (Eye Bank Association of 

America Statistical report). In the UK, 50% of transplants are to treat primary 

endothelial failure (data from NHSBT). 

1.6 Corneal Transplantation 

Overall, the number of grafts performed for FED is increasing in the western 

world in line with an aging population and earlier adoption of transplantation. 

Whilst grafts for PBK declined with the switch from ECCE to 

phacoemulsification, they have now plateaued, and increasing numbers of 

cataract operations associated with an ageing population may see a future 

rise (Keenan et al., 2012, Gain et al., 2016). 

It is estimated that over 200,000 corneal transplants are performed annually 

worldwide. In 2018, 85,441 grafts were performed in the USA of which 30,336 

were endothelial transplants (Eye Bank Association of America Statistical 

report). In 2016, EK was performed in 89% of grafts for Fuchs dystrophy and 

59% of grafts for PBK. This trend towards lamellar keratoplasty has been 

seen across the developed world. In the UK 82% of grafts for FED and 62% 

for PBK are now EK. Technical difficulties in tissue preparation and insertion 

mean that presently DSAEK is still the most common form of endothelial 

keratoplasty. In 2012 only 748 DMEK’s were performed out of 23,000 EK’s 

conducted in the USA. This figure rose to 6,495 out 28,327 in 2016 and 

continues to rise as more surgeons adopt this new procedure. In other 

countries, such a Germany, where transplantation tends to be limited to high-

volume, specialist centres and performed by relatively few surgeons, DMEK 

has overtaken DSAEK as the primary form of EK. 

1.6.1 Evolution of Endothelial Keratoplasty 

Whilst Charles Tillet was the first to perform a successful EK in 1956 (Tillett, 

1956), it was not until the work of Gerrit Melles, some 40 years later, that the 

technique became widely practised. His first iteration of endothelial 

keratoplasty was termed ‘posterior lamellar keratoplasty’ (Melles et al., 
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1998). The procedure involved a limbal to limbal, deep lamellar dissection 

that was subsequently removed through an 8mm limbal incision. The 

manually prepared endothelial graft was placed under the recipient bed and 

held in place with an air bubble. This procedure was lengthy and surgically 

demanding, with donor dissection initially being conducted on whole globes. 

As such it was slow to be adopted. However, the procedure resulted in faster 

visual recovery, a relatively unchanged, stable topography, greater tectonic 

strength and similar endothelial cell losses when compared to PK (Melles et 

al., 2000, Van Dooren et al., 2004).  

In the USA, Mark Terry simplified the technique in 2000 with new 

instrumentation and an artificial anterior chamber for donor preparation and 

named this variation deep lamellar endothelial keratoplasty (DLEK)(Terry, 

2003). However, it was still considered too complicated by most surgeons 

and again failed to gain widespread acceptance. The two biggest steps 

forward were the revelation that the diseased endothelium and Descemet 

membrane could be simply stripped off the posterior stroma eliminating the 

need for a deep stromal dissection in the recipient (Melles et al., 2004) and 

use of the mircokeratome to simplify the anterior lamellar dissection on the 

host (Gorovoy, 2006), a procedure termed Descemet stripping automated 

endothelial keratoplasty (DSAEK). 

Melles performed selective removal and replacement of only the damaged 

DM and endothelial layer in cadaver eyes in 2002, and two variations of this 

technique were performed in patients 2006; Descemet Membrane endothelial 

keratoplasty (DMEK) by Melles (Melles et al., 2006) and True endothelial cell 

transplantation (Tencell) by Tappin (Tappin, 2007). The benefits of a small 

incision, better post-operative endothelial cell counts and limited reliance on 

customized insertion devices meant that DMEK prevailed as the method of 

choice for selective endothelial transplantation. Elimination of expensive 

instrumentation and ability to use the same cornea for both an anterior 

lamellar and an endothelial graft means that DMEK has the potential to open 

up endothelial keratoplasty to a wider population (Heindl et al., 2011a). 

However technical difficulties in tissue preparation and insertion mean that 
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primary failure amongst novice surgeons remains high and as a 

consequence, in most parts of the world, adoption has been relatively slow 

since it was first described.  

1.7 Corneal Storage 

The success and high volume of corneal graft surgery is owed largely to the 

availability of organ storage methods that are not afforded to other forms of 

solid organ transplantation. 

It was initially thought that only very fresh tissue was viable. However, in 1935 

Filatov showed that post-mortem tissue could be successfully transplanted  

and subsequently pioneered whole-globe, cold storage (Filatov, 1946). From 

here the road to eye banking was opened and fresh tissue was harvested 

and transferred to centralized repositories in cooled, moist chambers prior to 

being redistributed. Fresh tissue collected and stored in moist chambers must 

be used within 1-2 days, although many surgeons would perform transplants 

as emergency procedures as soon as tissue become available. 

As understanding of the functional importance of the individual corneal layers 

grew, emphasis on preservation of the corneal endothelium became the 

primary outcome of successful corneal storage (Stocker, 1953). Today there 

are 2 commonly used methods to store corneal tissue. 

1.7.1 Cold Storage 

Mizukawa and Manabe originally described liquid preservation of whole 

globes in 1968 (Mizukawa and Manabe, 1968). Then in 1974, McCarey and 

Kaufman demonstrated storing dissected cornea-scleral discs at 4°C was 

viable (McCarey and Kaufman, 1974, McCarey et al., 1976,). They used a 

combination of M199 medium with 5% dextran, HEPES buffer and 

gentamicin. Cold stored corneas in M-K medium enter a state of cell stasis 

and are viable for up to 4 days. Endothelial cell density and morphology could 

be examined by specular microscopy before storage and, crucially (because 

significant tissue swelling was prevented) after storage, once the 
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corneoscleral disc has warmed to room temperature. 

During the 1980’s and 90’s several alternative cold storage media were 

produced. Dexsol consisted of MEM with the addition of dextran, HEPES, 

pyruvate, non-essential amino acids, antioxidants and gentamicin. A new 

media called ProCell was formulated from this base mixture with the addition 

of insulin and h-EGF. It was initially hoped that this would result in endothelial 

proliferation during storage and improved graft survival; however, a 

prospective randomized control trial failed to show any significant difference 

between the 2 media (Lass et al., 1994). 

Hypothermic storage times have been further extended with the development 

of solutions such as Optisol, which is used extensively in US eye banks. This 

solution contains both dextran and chondroitin sulphate, which are thought to 

extend endothelial viability by preventing peroxidation of cell membrane 

lipids, although evidence of their precise action is absent,  and a range of 

other supplements including vitamins and ATP precursors. Storage times up 

to 14 days are claimed but the epithelium is less well preserved than the 

endothelium, and many surgeons prefer not to use tissue that has exceeded 

7 days of storage (Wagoner and Gonnah el, 2005). 

1.7.2 Organ Culture 

Organ culture is the preferred choice of storage in most European and 

Australasian eye banks. The organ culture process is designed to provide a 

more physiological environment for the metabolically active donor cornea. 

Whole globes are procured and a blood sample for serological and nucleic 

acid testing is simultaneously taken from the donor. The cornea and a 4 mm 

rim of scleral tissue is excised and stored in MEM with the addition of 2% 

(UK), 8% (Denmark/Sweden), or 10% (Belgium) fetal calf serum (FCS), 

antibiotics, antimycotics and differing buffers and supplements depending on 

the eye banks individual preferences. The corneas are then stored in sealed 

bottles at a temperature of 31-37°C for up to four weeks. Even longer storage 

times are possible (Wagoner and Gonnah el, 2005) and a series of 6 

successful transplants using tissue that had been in storage for seven weeks 
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(media changed at four weeks) has been reported in the literature (Ehlers et 

al., 1999). 

A specimen of the culture media is withdrawn during the incubation period 

allowing for assessment of microbial contamination. Since there is a natural 

tendency for the corneas to swell in culture, the tissue is transferred to media 

containing for 5% dextran for up to 4-5 days prior to use to allow it to 

deturgess. Initially, Sperling added dextran to the base culture media but this 

seems to detrimental to endothelial survival (Pels and Schuchard, 1984). 

Longer periods in dextran containing media are associated with increased 

endothelial cell loss (Borderie et al., 1997, Crewe and Armitage, 2001) and 

poor recovery of pre-existing damage (Lin et al., 1992). The tissue is usually 

kept incubated whilst in the eye bank and transported at room temperature 

to the surgeon in this dextran containing media. 

1.8 Quality control 

In the United Kingdom there is no upper age limit for eye donors and post-

mortem retrieval times of up to 24 hours are accepted. The great majority of 

corneas are stored in organ culture and the minimum endothelial cell density 

(ECD) for PK/EK is 2200cells/mm2. 

Between 13-30% of organ cultured donor corneas are discarded because 

they fail to meet the minimal endothelial density required (Armitage & Easty 

1997, Gavrilov et al. 2010, Armitage et al., 2014). This proportion increases 

with donor age, additionally corneal endothelial assessment becomes more 

difficult in corneas from older donors (Gavrilov et al. 2010). In 2012, 13,000 

corneas were discarded in the USA for failing to meet the desired tissue 

quality. A multivariate analysis of greater than 7000 grafts collected in the UK 

showed that donor age and storage time in organ culture had the greatest 

influence of suitability for transplantation (Armitage 2003). Corneas from 

multi-organ donors were also more likely to be suitable for keratoplasty. 

Reduced cell loss with shorter storage time was confirmed in a masked trial 

(Thuret 2003). 



 39 

Times from death to enucleation and from enucleation to corneoscleral disc 

excision (i.e., processing), and overall time from death to processing had no 

influence on the suitability of corneas for PK (Armitage and Easty, 1997, 

Armitage et al., 2014). 

1.9 Transplant Survival 

The Cornea Donor Study Group assessed the effect of donor age on graft 

survival. At both five and ten years post penetrating keratoplasty (for 

endothelial failure) there was no difference in graft survival between young 

and old donors (Writing Committee for the Cornea Donor Study Research 

Group et al. 2008, Armitage et al., 2014). Average endothelial density at ten 

years post grafting in clear corneas was 628 cells/mm2 (78% cell loss) in 

young donors (12-65 yrs) compared to a median 550 cells/mm2 (79% cell 

loss) in donors 65-75 yrs. Starting donor corneal ECD and larger diameter 

transplants were significantly associated with higher endothelial cell counts 

at ten years post transplantation (Writing Committee for the Cornea Donor 

Study Research Group et al., 2013). Bourne et al. showed that the rate of 

endothelial cell loss (annual percentage decrease in ECD) is relatively 

consistent. The major factors in determining graft survival time were pre-

operative corneal ECD and the cell density at six months after surgery, which 

is presumed to be closely linked to cell loss due to transplantation trauma 

(Nishimura et al., 1999, Bourne, 2001, Patel et al., 2010). Interventions which 

preserve or enhance ECD at every stage of the transplant journey from donor 

to host are therefore central to improved corneal transplant survival. 
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1.10  The journey from host to donor 

Post-operative ECD is influenced by trauma during material preparation and 

implantation, and by donor material storage conditions. To develop strategies 

for improving ECD after corneal transplantation, we need to understand each 

of the following five critical stages in the journey from donor to host. 

1. Initial corneal storage 

2. Material preparation 

3. Prepared EK storage 

4. Material implantation 

5. Cell loss post implantation 

1.11 Endothelial viability in corneas for 
transplantation  

It is recognized that not all cells transplanted during corneal grafting are 

viable and that cell death and damage occurs during the preparation and 

delivery of endothelial grafts. It is important to have robust measures of cell 

damage when assessing new surgical methods and storage techniques to 

ensure they are safe and to compare different approaches to graft 

preparation. Viability assessment based on bright field microscopy, 

fluorescence microscopy, electron microscopy (see Table 1.1) and janus 

green photometry (Hartmann and Rieck, 1989) have been described. 

Both necrosis and apoptosis have been detected in the corneal endothelium 

in response to a diverse set of stressors including oxidative stress, thermal 

injury and bacterial exotoxins. The degree of apoptotic cell death appears 

lower in the endothelium than in the epithelium, and where apoptosis does 

occur, TUNEL assays may be negative (Crewe and Armitage, 2001).  

Cell death is common at the ridges of folds on the posterior stromal surface 

(Nartey et al., 1989, Albon et al., 2000) which occur post-mortem (Brunette 

et al. 1989), and during storage as a result of tissue swelling. Damaged 

endothelial cells at these sites desquamate (Silverstein et al., 1982), leaving 
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characteristic lines in the monolayer previously termed ‘snail tracks’. These 

areas of damage were first described in M-K medium stored corneas and 

after intraocular surgery (Alfonso et al., 1986). Mechanical stress has been 

calculated to be higher at sites of corneal folds (Hennighausen et al., 1998) 

and is known to initiate apoptosis in myocytes (Leri et al., 1998) and type II 

alveolar cells (Hammerschmidt et al., 2007), suggesting a potential causative 

role in endothelial cell death.  

It is uncertain if these ejected cells are dead at the time of leaving the 

monolayer. Cultures of cells collected from aqueous taps in rabbits subjected 

to endothelial freeze wounding have shown ejected endothelial cells retain 

the ability to divide and set up primary cultures (Silverstein et al., 1982). 

Histological studies in donor corneas excluded from transplantation due to 

poor endothelial cell quality, have shown cells at sites of folding can be 

TUNEL positive and still remain attached to their basement membrane (Albon 

et al., 2000). These cells do not always show the typical morphological 

characteristics of apoptosis (Gain et al., 2002a). As such, viable cells maybe 

ejected from the endothelial monolayer and those committed to cell death 

may remain attached, meaning simple estimates of cell viability based on cell 

counts may be insufficient. This difference may relate to the different inducers 

of cell damage (freezing vs mechanical stress at fold sites). If apoptosis is 

induced with the mycotoxin staurosporine, the majority of cells leave the 

monolayer within 24 hours, with those remaining showing nuclear 

condensation and blebbing consistent with a classical apoptotic morphology 

(Thuret et al., 2003b).  

In organ culture models, after individual cells are ejected from the endothelial 

monolayer the remaining cells spread and fill the gap left. This causes a 

change in the normal hexagonal patterning of cells with five to eight cells 

forming a junction termed a rosette (Sperling, 1978). This process occurs 

within two hours of cell ejection. It is followed by further re-modelling over the 

next 48 hours resulting in pleomorphism. Based on observations such as 

these, and those performed clinically using specular microscopy, 

hexagonality ratio, pleomorphism and polymegethism are used as surrogate 
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markers of endothelial monolayer health. Why this process fails to occur at 

the site of corneal folds is uncertain, but it is possible that localized increases 

in mechanical stress prevent wound healing from occurring. Alternatively, 

there may be continued migration to, cell death at, and desquamation from, 

these areas. 

1.12 Clinical methods for evaluating cell damage 

Currently several different methods of evaluating ECD and viability are 

employed in eye banks prior to issuing tissue and in experimental evaluations 

of endothelial integrity. These fall into two broad categories, cell level viability 

assessment, usually performed on small representative fields, and global 

tissue assessment where an estimation of the viable endothelium across the 

whole graft is made. 

Eye banks using cold storage media use specular microscopy combined with 

slit lamp biomicroscopy to assess corneas stored in customized, closed 

system, viewing chambers. Measurements of ECD are combined with 

qualitative assessments of tissue damage without formal viability 

assessments. 

In eye banks that utilize the organ culture method, endothelial cell counts and 

areas of damage are assessed using trypan blue (Sperling, 1980). Trypan 

blue at a concentration of 0.1-0.4% is applied for 30-90 seconds before being 

washed off. Passage of dye is excluded by an intact plasma membrane but 

stains cell nuclei blue in dead cells that have permeable cell membranes. It 

is possible that trypan blue exclusion underestimates cells death, as dead 

cells with intact membranes will represent a false negative. Individual 

endothelial cells are visualized by swelling their cell borders with sucrose or 

0.9% sodium chloride. High power images are taken and cell counts 

performed in these ‘representative’ areas, either manually or with dedicated 

software (Gain et al., 2002b), to determine cell density. Comparison of the 

total number of cells and those staining with trypan blue allows a percentage 

of dead cells to be calculated. As trypan blue also stains denuded areas of 
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Descemet membrane, application of this dye can also be used to exclude 

tissue with large areas of cell loss. 

Limitations with this method include the fact that unhealthy and absent cells 

are difficult to visualize, meaning that images are only obtained from 

undamaged cells and inferences about the whole cornea are made from 

these. Additionally, trypan blue assessment may systematically 

underestimate cells undergoing apoptosis in organ culture. Gain et al. found 

that, in individual corneas, the number of TUNEL positive cells could be ten 

times higher than those staining with trypan blue, and were particularly 

prevalent in corneas that were undergoing more extensive cell loss during 

the culture process (Gain et al., 2002a). They attributed this to apoptosis 

being an active energy dependent process in which the cell membrane pores 

that allow trypan blue ingress occur late. Conversely, Crewe & Armitage 

found very little caspase-3 staining of endothelium and only after extended 

storage, whereas the epithelium showed increasing numbers of apoptotic 

cells during organ culture (Crewe and Armitage, 2001). Their study was 

performed in. transplant quality tissue that was excluded due to medical 

contraindication, and it is possible that extensive apoptosis is only seen in 

unhealthy tissue that would not pass standard eye bank quality controls.  

Komuro et al. examined apoptosis throughout all corneal layers in material 

stored in Optisol (Komuro et al., 1999). In their small series, tissue in storage 

for less than 14 days showed very little TUNEL positivity (max 3%, with a 

median of 1% of cells being TUNEL positive) 

Many authors have used simple estimations of cell density, using either bright 

field or specular microscopy, from one or several random high power fields 

to evaluate endothelial damage associated with graft preparation and 

storage. However assumptions about overall graft health made from small 

areas are likely to be unreliable, as cell density and damage during 

preparation is not uniform across the cornea (Amann et al., 2003). 
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1.13 Experimental assessment of Endothelial 
Viability  

A variation of the eye bank technique has been used in the assessment of 

cell loss and damage in experimental studies comparing techniques of graft 

preparation and insertion in which trypan blue is combined with alizarin red S 

(Taylor and Hunt, 1981). Alizarin red S avidly stains intercellular borders, 

making determination of cell density easier. This method is not used in eye 

banks, as alizarin red S is itself toxic to endothelial cells. A low power global 

specimen image is used to calculate the total area covered by endothelial 

cells by subtracting the area not staining with alizarin red S/ trypan blue from 

the total specimen area. This global assessment method can either be used 

on its own, giving a percentage viable graft area, or combined with 

measurements of cell density. In the latter method, cell density is calculated 

from single or multiple high power images taken from undamaged areas. 

Average cell density is then applied to the calculated healthy cell area giving 

an effective cell density in the transplant. The combination of trypan blue and 

alizarin red has been used to assess endothelial damage after graft 

preparation and storage (Rose et al., 2008), in models of PK (Alqudah et al., 

2013) and EK (Mehta et al., 2008, Ide et al., 2008b). This technique has also 

been combined with image processing software to provide a semi-

automated, quantitative pan-corneal assessment of ECD (Saad et al., 2008). 

This method has its limitations. The trypan blue-stained nuclei of individual 

dead cells may not be resolved by standard macroscopic photography 

(Sperling, 1978). Smaller, non-contiguous areas of dead cells may therefore 

be included incorrectly in macroscopically viable areas and missed by sample 

fields at higher magnification. It is technically more difficult to automate cell 

counting based on border recognition than nucleus recognition (Ruggeri et 

al., 2005). Both trypan blue and alizarin red S stain the stromal surface of DM 

making accurate image segmentation more difficult in DMEK assessment. 

Extrapolation from small central high power fields to global estimates of viable 

ECD may also be problematic. In addition to the risk of sampling bias, ECD 

increases from the corneal apex to the periphery (Amann et al., 2003), and 
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cell death is not uniform across the cornea (Albon et al., 2000, He et al., 

2012). 

The use of fluorescent viability assays in endothelial assessment has also 

been described (Pipparelli et al., 2011). Fluorescent images benefit from 

easier cell identification by the use of their nuclei, individual colour channels 

are easier to separate, both during image acquisition and processing, and 

appropriate thresholding can be used to filter out background noise from the 

image. 

Imaging using calcein AM/ethidium and Hoechst triple staining is commonly 

used to assess cell viability in cell biology. Calcein AM is metabolized to 

fluorescent calcein by non-specific cytosolic and nuclear esterases and is 

only retained if the cell membrane is intact. This gives a marker of living cells. 

Similar to trypan blue, ethidium homodimer only permeates cells with 

compromised cell membranes. Upon binding to nucleic acid, ethidium’s 

fluorescence increases greatly giving a high signal to background ratio. 

Similar to alizarin red S and trypan blue, pan corneal imaging of calcein 

induced fluorescence and high power cell density images are combined to 

determine effective cell density (Pipparelli et al., 2011). Open source image 

processing software has been described, but is currently unavailable to 

facilitate assessment (Bernard et al., 2014). 

It remains uncertain as to how well calcein AM/ethidum homodimer and 

trypan blue/ alizarin red S compare and whether one method is superior to 

another. In separate studies evaluating DSAEK, average cell loss was higher 

in those samples assessed using the Calcein AM, leading the authors to 

suggest that this technique may be more sensitive (Stoeger et al., 2012). 

When calcein AM/ethidium assessment was compared directly to the 

standard eye bank trypan blue method, corrected ECD was 12% lower with 

the former in whole corneas. Additionally calcein AM/ethidium assessment 

was able to detect a significant drop in corrected ECD after tissue preparation 

whereas trypan blue assessment did not (Pipparelli et al., 2011). The authors 

concluded that eye bank based, trypan blue assessment may not be sensitive 

enough to detect damage induced during tissue preparation. 
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Ethidium homodimer and trypan blue both rely on increased membrane 

permeability to detect dead cells. So it is possible that ethidium staining also 

fails to detect cells undergoing early apoptosis. 

Both methods must be performed in living specimens, as conventional 

paraformaldehyde fixation induces artefacts in the staining pattern observed. 

In assessing ultrathin grafts, significant iatrogenic damage may be caused by 

manipulations and incisions necessary to flat mount the endothelium prior to 

imaging. Taylor et al. used glutaraldehyde 2.5% as a fixative with trypan 

blue/alizarin red to preserve the staining intensity. However, this induces 

tissue shrinkage which hampers interpretation of cell density (Taylor and 

Hunt, 1981). 

To date no consensus exists on the best method for assessing endothelial 

damage; different research groups use different methods in their evaluations 

(Table 1.1). The true cell pool transplanted during DMEK is yet to be 

established and estimates range from 0.03% to 24% of the cell pool being 

non-viable (Jardine et al., 2014, Kobayashi et al., 2015).  

 

Author/Ye
ar 

Method Application Tissue 
preparatio
n 

Assessme
nt Method 

Melles 2002 Trypan 
Blue/Alizarin Red 
S 

DMEK injection and 
unrolling 

N/S Small 
sample 
areas 

Sikder 2006 
 

Calcein AM, 
Ethidium 
Homodimer 

Femto DSAEK N/S Small 
sample 
areas 

Saad 2008 Trypan 
Blue/Alizarin Red 
S 

DSAEK, taco fold Imaged 
curved 

Global 
imaging 
alone 

Ide 2007/8 Trypan 
Blue/Alizarin Red 
S 

DSAEK, various 
interventions 

Imaged 
curved 

Qualitative, 

Rose 2008 Trypan 
Blue/Alizarin Red 
S 

Precut DSAEK Radial 
incisions to 
flat mount 

Small 
sample 
areas 

Suwan- Trypan MicrokeratomeDSA N/S Small 
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Apichon 
2006  

Blue/Alizarin Red 
S 

EK sample fields 

Mehta 2008 Trypan 
Blue/Alizarin Red 
S/ SEM 

Femto DSAEK Imaged 
curved 

Sample 
fields, global 
images 

Terry 2009 Trypan 
Blue/Alizarin Red 
S 

Incision size in 
DSAEK 

Imaged 
curved 

Global 
images 

Amato 2009 Trypan Blue DSAEK Imaged 
curved 

Global 
Images 
alone 

Kim 2009(  Alizarin Red 
S/SEM 

DSAEK Imaged 
curved 

Small 
images 

Pipparelli 
2011 

Calcein AM, 
Ethidium 
Homodimer/Hoech
st 

DSEK manual 
dissection 

Radial 
Incision to 
flat mount 

Global 
imaging + 
sample area 
assessment 

Angunawela 
2012 

TUNEL, SEM Trephination 
damage 

Imaged 
curved 

Sample ares 

Ruzza 2013 Trypan Blue Lamellar Dissection N/S Small 
sample 
areas 

Yoeruek 
2013 

DAPI, Ethidium DMEK N/S Small 
sample 
areas 

Jardine 
2014/15 

Calcein AM DMEK/DMAEK Flattened 
without cuts 

Global 
imaging 

Altaan 2015  Phase contrast 
microscopy 

DMEK/PDEK 

bubble creation 

Imaged 
curved 

Small 
sample 
areas 

Parekh 2014 Trypan Blue, 
TUNEL 

DMEK N/S Small 
sample 
areas 

F Arnalich-
Montiel 2014 

DAPI DMEK injection N/S Small area, 
cell counts 

Kobayashi 
2015 

Trypan blue DMEK shipping N/S Global 
imaging 

N/S = Not specified 

Table 1.1 Summary of methods for evaluating endothelial cell damage during 
material preparation 
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1.14 Cell loss during storage whole corneal storage 

1.14.1 Cell loss versus time 

The average endothelial cell loss observed in healthy patient samples is 0.6% 

per year (Laing et al., 1976, Laule et al., 1978, Bourne et al., 1997). Estimated 

cell loss in organ cultured corneas is approximately 1% per day (Bednarz et 

al., 1996) with a more rapid decline after six weeks in storage (Redbrake et 

al., 1998). Similar studies in cold stored corneas have not shown a clear 

correlation between storage time and cell loss (Komuro et al., 1999). The 

mechanisms behind this rapid decline are unclear, but accelerated cell loss 

persists post transplantation, making a high initial cell density desirable 

(Writing Committee for the Cornea Donor Study Research Group et al., 

2008). Grafts stored for shorter times in organ culture preserve an ECD 

advantage at one year post keratoplasty (Thuret et al., 2003b). 

Interestingly, Couch et al. reported routinely observing endothelial cells in 

various stages of mitosis in organ culture stored corneas (Couch et al., 1987). 

They did not comment as to whether dividing cells were localized to sites of 

endothelial trauma. 

Slettedal et al. compared endothelial cell counts, morphology (using SEM) 

and proliferation in corneal pairs with extended post mortem times that had 

either been fixed immediately or stored in culture with 8% FCS for 3 days 

(Slettedal et al., 2008). They found widespread staining for the proliferation 

marker proliferating cell nuclear antigen (PCNA) in 9 out 14 stored corneas. 

In some pairs, the post-culture endothelial cell count was significantly higher 

than in the control cornea, however the absolute cell counts are difficult to 

interpret owing to the cell shrinkage during fixation for SEM. Proliferation is 

known to occur more commonly in low density endothelial monolayers, and 

it is possible that this played a role in the phenomenon observed in this study 

(Patel and Bourne, 2009). If proliferation in routine organ culture occurs, it 

must be insufficient to keep pace with on-going cell loss. 
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1.14.2 Cold storage versus organ culture 

Transplantation registry data on outcomes for cold storage and organ-

cultured donors are similar. Systematic differences in ECD measurement 

between specular microscopy and trypan blue stained bright field images of 

the endothelium prior to transplantation may exist, meaning care should be 

taken when directly comparing these techniques (Campolmi et al., 2014). A 

study comparing cold storage with organ culture appeared to show improved 

outcomes with cold storage using M-K medium (Campolmi et al., 2014). 

However, this retrospective analysis included a heterogeneous case mix with 

no stratification or control for unrelated risks for transplant failure. As the 

composition of both culture media has changed with time, any difference in 

outcome appears to have narrowed (Rijneveld et al., 1992). Frueh et al. 

conducted the only randomized controlled trial using current organ culture 

and cold storage media (Frueh and Bohnke, 2000). Paired corneas were 

stored in either Optisol or organ culture for 6+/-3 days. Recipient disease was 

matched for each corneal pair, 8 cases of keratoconus, 2 cases of Fuchs 

dystrophy, 1 case of PBK and 1 case of herpetic eye disease in each group, 

with matching of recipient age in each group. At all time-points up to 2 years, 

no significant difference in ECD or corneal thickness was observed. 

Nejepinska et al. compared wound healing in Optisol vs organ cultured 

corneas (Nejepinska et al., 2010).  Whilst endothelial cells spread to cover 

the central 1mm wound in organ culture, no migration occurred in corneas 

cold-stored in Optisol. Since wound assessment with trypan blue is not a 

typical step in cold storage, it is possible central endothelial cell densities 

measured by specular microscopy over-represent the available cell pool in 

cold stored corneas. 

1.15 Material Preparation 

The logistic advantages of preparing corneal lamellar tissue in an eye bank 

setting rather than immediately prior to surgery are numerous; costly 

operating theatre time is saved; expensive equipment required to help add 

greater dimensional control to tissue cutting can be centralized, and the risk 
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of surgical cancellation due to failed material preparation is removed. In 

addition to the assessment of dimensional precision, quantification of 

endothelial damage is essential to the evaluation of new techniques for the 

preparation of pre-cut material for lamellar corneal transplantation. 

1.15.1 Cell Loss During EK Preparation 

EK preparation involves the following steps: 

1) Lamellar dissection/preparation 

2) Trephination 

3) Marking of the graft 

Cell damage varies with the type of graft and the material preparation 

technique used. 

1.15.1.1 Endothelial damage in DSAEK donor preparation 

In EK, lamellar dissection is carried out either manually (DSEK) or using an 

automated system (DSAEK) such as a microkeratome or femtosecond laser. 

Rose et al evaluated ECD in 6 corneas stored in Optisol for 48 hours post 

microkeratome dissection (Rose et al., 2008). Average cell density 

decreased by 11%, but loss was as high as 45% in one case. Ruzza et al. 

conducted a similar study in organ-cultured corneas. They reported that 

microkeratome dissection induced no endothelial damage (Ruzza et al., 

2013). Busin et al. evaluated the effect of using a double microkeratome pass 

to in produce ‘ultrathin’ endothelial grafts. They found that double 

microkeratome dissection, producing grafts averaging 76µm thick, induced 

on average of 3.7% reduction in cell density, which was not significantly 

different to the control cornea (Busin et al., 2012, Busin et al., 2013). 

Studies of femtosecond laser assisted corneal donor tissue preparation 

indicate that endothelial damage varies as a function of tissue cut depth. 

Phillips et al studied the effect of tissue preparation using a high frequency, 

low energy femtosecond laser on endothelial cell damage in 5 grafts (Phillips 

et al., 2013). With an average residual stromal bed thickness of 60µm, the 
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overall area of damaged cells was 8.4% in the lamellar-dissected and 

trephined corneas compared to 8.7% in un-dissected, trephined control 

corneas. Singh et al. evaluated the effect of laser dissection depth on 

endothelial cell damage using a custom built system. 50% of cells were 

damaged with a cut depth of 27µm when assessed using trypan blue and 

alizarin red S, whilst only 1% were damaged with a cut depth of 34 microns 

(Singh et al., 2013). 

Care needs to be taken when considering the safety of the different 

preparation strategies as differences in the equipment used and mounting 

parameters of the tissue may have a significant impact on endothelial 

damage. The effect on endothelial viability of commonly used strategies for 

producing thinner EK donor lenticules, including air drying (Thomas et al., 

2013), increasing the pressure of the anterior chamber, and reducing the 

speed of the microkeratome pass (Bhogal and Allan, 2012b), are unknown. 

Endothelial grafts are typically marked to assist the surgeon with graft 

positioning intra-operatively. A gentian violet marker is commonly used but 

the dye or the solvent vehicle it is mixed with can permeate through the 

stroma and kill the underlying endothelial cells (Ide et al., 2008b). This has 

led to the development of strategies to limit the amount of dye needed, by 

minimising the number and size of marks (Bhogal et al., 2011),  or the 

permeation of dye through the stroma, by transferring dried dye indirectly with 

a stamp (Stoeger et al., 2012).   

1.15.1.2 Endothelial damage in DMEK donor preparation 

Yoeruek et al. assessed endothelial damage caused by peeling and 

pneumatic dissection of DM (Yoeruek et al., 2012). Endothelial cell counts in 

small fields were performed prior to membrane separation and trephination 

and after 1 week of storing the scrolls in organ culture media. They found a 

9% reduction in ECD with no difference between the two preparation 

methods. A TUNEL assay was performed to quantify the number of apoptotic 

cells. Approximately 0.4% of cells were TUNEL positive with no significant 

difference detected between the groups. 
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The same authors went on to assess the effect of using different peeling 

forceps on endothelial cell loss (Yoeruek and Bartz-Schmidt, 2013). After 

preparation, DM scrolls were incubated with calcein am and ethidium, fixed 

and mounted with DAPI. The number of cells (DAPI positive) and number of 

dead cells (ethidium positive) were counted in 5 random fields and the 

percentage of dead cells calculated. A problem with this technique is that 

dead cells may have ejected from the monolayer as a consequence of 

mechanical trauma and thus the percentage dead cells may not accurately 

reflect the damage caused. The authors did not include absolute cell 

densities in their publication making it difficult to assess the effect this 

phenomenon may have played in the observed results. 

Jardine et al. assessed cell damage occurring during DMEK graft preparation 

using a calcein am and pan-corneal imaging (Jardine et al., 2014). They 

found that approximately 25% of the endothelial surface was non-viable, but 

accepted that artefacts are likely to have occurred during transfer of the 

membrane, endothelial side down, onto a flat cover slip. 

1.16 Cell loss during EK storage 

1.16.1 Pre-cut DSAEK 

Preparation and distribution of pre-cut corneal tissue for EK has become 

commonplace in the USA and the UK. Studies examining the effect of 

returning pre-cut corneas to both cold storage and organ culture media have 

been performed. Ruzza et al. prepared DSAEK donors using a 

microkeratome and replaced them in organ culture media containing 6% 

T500 dextran for 14 days (Ruzza et al., 2013). Microkeratome dissection 

alone induced no global endothelial damage when assessed with trypan blue, 

whereas trephination was associated with a 6.6% cell loss. The cell loss from 

trephination in DSAEK is similar to that reported in PK (Terry et al., 2009b). 

Centrally measured endothelial cell loss was 10.6% at 7 days and 19.9 % at 

14 days. These figures are similar to those for DSAEK buttons stored in 

Optisol, which showed an 11% cell reduction after 48 hrs (Rose et al., 2008). 

A large series reported by Kelliher et al. actually showed an increase in post 
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cutting central endothelial density as measured by specular microscopy, but 

this likely to be due to improved cell visibility in the thinner more uniform tissue 

(Kelliher et al., 2009). 

The effect of storing tissue with either the anterior lamellar cap on or off has 

also been assessed. Ide et al reported increased oedema and reduced 

endothelial viability in DSAEK lenticules stored in Optisol with the anterior 

cap off  (Ide et al., 2008a). However, their analysis was descriptive, with no 

quantification of cell death. Jhanji et al. performed similar experiments in 

corneas stored in organ culture media and dextran (Jhanji et al., 2012). Their 

analysis, again qualitative, showed no difference in ECD compared to whole 

corneoscleral rims supplied by their eye bank. 

Nakagawa et al. examined the effect of shipping pre-cut material overseas in 

DSAEK (Nakagawa et al., 2014). They compared the post-cut ECD reported 

by eye banks located in the US with their own specular microscopy 

examination after the tissue had been shipped to Japan. They found an 

average decrease in ECD of 2.3%. Possible confounding factors in this study 

included tissue swelling and microscope calibration. 

1.16.2 DMEK scrolls 

Several groups have examined storage of DMEK grafts prepared by different 

methods. Lie et al. examined mean ECD in DMEK scrolls stored in organ 

culture for four weeks (Lie et al., 2008). Mean central ECD was 2701 

cells/mm2 before DM stripping. Comparative assessment showed an ECD of 

100.07% immediately after DM was stripped with a decline of 3.6% at 1 week, 

4.4% at 2 weeks, 5.5% at 3 weeks, and 18.9% at 4 weeks. 

Heindl et al.  performed a similar assessment in peeled DMEK grafts, again 

stored in organ culture (Heindl et al., 2013). ECD was 2683 cells/mm prior to 

splitting, reduced by 6.2% after peeling, 8.1% at 1 week, 13% at 2 weeks, 

15.5% at 3 weeks, 25.3% at 4 weeks after stripping. 
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Both of these studies examined central endothelial density using high power 

micrographs in free scrolled DMEK grafts, and scrolling of the graft may have 

caused an artefactual increase in absolute cell numbers. 

Busin et al. stored DMEK grafts that had been created by pneumatic big-

bubble dissection in organ culture for a further 7 days with the aid of a silicone 

weight. They found an ECD reduction of 4.4% during this period (Busin et al., 

2010). They have since adapted this technique by using an injection of organ 

culture medium instead of air to separate Descemet membrane, therefore 

avoiding the need to weigh down the corneal button during subsequent 

storage. Using this method, they found an average cell loss of 11.48% at 7 

days (Parekh et al., 2014), but some of this may be explained by cell 

migration to cover areas of dead cells. 

Feng et al. examined the outcomes of DMEK in cases where the tissue had 

been prepared on day of surgery, one day prior to surgery or two days before 

(Feng et al., 2013). They used a peel technique and laid the DM back onto 

the stroma prior to returning it to cold storage in Optisol. In their series of 361 

cases, they found no difference in visual outcomes, complication rates and 

endothelial density at three months. 

1.17 Material Implantation 

Early graft failure in EK is thought to result primarily from surgical trauma 

during graft preparation and implantation. An analysis of the Australian Graft 

Registry found that primary graft failure, defined as a failure for the cornea to 

regain clarity in the immediate post-operative period, occurred in 10.4% of 

endothelial keratoplasties (Coster et al., 2014). No distinction was made 

between grafts that failed to adhere and those that failed to clear in spite of 

being fully attached. In other series, primary failure rates in DSAEK range 

from 1-8%, reducing with increased surgical experience (Price and Price, 

2006). However, a direct comparison of failure rates in high and low volume 

surgeons from the Australian graft registry failed to detect a difference 

(Coster et al., 2014). The same study also found primary failure was 

significantly higher in DMEK (12.6%) than DSAEK (2.7%), suggesting that 
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the increased surgical complexity of DMEK is detrimental to graft survival 

(Coster et al., 2014). Studies have shown that post-operative endothelial cell 

loss is higher in grafts that have a longer surgical unfolding time 

(Heinzelmann et al., 2014). 

In the original descriptions of DSAEK, donor material was folded into a taco 

and inserted with forceps. A variety of glides and injectors has since been 

developed for donor insertion. Endothelial trauma caused by alternative 

systems has been investigated in vitro by performing surgery in cadaver eyes 

(Table 1.1), and clinically by measuring the decrease in ECD between eye 

bank assessment of the donor and clinical ECD measurement 6 months after 

surgery  

In general, injectors and closed system glides seem to be associated with the 

lower cell loss (Terry et al., 2009a, Foster et al., 2012, Gangwani et al., 2012, 

Elbaz et al., 2014) although notable exceptions to this have been published 

(Terry et al., 2013). 

Large variations in cell loss associated with forceps insertion or suture ‘pull 

through’ insertion are seen across studies, indicating greater dependence on 

surgical technique where these less controlled graft insertion methods are 

used (Kaiserman et al., 2008, Chen et al., 2010, Gangwani et al., 2012). 

Regardless of the insertion method, ECD drops sharply in the first year after 

surgery, commensurate with cell redistribution to cover areas of localized 

trauma during surgery. Endothelial cell loss subsequently levels off, but 

annual rates remain higher than in the background population. 

ECD loss ranges from 13-60% for DSAEK with average cell loss of 

approximately 36% at 1 year. Greater cell loss is associated with insertion 

through small incisions (Price and Price, 2008, Terry et al., 2009a, Price et 

al., 2010) , with glaucoma and with episodes of rejection (Pedersen et al., 

2015). Early reduction in ECD is, on average, higher in DMEK at 

approximately 43% at 1 year. This may be due to DMEK being a newer and 

less standardized procedure. In cases in which DMEK and DSAEK were 

performed by the same experienced surgeons, endothelial cell loss at 6 
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months was not significantly different between the two procedures ( Guerra 

et al., 2011, Tourtas et al., 2012,). 

Graft adhesion remains an important concern in EK. Analysis of the cases 

presented in a meta-analysis published by Pavlovic et al. show rates of graft 

detachment area to be higher in DMEK (Pavlovic et al., 2017). Repeated 

surgical interventions to attach dislocated grafts are associated with 

increased cell loss and higher rates of primary graft failure in both DSAEK 

(O'Brien et al., 2008) and DMEK (Feng et al., 2014). Using human corneal 

tissue in an artificial anterior chamber model, Hong et al. demonstrated that, 

independent of any additional donor tissue manipulation, the air bubble used 

in EK could itself induce endothelial cell loss (Hong et al., 2009). 

Various interventions including the use of prolonged air fill times and venting 

incisions (Price and Price, 2006) or peripheral stromal roughening (Terry et 

al., 2008) have been advocated to enhance graft adherence in DSAEK. All 

three interventions were found to improve graft-host adhesion in an in vitro 

model of DSAEK surgery (Bhogal et al., 2012). None of these can be 

practically applied to DMEK, resulting in a greater reliance on gas tamponade 

to induce graft adhesion. 

It is common practice to have a longer air fill time in DMEK than in DSAEK 

and to leave more air in the anterior chamber at the end of surgery. Indeed, 

some surgeons advocate using isoexpansile sulphur hexafluoride to prolong 

gas tamponade in DMEK. Studies in a cat model of EK suggest that SF6 

induces significantly greater ECD loss than air (Landry et al., 2011); but 

clinical studies have failed to confirm this. Acar et al. compared ECD loss in 

patients undergoing DSAEK in whom either air or SF6 was used at the end 

of the procedure. They found that SF6 was associated with lower endothelial 

loss at all time points up to year (Acar et al., 2014). However, it is worth noting 

that the target volume of SF6 left in the anterior chamber at the end of surgery 

was half (1/3 versus 2/3 gas fill) the target volume of air, and this may have 

had an effect on the observed cell loss. The use SF6 in DMEK was recently 

shown to be no more detrimental than the use of air on ECD reduction in a 

meta-analysis of over a 1000 cases (Marques et al., 2018). Use of SF6 was 
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associated with fewer detachments, and there was no difference in final 

BSCVA. It is noteworthy that SF6 is a powerful greenhouse gas and 

environmentally harmful. 

1.18 Strategies to Enhance Endothelial Density Prior 
to Tissue Implantation  

Transplants that eventually fail from low endothelial cell density do not appear 

to have lost endothelial cells faster than grafts that do not fail, but instead 

have fewer endothelial cells in the beginning (immediately after 

transplantation) and diminish to a critically low endothelial cell density earlier 

(Bourne, 2001). It should therefore be possible to prevent or delay graft failure 

by increasing the number of endothelial cells before transplantation. 

Augmenting the number of endothelial cells in the donor cornea ex vivo would 

not only prolong long-term graft survival but also help to increase the number 

of suitable donor corneas. Storage of corneal tissue in culture media for an 

extended time period prior to transplantation provides an ideal opportunity to 

modify endothelial cells prior to transplantation. Methods to improve cell 

health/density in transplanted corneas fall into 3 broad and overlapping 

categories; interventions to reduce cell death, interventions to encourage cell 

proliferation and attempts to seed endothelial cells onto existing or 

constructed corneal buttons.  

1.18.1 Alterations to Media 

1.18.1.1 Models for evaluation – cell culture 

Studying cellular function and viability is often conducted in either primary cell 

cultures or established cell lines that retain the phenotype and functionality 

of the tissue they are derived from.  

Owing to the marked differences in regenerative potential between human 

and animal corneas, assessment of any intervention in a human model 

remains the gold standard. However, human corneal endothelial cells 

(HCEC’s) are notoriously difficult to culture and successful laboratories often 
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place strict requirements on the tissue they will use. The exclusion criteria 

can include; too long a period (>24 hours) between time of death and time of 

preservation; low endothelial cell densities in corneas from older donors; 

corneas from donors with diabetes, glaucoma, sepsis, or ocular infection; or 

from donors who were on large doses of chemotherapeutic agents (Zhu and 

Joyce, 2004). In addition, corneas stored for longer than 7 days in Optisol 

were also rejected. 

HCEC’s often become contaminated with stromal fibroblasts, become 

senescent or transform towards a fibroblastic phenotype in culture after only 

a few passages. Fibroblast contamination can be reduced by culture in L-

valine-free media (Engelmann et al., 1988) or cell sorting (Peh et al., 2013), 

but this is not entirely effective. This means experimentation often needs to 

be conducted on primary cultures from different donor corneas, which may 

not behave identically (Peh et al., 2013), depending on the age (Yue et al., 

1989, Senoo and Joyce, 2000a) or comorbidities of the donor or the storage 

conditions of the corneal button prior to cell culture. Cell lines immortalized 

by transduction with oncogenes (Wilson et al., 1995), inhibiting cyclin 

dependant kinase inhibitors (Yokoi et al., 2012) or by up-regulating 

telomerase (Schmedt et al., 2012) exist but concerns that they may not truly 

reflect the behaviour of native corneal endothelial cells persist.  

1.18.1.2 Models of evaluation - Organ culture 

As organ culture is a common method of tissue storage used in Europe, 

results gained from experimentation in this model are often directly 

transferable to clinical practice. However, unlike in work on established cell 

lines, tissue quality and uniformity are issues that affect analysis. 

Human corneal tissue is often only available for research if it is unsuitable for 

transplantation. Contra-indications to transplantation include poor endothelial 

cell quality, unavailable serology and prolonged graft storage. This often 

means that tissue has already been either cold stored or preserved in 

standard organ culture prior to any experimentation. It is generally agreed 

that paired specimens from the same donor can be considered to behave in 
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the same manner and ideally direct comparison of two variables should be 

performed in paired or divided tissue. However, problems such as epithelial 

overgrowth have been described in tissue that has been divided (Sperling, 

1978). 

1.18.2 Use of mitogens in human endothelial cell culture 

Whilst typically in a state of cell cycle arrest, endothelial cells can be 

stimulated to proliferate if exposed to the correct mix of serum and mitogens. 

They have been widely utilized in primary endothelial cell culture, although a 

universal culture medium has yet to be agreed upon. Different groups have 

reported significant differences in culture success with subtle protocol 

differences such as the use of collagenase instead of trypsin/EDTA in the cell 

digestion step prior to cell seeding, or the matrix onto which cells are plated 

(Yamaguchi et al., 2011).  

The table below outlines the culture conditions used in various labs that have 

successfully set up primary HCEC cultures. 

(Nakahara et al., 2013, Li et al., 2007)
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Table 1.2 Comparison of different media 
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used for HCEC culture 

Moller-Peterson et al conducted a head-to-head comparison of 11 different 

culture media for primary HCEC culture (Moller-Pedersen et al., 2001b, Moller-

Pedersen et al., 2001a). They found that a medium based on M199 + Ham F12 

(1:1) (F199) supplemented with 2% FCS, ascorbic acid, insulin, bFGF, 

transferrin, selenium, and lipids (F199sr) produced higher cell densities and a 

more phenotypic (round) cell morphology than culture in MEM or SFM based, 

serum supplemented media.  

In preliminary studies Zhu et al, tried several basal media, including Opti- MEM-

I, MEM, M199, and HBSS, for their relative effect on HCEC attachment and 

growth using cells from the same donor to permit direct comparison (Zhu and 

Joyce,  2002). Incubation in MEM, M199 or HBSS did not support long-term cell 

attachment or growth. In contrast, OptiMEM-I promoted attachment and induced 

a moderate proliferative response (P < 0.001) above that of the other basal 

media. 

Peh et al. assessed several of the published base media supplemented with 

mitogens in primary cultures of endothelial cells from paired cultures (Peh et al., 

2011b). They found that the culture conditions recommended by Zhu  and Moller-

Pederson/Englemann were superior, but cells could only be passaged twice or 

three times before losing characteristic endothelial morphologies (Zhu and Joyce, 

2004, Moller-Pedersen et al., 2001b) 

It should be noted that the nutritive environment required for endothelial cell 

culture may be quite different from that required by the quiescent endothelial 

monolayer found in organ culture 

1.18.3 Culture supplements in Primary HCEC culture 

Recently Kinoshita’s group has investigated the potential of the ROCK inhibitor 

Y-27632 to promote endothelial wound healing in both primate models and a 

small series of human cases (Okumura et al., 2013b). They showed that eyes 

treated with topical Y-27632 achieve significantly quicker wound closure and the 

endothelial cell density within the wound was higher with a more normal 
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phenotype. However, they failed to find any positive staining for proliferative 

markers in the excised corneal buttons, although this may have been related to 

the timing of tissue examination. The clinical results from human use are difficult 

to interpret at present. However, they were able to show that Y-39983 (also a 

ROCK inhibitor) at the concentrations of 0.3 and 3μM produced a 1.6 to 1.8 fold 

increase in BrdU incorporation into the newly synthesized DNA in a cultured 

human corneal endothelial cell wound healing model (Okumura et al., 2014b). 

However, in a similar experiment Pippareli et al. found the opposite to be true, 

with Y-27632 resulting in lowers levels of proliferation and a reduced post 

wounding endothelial cell density compared to control corneas (Pipparelli et al., 

2013a). Zhu et al. also report that Rho-ROCK activation is integral to the success 

they have achieved in endothelial expansion (Zhu et al., 2012). 
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1.18.4 Alterations to organ culture media 

Englemann et al. investigated the use of 8 different base media with varying 

amounts of FCS (Moller-Pedersen et al., 2001b) (Table 1.3). 

Base Medium  
n=9 for all conditions 

Company % FCS % cell loss at 
21 days 

MEM-8%    MEM-Earle (Seromed) 8 11 (4)%  

MEM-2%   MEM-Earle (Seromed)                           2 19 (6)% 

MEM-G             

 

MEM-Earle (Seromed) MEM 
supplemented with 2 mM L-
analyl-L-glutamine, a 
stabilised form (dipeptide) of 
the amino acid L-glutamine 

2 17 (4)% 

F99     M199 + Ham’s F12 (1:1) 
(Gibco) 

2 17 (4)% 

F99-sr  

 

supplemented with ascorbic 
acid, insulin, bFGF, 
transferrin, selenium, and 
lipids 

2 17 (3)% 

M199   M199-Earle (Seromed) 2 16 (4)% 

SFM  Company formula (Gibco) 2 14 (2)% 

DIF-1000  Company formula (Seromed) 2 29 (4)% 

Table 1.3 Comparison of different media 

Corneas were cultured for 21 days in standard culture conditions at 31°C. An 

assessment of endothelial cell density and RNA synthesis was conducted at the 

end of the culture period. The lowest endothelial cell loss occurred in corneas 

stored in MEM + 8% FCS (11%+/-4). However cell loss in the SFM + 2% FCS 

(Gibco proprietary formulation) was lower than in standard MEM + 2% FCS 

(14%+/-2 vs 19%+/-6)(Moller-Pedersen et al., 2001b). Additionally, SFM+2%FCS 

out performed F99-sr which had earlier been found by this group to be superior 

in HCEC culture. This shows that media optimised for HCEC culture may not be 

optimal for graft storage. 
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1.18.5 Serum Free Media 

The studies described above were followed by evaluating whether serum 

supplementation could safely be removed from corneal culture without affecting 

endothelial viability for 3 of the media (SFM, MEM and F199). Serum free media 

has the advantages of being defined and posing a reduced risk of disease 

transmission, especially the theoretical risk of prion (Heckmann et al., 1997) and 

zoonotic diseases. They found that SFM was the only medium able to promote 

endothelial cell proliferation in an immortalized cell line without additional serum 

(Bednarz et al., 2001). When used in an organ culture model there was no 

difference in area of cell loss, as assessed by trypan blue staining, when 

comparing SFM with and without FCS. Additionally, SFM + 2% FCS induced less 

cell death than MEM+ 2% FCS. No comment directly comparing MEM+FCS with 

SFM without serum was made, but percentage cell loss at 21 days was the same 

(27%). The same medium supplemented with FGF was found to protect against 

apoptosis induced by staurosporine, a mycotoxin which is known to induce 

apoptosis in a wide variety of cells by both caspase dependent and independent  

pathways ( Belmokhtar et al., 2001, Bednarz et al., 2001, Jackel et al., 2011). 

This group registered a clinical trial evaluating serum free medium against 

standard organ culture medium in 2008 (clinicaltrials.gov NCT00623584), the 

main outcome measures assessed were pre-grafting endothelial density, post 

grafting endothelial density and graft failure rates. No outcomes from this trial are 

available in the literature. 

Thuret et al. also evaluated a proprietary animal compound free media using 

poloxamer as a de-swelling agent (Thuret et al., 2005). Their results showed a 

7.6% mean cell loss at day 30 compared to a 24.0% in the conventional eye bank 

media (minimal essential medium containing 2% FCS). Similarly, Smith et al. 

found serum free Megacell MEM, a medium designed to reduce serum 

requirements, to have a 50% lower endothelial cell attrition in comparison 

standard MEM +2% FCS (Smith and Johnson, 2010). To date, no serum free 

organ culture media has made its way into routine eye bank use. 
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1.18.6 Use of mitogens in Ex-vivo corneal culture 

The ability of the HCEC’s to proliferate in serum and mitogen supplemented 

media has been well established. Several groups have shown that endothelial 

cells could heal a wound site in an human organ culture and ex vivo animal 

models (Joyce et al., 1989), with a higher cell density achieved with younger 

donor tissue and the addition of mitogens (FGF, EGF, PDGF) when compared to 

serum alone (Table 1.4 below). This seems to be largely modulated by increased 

cell migration (Hoppenreijs et al., 1996), although some authors have seen 

extensive proliferation in wound sites (Senoo and Joyce, 2000a). HCEC’s from 

the peripheral cornea have higher rates of proliferation that those centrally 

(Mimura and Joyce, 2006, Konomi and Joyce, 2007, Konomi et al., 2005). These 

findings are consistent with the distribution SAβ-Gal, a marker of cellular 

senescence, with a greater proportion of senescent cells being found in the 

central cornea. 

(Rieck et al., 2003, Stoiber et al., 2001) 
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Table 
1.4 Use of culture supplements to enhance corneal storage  
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Proliferation preferentially occurs in wounded areas (Simonsen et al., 1981, 

Senoo and Joyce, 2000a), with endothelial cells remaining within an intact 

monolayer failing to enter the cell cycle. Whilst release of cell-cell contact by 

wounding is likely to play a significant role in the observed proliferation, McGowan 

also found that wounding induced a number of stem cell markers (OCT3/4, Wnt-

1, SOX and Pax) not seen in unwounded corneas (McGowan et al., 2007).  

1.18.7 Down regulation of growth factors  

Stimulation of proliferation by EGF involves binding of EGF to its receptor and 

the subsequent autophosphorylation of specific tyrosine residues in the receptor 

intracellular domain. This autophosphorylation initiates a signalling cascade that 

leads to cell cycle entry. The protein tyrosine phosphatase, PTP1B, interacts with 

and dephosphorylates a number of growth factor receptors, including EGF, 

thereby attenuating EGF-induced downstream signalling. Studies conducted in 

both rabbit CEC’s (Harris and Joyce, 2007) and HCEC’s (Ishino et al., 2008) have 

demonstrated that specific inhibition of PTP1B activity was able to sustain EGF-

induced tyrosine autophosphorylation of the EGF receptor and increase the 

number of cells entering the cell cycle, indicating the possibility that the number 

of proliferating HCEC could be increased by suppressing the down-regulation of 

growth factor signalling. 

1.18.8 Other peptide hormones  

Koh et al. have looked at effects of the autocrine neuropeptide vasointestinal 

peptide (VIP) on the corneal endothelium (Koh et al., 2008). They found that VIP 

maintains the normal endothelial phenotype and that knockdown results in a loss 

of junctional N-cadherin and disruption of the endothelial architecture. The effects 

of VIP are potentiated by ciliary neurotrophic factor (CNTF), which is released by 

the iris and ciliary body in response to stress. VIP has been shown to reduce cell 

loss related to oxidative stress by up regulation of the anti-apoptic protein Bcl-2. 

The effect of a brief incubation (30 mins in organ culture) with VIP on paired 

corneas stored in Optisol was also examined (Koh et al., 2011). Alizarin red S 

and trypan blue staining showed the brief treatment with VIP reduced cell loss on 

the macroscopic assessment from 26.3% +/-7.5% in the control group to 15.4% 
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+/- 4.3% in the treatment group. It should be noted that the corneas had been left 

in cold storage for longer than would be acceptable in clinical practice and that 

large areas of gross cell loss are not routinely seen in organ culture corneas 

assessed with trypan blue prior to being issued for transplantation.  

1.18.9 Release of cell-cell contact inhibition 

The only reported cases of proliferation in-vivo have been described following the 

disruption of cell-cell contact either by wounding (Treffers, 1982) or following 

rejection (Laing et al., 1984). Release of cells from their confluent monolayer to 

create a single cell suspension is the principal requirement for culturing primary 

corneal endothelial cells in vitro.  

Studies of the developing cornea in avian embryos suggest that a contact-

inhibition mechanism may actively suppress replication in the mature endothelial 

monolayer (Nelson and Revel, 1975). The rat endothelium retains proliferative 

potential until approximately the 21st postnatal day. The decrease in proliferative 

potential was found to correlate closely with the increased expression of TGF-β 

receptors I+II and the increased expression of the cyclin-dependent kinase 

inhibitor p27kip1(Joyce et al., 2002). siRNA against p27kip1induced proliferation 

in confluent HCEC cultures from young, but not older, donors whereas siRNA 

against 2 other cyclin dependant kinase inhibitors, p21Cip1 and p16INK4, was 

effective in increasing Ki67 staining and endothelial cell density in HCEC from 

both young and older donors (Kikuchi et al., 2006, Joyce and Harris, 2010). 

Cell-cell contacts are maintained by a number of junctional complexes including 

tight junctions, adherens junctions and gap junctions. Each of these structures 

and their associated proteins are implicated in cell homeostasis, proliferation, 

apoptosis and migration (Charras and Yap, 2018).  

The maintenance of corneal endothelial junctional complexes is reliant on 

calcium homeostasis. Reducing extracellular calcium results in contraction of the 

peri-junctional actomycin ring with the redistribution of ZO-1 and cadherins 

(Ramachandran and Srinivas, 2010).  
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Similar effects on junction complexes are seen if the calcium chelator EDTA is 

added to the cell culture media. Senoo et al. used EDTA to release cell-cell 

inhibition in an attempt to promote proliferation in unwounded whole corneas 

(Senoo and Joyce, 2000b). They found that EDTA induced 16-18% of endothelial 

cells (that had been pre-incubated with mitogens and 10% calf serum) to 

proliferate, whereas mitogens alone were insufficient to induce proliferation. Of 

note, these experiments where conducted on tissue from older donors, which is 

more representative of the tissue currently available for transplantation. Patel et 

al  reproduced these experiments but were unable to induce a proliferative 

response in samples where the endothelial cell density was greater than 2000 

cells/mm (Patel and Bourne, 2009). They concluded that a proliferative response 

is governed by cell density in addition to cell-cell contact. 

Proliferation of cultured human corneal endothelial cells induced by EDTA and 

bFGF induces activation of the WNT pathway and induces endothelial –

mesenchymal transformation (EMT) in HCEC culture, especially if TGF-β1 is 

added (Zhu et al., 2012). Okumura et al used the inhibitor SB-431542 in primary 

HCEC culture (Okumura et al., 2013a). SB-431542 is a powerful inhibitor of 

activin receptor-like kinase (ALK)5 (the TGF-β I receptor) ALK4 and ALK7, but 

has no effect on the more divergent ALK family members that recognize bone 

morphogenetic proteins (BMPs) (Inman et al., 2002). Incubation of HCEC’s with 

this inhibitor prevented endothelial to mesenchymal transformation and 

preserved normal junctional ZO-1 staining whereas incubation with the EMT 

inhibitor BMP-7 produced a dose dependent reversal of EMT rescuing HCEC’s 

from a fibroblastic, back to an endothelial morphology. 

Attempts to reduce the effect of cell-cell contact by targeting junctional proteins 

also show promise. Zhu et al used siRNA against the adherens junction protein 

p120 catenin (Zhu et al., 2012). 18% of cells stained positive for BrdU with siRNA 

against p120, whilst siRNA against ZO-1, N-Cadherin or B-catenin failed to 

induce any proliferative response. Unlike proliferation induced by EDTA, no EMT 

occurred even in the presence of TGF-β1. Kaiso signalling via activation of the 

RhoA/ROCK pathway and inhibition of nuclear Hippo signalling mediated the 

observed proliferation, which occurred without disruption of the adherens 
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junction. Modifications to their protocol and combined p120/Kaiso inhibition have 

allowed then to expand small segments of discarded endothelium into stable cell 

sheets 8mm in diameter (Zhu et al., 2014). Other groups have found success by 

manipulating the ZO-1/ZONAB pathway. ZONAB, promotes proliferation by a 

number of actions including repressing the erb-2 gene; increasing nuclear 

accumulation of cell division kinase 4 and regulating the expression of 

proliferating cell nuclear antigen. In cells with high density and mature cell-cell 

junctions, ZONAB is tightly bound to ZO-1 and sequestered out of the cytoplasm. 

Both down-regulation of ZO-1 and upregulation of ZONAB using lentiviral 

transduction have been shown to induce proliferation and increase endothelial 

cell density compared to controls transfected with green fluorescent protein 

(Kampik et al., 2019). 

Nakano et al examined modulation of the gap junction protein connexin 43 in a 

rat wound healing model of corneal injury (Nakano et al., 2008). They first showed 

that connexin 43 staining was reduced in cells migrating to fill a wound bed, 

whereas smooth muscle alpha actin, a marker of EMT, increased. They next used 

both siRNA and an antisense oligonucleotide against connexin 43 and showed 

this increased wound healing and proliferation and prevented EMT, possibly by 

reducing expression of p27kip1. Finally, they examined the effect of connexin 43 

knock-down in uninjured rat corneas and found it was able to initiate a 

proliferative response without injury as measured by Ki67 staining. To date, no 

clear demonstration that manipulation of cell-cell contact can enhance starting 

cell density is available. 

1.18.10 Gene Therapy 

Gene therapy for retinal disease has already translated into successful clinical 

trials and experimental work assessing the use of viral vectors in corneal graft 

rejection, angiogenesis and endothelial replication continues to grow.  

Having donor corneas in physiological storage for an extended period of time 

allows molecular interventions to be performed prior to transplantation. As the 

viruses are used in stored tissue, exposure risks for the recipient are reduced, 

making gene-therapy in corneal transplantation more likely to reach clinical utility. 
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In addition to modification of the ZO-1/ZONAB pathway, two other strategies 

aimed at improving the quality of transplant material with gene therapy have been 

described. Up-regulation of the anti-apoptosis genes BCL-X and p35 successfully 

reduced cell loss in human corneas stored in under nourished conditions. 

However, increasing BCL-X caused a significant alteration in cell morphology 

whereas p35 up-regulation did not. P35 was also more effective at preventing 

etoposide-induced apoptosis in primary cultures of HCEC’s (Fuchsluger et al., 

2011). 

Ex vivo endothelial proliferation has also successfully been achieved using gene-

therapy. McAlister et al used an adenoviral vector to upregulate E2F2 (McAlister 

et al., 2005). The E2F family of proteins forms complexes with the retinoblastoma 

gene product (pRb). In preparation for DNA synthesis, pRb is phosphorylated by 

cyclin-dependent kinases, and E2F-pRb complexes dissociate. Free E2F acts as 

a transcriptional activator of genes that drive DNA synthesis. Endothelial cell 

density increased significantly after E2F2 up regulation in both young and old 

donors. 

1.19 Split Tissue Endothelial Transplantation  

It is generally accepted that endothelial cells have the capacity to migrate over 

Decesmet membrane and heal wounds. What is less certain, is whether 

endothelial cells have the capacity to migrate on to or off a transplant. Studies 

looking at longstanding penetrating keratoplasties have found evidence of host 

cell migration within the donor graft (Lagali et al., 2010). In DMEK, clearing of 

areas of descemetorhexis not covered by the transplant (Dirisamer et al., 2011, 

Jacobi et al., 2011) and patterns of immune cell deposition following episodes of 

rejection, suggest endothelial migration from donor to host occurs (Hos et al., 

2014). These observations have supported the idea that endothelial repopulation 

can be achieved by use a graft smaller than the area of damaged endothelium. 

The Melles group has been the primary advocate of this procedure, initially 

describing using half a DM to treat two patients (Lam et al., 2014) from one donor 

cornea and subsequently using a quarter of a donor to treat up to four recipients 

per graft (Muller et al., 2017). Whilst successful in restoring visual acuity, the 
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technique currently suffers from a high rate of graft detachment, with up to 42% 

of patients requiring rebubbling. Additionally, endothelial cell counts appear 

significantly lower following these procedures than following conventional DMEK 

(average ECD was 816 cells/mm2 12 months following quarter – DMEK), calling 

into the question the long-term suitability of such a transplantation method (Birbal 

et al., 2018). 

1.20 Non-Transplant strategies to treat endothelial 
failure  

The need for corneal tissue greatly outstrips the supply. Efforts to assign tissue 

with low cell counts to anterior lamellar transplants and use of one cornea for both 

an anterior and posterior lamellar transplant go a small way to improving access. 

Neither are universally practiced, and even if this were the case, a deficit would 

still exist. The greatest hope lies in finding treatments that allow either massive 

expansion of the of cells harvested from a single patient, or, in developing 

regenerative strategies that allow remaining, healthy endothelial cells to 

repopulate the DM and restore pump function. 

1.20.1 Descemet Stripping Only  

Fuchs endothelial dystrophy exerts regionally different effects on the cornea in 

the early stages of the disease. Guttae tend to be concentrated centrally 

(Watanabe et al., 2015), and peripheral endothelial cells tend to be preferentially 

preserved (Fujimoto et al., 2014). Removal of a central 5mm of diseased 

endothelium only represents approximately 20% of the area of an 11 mm cornea. 

Performing a central, small, descemetorhexis and allowing peripheral cells to 

migrate in is an enticing prospect, since it eliminates the need for allogenic 

transplantation and the co-incidents risks of rejection or long term steroid use. 

The idea of Descemet stripping only (DSO) has been supported by a number of 

cases in which cornea clearance occurred following descemetorhexis, performed 

during a planned endothelial keratoplasty, in spite of a graft not being inserted   

(Ziaei et al., 2013),or failing to attach (Dirisamer et al., 2012). 
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Several series of DSO have been reported, each with variable success ( Van den 

Bogerd et al., 2018, Davies et al., 2018, Garcerant et al., 2019) Commonalities 

in successful cases include the underlying aetiology being FED, small 

decemetorhexis size (4-5mm), surgical technique and mild to moderate disease. 

In spite of these rigorous inclusion criteria, corneal clearance was not achieved 

in all patients, meaning progression to EK (Borkar et al., 2016) or rescue with 

pharmacological therapy (Moloney et al., 2017) was required in some patients.  

Huang et al. recently compared DSO to DMEK in 27 eyes with mild endothelial 

dystrophy (Huang et al., 2018). They reported similar final visual outcomes but 

delayed visual recovery in the DSO group (time to reach 6/12 acuity was 2.2±2.8 

weeks for DMEK compared with 7.1±2.7 weeks for DSO (P<0.01)  

Whilst early results are promising, this technique is not suitable for cases with 

diffuse endothelial damage, such as PBK. Additionally, the migrating cells in FED 

will possess the same genetic abnormalities of those removed from the central 

cornea (Wieben et al., 2012) and may be consigned to the same fate. It is 

interesting to note that all corneas from the original series of Descemet 

membrane endothelial transfer, which is likely to simply represent a large DSO, 

ultimately went on to fail and require subsequent keratoplasty (Birbal et al., 2018). 

None the less, given that EK is a time-limited intervention, DSO as a primary 

intervention for FED may be a useful strategy in minimising the long term need 

for repeated transplantation. 

1.20.2 Rho-Associated Kinase inhibition 

The Rho family of GTPases are involved in a number of complex cellular 

functions including cell migration, apoptosis, and proliferation. This signalling 

pathway has been explored as a therapeutic target in a wide array of diseases 

including vascular disease, cancer, asthma and glaucoma. Rho A exerts its 

action by binding to the serine/threonine protein kinase ROCK causing 

downstream phosphorylation of multiple substrates. Early studies showed that 

activation of RhoA/ROCK induced G1/S progression in 3T3 fibroblasts, where 

inhibition of the same pathway suppressed cell cycle progression. It seems as if 

these effects are not universal in all cell types and in corneal endothelial cells, 
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inhibition of Rho/ROCK with Y-27632 promotes proliferation by increasing cyclin 

D levels and reducing phosphorylation p27kip1. Use of Y-27632 in the culture of 

HCEC’s enhances cellular proliferation, although this effect only seems to 

operate in younger donors (Peh et al., 2015). In addition, ROCK inhibition 

enhances endothelial cell adhesion (Pipparelli et al., 2013b) and wound healing 

both in-vitro (Okumura et al., 2014a) and in-vivo (Okumura et al., 2013b). 

Y-27632 was used to treated 8 patients who would have otherwise been 

scheduled for endothelial keratoplasty (Okumura et al., 2013b). Instead of 

performing a descemetorhexis, host endothelial cells were removed by 

transcorneal freezing and topical Y-27632 was applied 6 times per day. Treated 

patients were divided into 2 groups (4 patients each) based on whether oedema 

was centralised or diffuse. ROCK inhibition showed a trend towards reducing 

corneal thickness and improving corneal oedema in the central oedema group, 

but was ineffective in the diffuse oedema group. The results suggest that a 

healthy reserve of peripheral endothelial cells is a prerequisite for successful 

recovery of central oedema. It is possible that removal of the dysfunctional, 

enlarged central endothelial cells (as with DSO) was sufficient to allow migration 

of healthier peripheral cells and resolution of corneal oedema (Van den Bogerd 

et al., 2018). As no control cases of freezing alone were performed, it is difficult 

to assess the true effect of ROCK inhibition  

1.20.3 Combined ROCK inhibition and Descemet Stripping  

DSO removes enlarged and poorly functioning endothelial cells, breaking contact 

inhibition and removing visually significant guttae (Watanabe et al., 2015). The 

bare central area of posterior corneal stroma is repopulated with migrating 

endothelial cells and the effectiveness of topical ROCK inhibitor use in enhancing 

recovery has recently been evaluated by several authors. Macsai et al. conducted 

a prospective study comparing DSO alone to DSO + topical Ripasudill, a 

commercially available topical ROCK inhibitor recently approved for use in 

glaucoma (Macsai and Shiloach, 2019). In their study all patients showed an 

improvement in vision by 3 months and in both groups there was a reduction in 

CCT of approximately 100µm by 12 months following treatment. The addition of 

topical Ripasudil resulted in a quicker recovery in vision (4.6 vs 6.5 weeks to 
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achieve 6/12 Snellen acuity) and significantly higher central endothelial density 

at 1 year. Whilst these results are promising, longer term data on the risk of late 

failure is currently unavailable. Only one paper comparing DSO± ROCK inhibition 

to DMEK has been published (Huang et al., 2018). Whilst the authors suggest 

DSO is comparable, use of ROCK inhibitor was left to individual patient choice 

and only pinhole correct visual acuity was presented as a metric for successful 

visual rehabilitation. 

1.20.4 In-vitro expansion of Human Corneal Endothelial Cells 

The factors that inhibit endothelial division in-vivo, including contact inhibition  

and the presence of inhibitors of cell proliferation within the aqueous (Joyce et 

al., 2002), can be adjusted in-vitro allowing for successful culture of HCEC’s ( 

Joyce et al., 1989, Joyce and Harris, 2010). The process was initially thought to 

be arduous with frequent contamination, endothelial to mesenchymal transition 

of the endothelial cells, or failure to passage cells (Peh et al., 2011a). 

Considerable effort has been placed into producing successful and reproducible 

methods for culturing primary human endothelial cells (Peh et al., 2011b), with 

the aim of progressing towards tissue engineered corneal transplantation. It is 

estimated that by passaging cells from a single cornea 2-4 times, sufficient 

expansion occurs to treat 20-200 patients (Peh et al., 2013, Okumura et al., 

2015b). At these multiples, the economics of tissue engineered alternatives to 

conventional transplantation start to become more attractive. 

The best method for delivering cultured endothelial cells has yet to be 

determined. The pioneering work of Kinsohita et al. has shown that injected 

HCEC’s can be used to successfully treat corneal oedema in patients with bullous 

keratopathy (Kinoshita et al., 2018). After cell injection, patients were kept face 

down for 3 hours to encourage cell adhesion. All 11 patients showed evidence of 

a stable monolayer of endothelial cells on specular microscopy, with a reduction 

in corneal thickness at 6 months. A technical detail, that is important to note, is 

that host endothelial cells were removed by scrapping rather than 

descemetorhexis. It is possible that injected endothelial cells preferentially 

adhere to DM rather than bare stroma. To address this question, the same group 

performed cell injection in a rabbit model where DM was removed in the central 
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4mm (Okumura et al., 2018). Whilst the results showed a restoration of central 

corneal clarity and thickness, albeit delayed, it is important to note this model 

employed cultured rabbit CEC’s. As such the results may not be directly 

transferable to HCEC’s. Whilst prolonged face-down posturing is employed 

routinely in other forms of ocular surgery such as retinal detachment repair, this 

additional demand on patient compliance after surgery remains a barrier to wider 

adoption for injected endothelial cell transfer. It may be possible to modify 

endothelial cells, for example by using external magnets to attract endothelial 

cells containing iron particles, such that prolonged face-down posturing can be 

avoided (Mimura et al., 2005). 

A concern with cell injection is that ectopic implantation may occur in the 

trabecular meshwork or onto the retina and result in elevated intra-ocular 

pressure or proliferative vitreoretinopathy.  

An alternate approach to direct cell injection is to seed cultured cells onto 

implantable constructs for use in traditional DSEK (Mimura et al., 2004, Hitani et 

al., 2008, Honda et al., 2009, Peh et al., 2017). Conventional human 

corneas(Honda et al., 2009), decellularized allogenic corneas (Hitani et al., 2008, 

Peh et al., 2017), collagen sheets (Mimura et al., 2004, Levis et al., 2013) and 

chimeric xenotransplants constructed from decellularized porcine corneas have 

all been suggested as possible carriers (Fu et al., 2010). 

Whether HCEC’s retain the same level of resilience to the transplant procedure 

is yet to be fully evaluated. Careful evaluation of tissue-engineered transplants 

will be vital, both in artificial models of EK (Levis et al., 2013) and in animal models  

in which surgery is suitably similar to that in humans, prior to clinical adoption. 

Causes of failure may include excessive implantation damage, increased 

susceptibility to post-operative inflammation, rejection, or failure of pump function 

in successfully transplanted cells. 

1.21 Summary  

EK has become the mainstay of corneal transplantation for endothelial failure. 

DMEK is becoming more popular and new EK techniques continue to be 
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developed. Eye bank preparation of tissue is now widespread in the US and is 

being adopted elsewhere. There are several techniques for tissue preparation, 

storage and evaluation. It is currently not clear which methods are best. Further 

detailed evaluation of competing techniques using a standardized method that 

can be applied to transplants at each stage from preparation to delivery is 

needed. This will provide insight to the major causes of cell loss during the 

journey from donor to host, allow for improvements to be made and guide 

development of new transplantation strategies. 

1.22 Aims 

The aim of this thesis is to develop a validated  method to compare different 

surgical modalities , preparation  methods, storage techniques and unfolding 

strategies for endothelial keratoplasty. To understand how imaging based viability 

assessment correlates with endothelial cell survival in-vivo, we aim to develop a 

functional animal model of EK.  We aim to use these techniques and models to 

determine which strategies in endothelial keratoplasty are the most  beneficial in 

terms of cell survival as we believe this will improve longer term graft survival 

outcomes. 
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2 General Materials and Methods  
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2.1 Donor Tissue  

Deceased human donor corneas with research consent were obtained from the 

Moorfields Eye Hospital Lions Eye Bank (London, UK), the NHSBT eye bank 

(Bristol, UK) Miracles in Sight (Winson Salem, North Carolina, USA) and the 

Lions Eye Institute for Transplant and Research (Tampa, FL, USA). All 

experiments on human tissue performed at UCL were approved by the Moorfields 

Biobank Internal Ethics Committee under reference 15/SW/0104. All tissue 

donors had been screened for HIV 1 & 2, HTLV, hepatitis B, hepatitis C and 

syphilis according to extant guidelines prior to use (National Blood Service Joint 

Professional Advisory Committee. Guidelines for the Blood Transfusion Services 

in the United Kingdom. 7th Edition, 2005). Samples were treated according to the 

Human Tissue Act (2004) and the Human Tissue Authority’s codes of practice 

2009 and later 2017 (see https://www.hta.gov.uk/hta-codes-practice-and-

standards-0), covered by HTA licence for storage and research (licence number 

11040). All samples were disposed of by incineration at the end of each 

experiment. Samples processed in the UK were anonymised through the Human 

Research Tissue Database of the Pathology Department of the Institute of 

Ophthalmology. Corneas supplied for experimentation in Singapore were 

anonymised via the supplying eye bank. A consecutive number was allocated to 

each corneal specimen. Each specimen was assessed for gross cell death prior 

to experimentation. 0.4% trypan blue (Sigma, St. Louis, MO, USA) was instilled 

drop wise until the entire endothelium was covered. After 30 seconds the trypan 

blue was washed off with balanced salt solution and the endothelial surface was 

examined with an upright stereomicroscope. Samples were excluded from 

experimentation if they failed to meet the quality standards applied in our eye 

bank for transplant grade tissue; large areas of cell loss; >2% cell nuclei staining 

with trypan blue, excessive tissue folding with cell death. Presence of guttae, 

central breaks in DM and signs of media contamination also resulted in tissue 

exclusion. Owing to the relative scarcity of tissue, different quality tissue was 

assigned to different experiments. The criteria used for tissue assignment are 

outlined in the method sections of the relevant results chapters. 
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2.1.1 Tissue for Pilot experimentation  

Tissue used for the wound healing and the initial endothelial overgrowth 

experiments was obtained from the NHSBT eye bank in Bristol. This tissue had a 

minimum ECD of 1600 cells/mm2, and had been stored in organ culture for no 

longer than 6 weeks (media changed upon receipt of tissue if storage time 

exceeded 4 weeks). 

2.1.2 Transplant grade tissue  

Transplant quality human corneoscleral buttons with consent for research use 

were obtained from Miracles in Sight Eye bank. Tissue processing and 

experimentation was performed by a single surgeon (MB) with experience of >100 

DMEK tissue preparations. All tissue used in viability experimentation had a 

central endothelial cell count of >2200 cells/mm2 and had been stored in Optisol 

GS (Bausch & Lomb Rochester, New York) for no longer than 14 days prior to 

experimentation. Initial cell density measurement was performed in the eye bank 

supplying the tissue. Between 100-150 contiguous cells were manually selected 

on an image produced by the HAI EB-2000 XYZ specular microscope (HAI 

laboratories, Lexington USA) and cell density was calculated using the integrated 

software. Samples were assigned to one of two interventions in each experiment. 

When paired tissue was available one cornea from each pair was assigned to 

each intervention. Unpaired tissue was assigned alternately. 

Tissue allocation is summarized in the methods section of each individual 

experimental chapter.  

2.2 Isolation and Culture of Human Corneal Endothelial 
Cells 

HCEC’s were isolated using a two-step ‘peel and digest’ method, and propagated 

using the dual media approach modified from that described previously (Peh et 

al., 2011b, Peh et al., 2015). 
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2.2.1 Culture Protocol 

Research corneas were washed three times in antibiotic/antimycotic solution. 

Primary HCEC’s were isolated using a two-step, peel-and-digest method. 

Corneoscleral rims were placed endothelial-side-up on the base of a plastic 

corneal trephine set (Coronet, Altomed Ltd, Boldon, UK), and held in place by 

vacuum suction. Trypan Blue solution (0.4%) was dropped onto the periphery of 

the cornea to delineate Schwalbe's line. Under the dissecting microscope (Nikon, 

Japan), the DM-endothelial layer was pierced 1 mm anterior to the Schwalbe's 

line using Sinsky hook scored for 360 degrees. The DM-endothelial complex was 

then peeled completely either as an individual sheet or in several smaller pieces. 

The pieces of DM-endothelium were washed by sequential transfer to 3 separate 

wells of a 12-well plate containing BSS.  

Where paired donors were available, DM-endothelium tissue from both eyes was 

pooled and subsequently digested enzymatically in collagenase A (2 mg/ml) for 

at least 2 hours and up to 6 hours. This allowed full detachment of the CE from 

the DM, which tended to conglomerate into tightly-packed HCEC clusters. The 

HCEC cultures were rinsed once in PBS and further dissociated in TripleExpress 

for 5 minutes. Cell pellets collected after a mild centrifugation (800g for 5 minutes) 

were plated into organ-culture dishes coated with FNC coating mixture.  

Isolated HCEC’s were first established in cornea endothelial 

maintenance/stabilization medium (M5-Endo; Human Endothelial-SFM 

supplemented with 5% FBS and 1% antibiotic/antimycotic solution) (Peh et al., 

2015) overnight. Subsequently, HCEC’s were cultured in corneal endothelial 

proliferation medium – M4 (F99; Ham's F12/M199, 5% FBS, 20μg/ml ascorbic 

acid, 1×ITS, and 10ng/ml bFGF and 1% antibiotic/antimycotic solution) 

(Engelmann and Friedl, 1995) to promote the proliferation of HCEC’s. Once P0 

HCEC’s became 80%–90% confluent, M5-Endo was re-introduced to the culture 

for at least two days before being sub-cultured. TripleExpress dissociated cells 

were plated at a seeding density of at least 1 × 104 cells/cm2 on FNC-coated 

surfaces for cellular expansion. All cultures were incubated in a humidified 

atmosphere at 37°C and 5% CO2. Culture media was changed every 48hrs. 

Unless stated otherwise, cells were seeded at a density of 2500 cells/mm2 for all 
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experimentation. A Nikon TS1000 microscope (Nikon, Tokyo, Japan) with a 

Nikon DS-Fi1 digital camera was used to capture phase contrast images during 

expansion and at confluence to document general HCEC morphology 

2.3 Cell counting with haemocytometer 

When cell numbers were required a cell count using a haemocytometer was 

performed. Typically, following trypsinisation and resuspension a small sample of 

cell suspension usually 50μl was mixed with an equal volume of trypan blue 

(Sigma). The trypan blue solution was used to assess the viability of the cells. 

Trypan blue is excluded by live cells with an intact membrane. Hence live cells 

appear unstained and bright compared with damaged cells that stain blue. This 

solution was mixed thoroughly with a 10μl sample being placed under the 

coverslip of a haemocytometer. The cells within the haemocytometer grid were 

counted. At least 100 contiguous cells were counted to ensure accuracy. The 

number of cells was determined by dividing the number of cells counted by the 

number of squares counted times by the dilution factor due to the trypan blue (i.e. 

2) with the final cell number being expressed as n x 104 cells/ml.  

2.4 Immunofluorescence Studies of corneal flat mounts 

2.4.1 Tissue Fixation  

Corneal tissue was washed in PBS and fixed in 1% paraformaldehyde in PBS at 

room temperature for 5 minutes. Samples were permeabilized in Triton-X 1% for 

5 minutes and then blocked using and 2 step process, first in 10% serum for 45 

minutes followed by 3% BSA for 45 mins. Samples were incubated with primary 

antibody at 4°C for 24 hrs in solution composed of PBS with 0.1% Triton-X and 

1% BSA. Samples were washed x3 with PBS, each for 10 minutes, and then 

incubated with secondary antibody, nuclear counter stains and phalloidin (as 

required) overnight at 4°C. To assess specificity of the immunostaining, corneas 

were processed without primary antibody. Specimens were washed x3 in PBS, 

re-fixed in 3% PFA, washed again and dabbed with cellulose spears to remove 

excess fluid. 
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2.4.2 Tissue Mounting 

Between 1 and 4 radial incisions were made to allow flat mounting in Prolong- 

Gold (Thermofischer) anti-fade medium. Samples were placed endothelium up 

and two drops of mounting medium applied. DMEK samples were covered with 

an 18x18 mm cover slip. Whole or divided, full thickness corneas were covered 

with a 60x22mm glass cover slip, which was flexible enough to allow the ends of 

cover slip to touch the glass slide with the use of small weights. The two 22mm 

ends of the cover slip were secured using clear nail polish, which was allowed to 

set for 2 hours before the application of a second coat. 4-12 slides where placed 

in grid array on the bench and covered with aluminium foil, followed by 10 sheets 

of A4 printer paper. A cardboard box containing a 5kg weight was used to 

compress the slides overnight, after which excess mounting media was cleaned 

from the samples and whole perimeter of the cover slip sealed with a further 2 

coats of nail polish. Samples were kept in the dark at room temperature until 

imaging and stored at -20°C following image acquisition. 
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2.4.3 Antibodies and Dyes for Immunochemistry  

 

Specificity Clonality Species 
in 
which 
raised   

Manufacture 
 

Clone/ 
Reference 

Dilutions 
assessed 

Optimal 
Dilution 

ZO-1 Monoclonal Mouse Thermo-
Fischer  

33-9100 1:100-
1:1000 

1:300 

a-SMA Monoclonal Mouse DAKO MAB1420 1:100-
1:1000 

1:100 

Ki-67 Monoclonal Mouse Thermo-
Fischer 

 14-5699-
82 

1:50-
1:1000 

1:100 

Anti-Human 
antibody  

Monoclonal  Mouse Merck-
Millipore 

MAB1281 1:100-
1:1000 

1:100 

Table 2.1 Primary Antibodies  

 

Species primary 
antibody raised in  

Secondary antibody  Blocking 
solution used  

Company 
catalogue ref # 

Mouse Goat anti-mouse IgG 
(H+L) Alexa Fluor 488 
conjugated 

Goat Serum/BSA A-11001 

Mouse  Goat anti-mouse IgG 
(H+L) Alexa Fluor 546 
conjugated 

Goat Serum/BSA A-11031 

Table 2.2 Secondary antibodies  
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Dyes   Dilution  Company/catalogue 
ref 

Filter Set  

Annexin V 1:100 Bio Legend FITC HQ 

Calcein AM Blue 1:100-1:000 Thermo-Fischer DAPI-U HQ 

Calcein AM green 1:100-1:000 Thermo-Fischer FITC HQ 

Cell Event 3/7 4µM Thermo-Fischer FITC HQ 

DiO 1:100-1:000 Thermo-Fischer FITC HQ 

DiR 1:100-1:000 Thermo-Fischer SpectralisTM HRA ICG 

Hoechst 33342 1:1000 Thermo-Fischer DAPI-U HQ 

Phalloidin 1:00-1:500 Thermo-Fischer FITC HQ, CY3 HQ,CY5 
HQ 

Table 2.3 Immunofluorescent dyes  
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2.5 Nikon TIe inverted fluorescence microscope 

 

Fluorophore Filter Set  Excitation 
Filter  

Dichroic 
Mirror 

Barrier 
Filter 

Hoechst 33342 DAPI-U HQ 395/25 425 460/50 

Calcein AM Blue  DAPI-U HQ 395/25 425 460/50 

Calcein AM green  FITC HQ 480/40 510 535/50 

Cell Event Caspase 3/7 FITC HQ 480/40 510 535/50 

Alexa Fluor 488 FITC HQ 480/40 510 535/50 

Alexa Fluor 546 FITC HQ 535/40 565 590/40 

Ethidium Homodimer Cy3 HQ 535/40 565 590/40 

Cy3 Cy3 HQ 535/40 565 590/40 

Alexa Fluor 670 Cy5 HQ 620/60 660 700/75 

Table 2.4 Nikon Tie Filters 
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2.6 Scanning Electron microscopy  

Samples were fixed in 2% glutaraldehyde buffered to pH 7.4 with 0.08M sodium 

cacodylate buffer immediately after experimentation or animal sacrifice. Corneas 

were washed twice in PBS for 10 minutes each before being post-fixed in 1% 

aqueous solution of osmium tetraoxide (FMB, Singapore) for 2 hours at room 

temperature. Samples were then dehydrated using increasing concentrations of 

ethanol (25%, 50%, 75%, 95% to 100% ethanol, with 95% and 100% 

concentrations being performed twice) prior to critical point dried using Bal-Tec 

dryer (Balzers, Liechtenstein) and mounting on stubs secured by carbon 

adhesive tape. They were then sputter coated with a 10-nm-thick layer of gold 

(Bal-Tec) and examined using the JSM-5600 scanning electron microscopy. 

2.7 Flow cytometry  

Following exposure to the test variables, cultured HCEC’s were rinsed x3 in M5-

Endo culture media, trypsinized and transferred to a 1.5ml Eppendorf. Cells were 

centrifuged at 300g for 5mins at 37°C and the supernatant was then removed 

without disturbing the pellet. The cells were re-suspended in a 300µl flow 

cytometry buffer containing and 10µl of the propidium iodide stock solution 

(10µg/ml) added. Samples were gently mixed in the dark for 1 min prior to 

analysis.  

Flow cytometry experiments were conducted on a FACSVerse cytometer (BD 

Immunocytometry Systems, USA) equipped with 405 nm, 488 nm and 633 nm 

excitation lasers. Each sample volume was 300μl and analysed using a flow rate 

of 6μl/min over 3 minutes. All data collection was performed using BD FACS Diva 

software). 10,000 events were captured for each sample. 

The forward scatter (a measurement of size) and side scatter (a measurement of 

cellular granularity) parameters were used to exclude debris. From these events, 

single cells were identified by plotting the area of the forward scatter against the 

height of the forward scatter. The percentage of viable cells was determined from 

the dot-plot of the forward scatter vs PI fluorescence.  
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2.8 Research Animals 

Approval for the animal studies was obtained from the Singhealth Institutional 

Animal Care and Use Committee. Animals were treated in accordance with the 

ARVO Statement for the Use of Animals in Ophthalmic and Visual Research. 

Interventions were performed in New Zealand white rabbits aged 16-20 weeks, 

weighing 3-3.5kg. All surgical procedures and clinical evaluations were 

performed in a single eye of each rabbit under general anaesthesia from intra-

muscular xylazine 5mg/kg (Troy Laboratories, Smithfield, Australia) and ketamine 

40mg/kg (Parnell Laboratories, Alexandria, Australia) with additional topical 

ocular anaesthesia (lidocaine 1%, Bausch and Lomb, Rochester).  

Animals underwent phacoemulsification at least 1 week prior to corneal surgery 

to deepen the anterior chamber. Vancomycin was used in the irrigating fluid 

(20µg/ml) for surgical procedures and rabbits received subconjunctival 

dexamethasone (1mg) and gentamicin (0.4mg) at the end of all surgical 

procedures.  

Prior to EK, rabbits were injected with intravenous unfractionated heparin (1000iu 

in 1ml of normal saline). Heparin was also added to the balanced salt solution 

used to irrigate the eye at a concentration of 50iu/ml.  

For all experiments, rabbits were examined on days 1, 3, 5, 8, 11, 14, 21 and 28. 

Examinations consisted of a combination of slit lamp biomicroscopy, tonometry, 

OCT, confocal microscopy and fluorescence imaging with the SpectralisTM HRA 

confocal scanning laser ophthalmoscope (Heidelberg Engineering, Heidelberg, 

Germany).  

2.9 Statistical Analysis 

Statistical analysis was performed using Prism for MacOS (Graphpad Software 

La Jolla, CA). All data is presented as a mean ± standard deviation unless 

otherwise stated. Statistical significance is set as p<0.05 unless otherwise stated. 

Continuous data was reported as a mean ± standard deviation and compared 

using two-way, students T-tests. Where appropriate, paired sample analysis was 
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performed. Ordinal and non-parametric data is reported as a median and 

interquartile range and compared using the Mann-Whitney U test. When 

comparison between more than two groups was required, ANOVA (parametric) 

or Kruskal-Wallis (non-parametric) tests were used. Association between two or 

more variables was performed using linear regression (simple of multiple). Result 

are presented in the format of y=mx+b with a corresponding p-value to determine 

if the slope significantly differs for 0. Data is presented as a mean with a 95% 

confidence interval and the strength of any association is represented with an R2 

value. Details of other tests are given in methods sections of the corresponding  
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3 Development and Optimization of Imaging tools for 
endothelial viability assessment   
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3.1 Introduction 

Owing to the immunological privilege of the eye, the early success rate for 

penetrating keratoplasty is very high (George and Larkin, 2004). However, 

ongoing annual endothelial cell loss occurs in the transplanted tissue, and 

proceeds at an accelerated rate compared to that observed in the native corneal 

endothelium of healthy adults (4.2% for penetrating keratoplasty vs 0.3% in the 

native corneal endothelium) (Moller-Pedersen, 1997, Bourne et al., 1997, Yee et 

al., 1985). This means that late graft failure is a common occurrence (Bourne, 

2001) and commonly requires re-grafting, which in of itself is a common indication 

for keratoplasty (Eye Bank Association of America). There is concern that the 

more technically demanding EK procedures may result in a lower number of 

endothelial cells being transplanted and may, therefore, have reduced survival 

times (Coster et al., 2014).  

Pooled data from large patient series consistently show a reduction in endothelial 

cell density in the early post-operative period (Price and Price, 2008, Bourne et 

al., 1997, Dirisamer et al., 2011). Damage to the donor cornea may occur 

following the initial death of the donor, procurement of the cornea, storage of the 

tissue in culture media (Doughman, 1980), graft preparation ( Terry et al., 2009b, 

Bhogal et al., 2016a), graft insertion (Saad et al., 2008, Mehta et al., 2008) and 

finally from manipulation within the anterior chamber. 

Graft registry data has established a link between donor ECD and graft survival 

(Bourne, 2001), with higher pre-operative (Thuret et al., 2003a) and early post-

operative ECD having a positive correlation with graft survival (Nishimura et al., 

1999, Bourne, 2001, Writing Committee for the Cornea Donor Study Research 

Group, 2015).  

Reducing cell loss relies upon accurate methods to assess cell viability at each 

stage of the transplantation process, allowing the cause at each point to be 

targeted for refinement. In PK, early post-operative cell loss maps directly to the 

degree of cell damage in the donor, as assessed by calcein am/ethidium staining. 

By assuming PK to be a minimally traumatic procedure, it can be inferred that 
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short term post-op cell density maps to immediate post-transplantation cell 

population (Gauthier et al., 2017).  

In EK, owing to a greater variability in iatrogenic graft trauma, mapping cell 

densities to pre-op values is more complex. EK graft preparation only accounts 

for a small percentage of the cell loss typically observed in the early post-

operative period, suggesting proportionally more cells are lost from the surgical 

process itself (Rose et al., 2008, Bhogal et al., 2016a). Compared to PK and other 

forms of EK, a high percentage of successfully attached DMEK grafts are 

observed to fail within the first year following surgery, suggesting increased cell 

loss from traumatic unfolding is a significant issue (Coster et al., 2014, 

Monnereau et al., 2014). Consequently, optimizing all steps of DMEK from 

preparation through to implantation is important ( Price and Price, 2013a, Price 

and Price, 2013b, Schlotzer-Schrehardt et al., 2013, Vianna et al., 2015,). 

Evaluating endothelial cell viability in completely freed DMEK samples is more 

challenging than for other forms of EK, as DMEK donor tissue scrolls upon itself 

when immersed, and artefactual tissue trauma may occur when unrolling 

specimens for imaging (Jardine et al., 2014).  

Current ex-vivo methods include staining with alizarin red S & trypan blue (Ide et 

al., 2008b), scanning electron microscopy (Madden, 1987, Mehta et al., 2008) 

and the use of fluorescence based viability dyes (Pipparelli et al., 2011) or 

apoptosis assays (Albon et al., 2000). Many of these processes require tissue 

fixation or use of toxic reagents to assess viability, meaning their use is precluded 

in tissue ultimately destined for transplantation or for in-vivo assessment. In 

addition, it is still not certain that a negative result with these assays confirms the 

cells are still physiologically functionally, and currently that can only be confirmed 

with subsequent culture or transplantation with serial assessment.  

Determination of the cell loss attributable to surgery has, until now, relied upon 

surgical models designed to simulate the surgery. Some of these bear poor 

resemblance to the surgery itself (Ide et al., 2007) and where animal models have 

been used, there is a need to sacrifice the animal in order to perform detailed 

analysis of the impact of surgery on cell survival (Koizumi et al., 2012). Currently 
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no method for immediate, detailed, in-situ, post-operative viability assessment 

exists.  

An ideal assessment tool would be one in which viability can be determined at a 

single cell level across the entire graft and performed sequentially within the same 

sample.  

3.2 Aims 

1) To develop an accurate in-vitro method for imaging the entire donor specimen 

in DMEK at the cellular level that can be used to assess graft damage from tissue 

preparation and injection 

2)  To develop a viability assessment method that can be used in-situ following 

EK both globally and at the single cell level in a model of DMEK and determine if 

such a model if feasible to use in-vivo in living animals. 

3.3 Methods 

3.3.1 Development of a method for global In Vitro Imaging  

Owing to the limited supply of corneal tissue, initial experimentation to determine 

the suitability of various viability assessment methods was conducted in quarter 

sections of corneal tissue that had been prepared for DMEK or DSAEK. 

3.3.1.1 DMEK graft preparation  

Corneoscleral rims were placed on a punch block packaged as part of the 

Coronet trephine. Using a blunt Sinsky hook, the peripheral DM was scored 

circumferentially (360°) 0.5 mm anterior to Schwalbe’s line. An area of the scored 

DM edge free of radial tags was identified and grasped with a single pair of fine 

non-toothed forceps, allowing the DM to be peeled away from the underlying 

stroma approximately half way across the cornea under balanced salt solution 

(BSS). The DM was then replaced flat against the stroma by drying liquid away 

from beneath the peeled DM using a cellulose sponge, and a partial thickness, 

8.00mm trephination performed. The redundant peripheral ring of endothelium 
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between the trephination and score edges was removed to confirm complete, 

360° trephination. The free edge of the 8.00mm diameter DMEK donor specimen 

was then grasped at a single point, and donor peeling was completed under BSS.  

3.3.1.2 DSAEK tissue preparation  

DSAEK preparation was carried out following our previously described methods 

for achieving thin grafts (Bhogal and Allan, 2012a). An orientation mark was 

applied and the endothelium was coated with viscoelastic (Viscoat, Alcon, Fort 

Worth, USA) prior to mounting the cornea on an artificial anterior chamber. A 

bottle of BSS was connected to the anterior chamber via a three-way tap. The 

pressure was increased by raising the height of the BSS infusion bottle to 120cm 

prior to closing the three-way tap. The epithelium was debrided and a single, slow 

pass using a microkeratome with a 350µm head (Moria, Antony, France) was 

performed. The stromal cap was replaced, making sure to align the orientation 

mark correctly, prior to removing the cornea from the anterior chamber. Corneas 

were returned to storage in Optisol/organ culture prior to imaging. 

3.3.2 Evaluation of different methods of viability assessment 

3.3.2.1 Trypan Blue/Alizarin Red S 

4 samples (2xDSAEK preparation, 2x DMEK preparation) were stained with 0.4% 

Trypan blue (Sigma-Aldrich Corp., Singapore) for 1 minute at room temperature 

and rinsed with phosphate buffered saline (PBS,0.01 M, Life Technologies, 

Carlsbad, CA, USA). Samples were subsequently stained with 0.5% alizarin red 

S (Sigma-Aldrich Corp.) for 2 minutes, and rinsed again with PBS prior to imaging 

on an upright light microscope with a 3-colour CCD.  

3.3.2.2 Calcein AM/Ethidium Homodimer/ Hoechst 

Grafts were incubated in BSS containing calcein AM (1-5μM) ethidium 

homodimer (1-5μM) and Hoechst 33323 (1-10μM) for 30 mins at 37oC prior to 

fluorescent imaging. Images were acquired using the Nikon TIe inverted 

fluorescence microscope (Nikon, Tokyo, Japan). The total image area was set 
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using the integrated software and automated capture performed using the 

motorized stage. Images were captured using UV (Hoechst/all cell nuclei), FITC 

(calcein/living cells) and TRITC (ethidium homodimer II/dead cell nuclei) filter 

sets. To image the entire graft surface, multiple image tiles were combined and 

stitched together using the integrated software accompanying the microscope 

(NIS Elements AR version 4, Nikon).  

3.3.3 Tissue fixation  

Owing to the delicate nature of EK samples, there was concern that the steps 

required to flat mount the tissue would cause additional iatrogenic damage. This 

is particularly problematic for DMEK tissue which forms a scroll and is difficult to 

flat mount without radial incisions. Viability assessment was made in samples 

stained with trypan blue/alizarin red S and calcein AM/ethidium 

homodimer/Hoechst, with and without fixation in 3% PFA.  

3.3.4 Image analysis 

Images were exported to the open source NIH ImageJ software version 2.0.0-rc-

43/1.50e (National Institutes of Health, Bethesda, Maryland, USA) for processing 

and analysis. The ICTN and BioVoxxel plugins were used for automated cell 

counting and cell border delineation respectively. 

3.3.5 Comparison between Calcein AM/Ethidium homodimer 
viability assessment and apoptosis detection assays 

To determine if calcein AM/Ethidium viability staining failed to detect endothelial 

cells undergoing early apoptosis, comparisons with several apoptosis assays 

were performed. 

3.3.5.1 Annexin V 

Two unfixed transplants were incubated in calcein AM Blue (Excitation 

322nm/Emission 435nm) and Annexin V conjugated to FITC from an apoptosis 

detection kit following the manufacturer’s instructions (BioLegend, San Diego, 

CA, USA) and imaged on the fluorescence microscope.  
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3.3.5.2 Caspase 3/7 

The Cell Event Caspase-3/7 Green Detection Reagent (Thermofisher scientific) 

is a four-amino acid peptide (DEVD) conjugated to a nucleic acid-binding dye with 

absorption/emission maxima of ~502/530 nm. The DEVD peptide sequence is a 

cleavage site for caspase-3/7, and the conjugated dye is non-fluorescent until 

cleaved from the peptide and bound to DNA. The reagent can be utilised in both 

living and fixed cells. The reagent was diluted in organ culture medium to a final 

concentration of 4µM. Tissue samples were incubated with reagent, Hoechst and 

ethidium homodimer for 45 minutes at 37°C prior to fluorescent imaging 

3.3.5.3 TUNEL Assay  

TUNEL assay was performed using the DeadEndTM Fluorometric kit (Promega, 

UK), following the manufacturer’s instructions. Recombinant DNase I was 

incubated with one sample to produce a positive control. 

3.3.5.4 Scanning Electron Microscopy 

Samples (n=3 DMEK) undergoing simulated surgery in the pig eye DMEK model 

(section 3.4.1, page 100) were fixed with 2% glutaraldehyde irrigation into the 

anterior chamber immediately after in-vivo viability imaging (section 3.4 below 

page 100). The whole pig cornea, with the DMEK transplant still attached was 

then excised from the globe, washed x3 in PBS and processed for electron 

microscopy as described in section 2.6, page 89. 

3.3.6 Optimizing Calcein AM fluorescence  

HCEC’s were seeded in a Greiner 96-well flat bottom polystyrol microplate 

(Greiner, Frickenhausen, Germany) pre-coated with FNC coating mix. Cells were 

incubated with varying concentrations of calcein AM (2-8 µM) for 30 mins at 37°C 

as per the manufacturer’s instructions (n=8 per concentration). Cells were 

washed x3 in fresh culture media. Fluorescence intensity was measured at 540 

nm using the Tecan multimode plate reader (Tecan infinite M200 pro, Zanker 

Road, San Jose, USA), set at an excitation frequency of 488nm. Fluorescence 
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was measured at hourly intervals for the first 4 hours and then at varying intervals 

up to 96hrs. Once calcein AM concentration had been optimized in HCEC’s, 

staining was performed in whole corneas. Sequential imaging was performed in 

corneas stored in organ culture (37°C) (n=2) or Optisol (4°C) (n=2) for 1-14 days.  

3.3.7 Calcein Toxicity Assessment  

Toxicity assessment was conducted in HCEC’s and organ cultured human tissue. 

3.3.7.1 Flow cytometric assessment of HCEC viability 

To determine if calcein AM had any inherent toxicity in primary cultured HCEC's, 

a propidium iodide (PI) exclusion assay was used. Cell cultures were exposed to 

calcein AM (2-8μM) for 30 mins prior to washing and trypsinisation. Suspended 

cells were incubated in a solution containing PI in the dark for 15 minutes, 

following the manufacturer’s instructions (BioLegend, San Diego, CA, USA), 

before being analysed using a FACS Verse flow cytometer (Becton Dickinson, 

East Rutherford, NJ, USA) to determine the percentage of PI positive (dead) cells.  

3.3.7.2 Tissue Culture assessment of Calcein AM toxicity 

Two, full-thickness, 5mm discs where punched from each transplant grade 

cornea from areas with minimal endothelial trauma, as assessed by trypan blue 

staining. One disc was incubated with calcein AM (2.67µM) for 30 minutes, 

washed 3 times in fresh culture media (CorneaMax, Eurobio, Courtaboeuf, 

France) and incubated for a further 48 hrs at 37°C. The control disc was 

incubated in organ culture media without prior calcein AM exposure and washed 

in the same manner (n=6). After incubation, corneal discs were triple stained with 

calcein AM (2μM), ethidium homodimer (4μM) and Hoechst 33323 (10μM).  

Samples were coated with an ophthalmic viscoelastic (Viscoat, Alcon, Fort Worth, 

Texas, USA) and imaged. Viability was assessed in at least 1000 cells from three 

non-contiguous regions free from handling/trephination damage. Percentage of 

dead cells, hexagonality ratio and coefficient of variation was calculated and 

compared between calcein AM treated cells and untreated controls. 
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3.4 Methods: In-situ viability imaging following surgery  

3.4.1 Model for EK surgery  

3.4.1.1 DMEK surgery  

Cornea-scleral buttons were removed from the Optisol viewing chambers and 

placed into a 12-well culture plate. Specimens were covered with 250μl of 

balanced salt solution containing 2.67μM calcein AM (1:1500 stock solution, Life 

Technologies Corporation) and incubated at 37°C for 30 minutes. Grafts were 

rinsed in balanced salt solution (BSS), returned to the viewing chamber and 

stored at room temperature until needed for imaging. Fresh porcine globes (less 

than 6 hours after slaughter) were obtained from a local abattoir. Experimentation 

was conducted either immediately after delivery (n=5) or at 24hrs post slaughter 

(n=5), allowing the cornea to swell and better simulate imaging through an 

oedematous cornea. Globes were mounted in a customized holder and BSS was 

injected into the vitreous as necessary to return the ocular pressure to an 

approximately physiological level prior to commencing surgery. DMEK grafts 

were peeled off fully, allowed to scroll on the stroma and stained with trypan blue 

dye (DORC International, USA) for 1 minute. Excess dye was washed off and the 

stained DMEK scroll was transferred to a petri dish filled with BSS. The graft was 

drawn into a dedicated DMEK insertion device (Geuder AG, Heidelberg, 

Germany) and delivered into the porcine anterior chamber through a 2.8mm clear 

corneal incision (n=10). The grafts were unfolded using a standard ‘no touch’ 

technique (Dapena et al. 2011) and the entire anterior chamber filled with air prior 

to repeat imaging of the graft in-situ. 

3.4.1.2 DSAEK surgery  

The corneas were punched with an 8mm trephine, and endothelial surface re-

coated with viscoelastic and loaded into the Endoglide (Network Medical). Grafts 

were implanted into the anterior chamber using a standard pull-through technique 

under constant BSS infusion from an anterior chamber maintainer and 

tamponaded with air. Incisions were closed with 10-0 nylon. 
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3.4.2 Imaging of Cell Viability In-situ 

Imaging was performed at three time points; prior to DMEK preparation, following 

DMEK preparation and in-situ imaging of unfolded DMEK graft. All imaging was 

performed using the Heidelberg SpectralisTM HRA confocal scanning laser 

ophthalmoscope. (Calcein AM fluorescence was detected using the 488 nm solid-

state excitation laser and 500 nm long-pass filter. The manufacturer-supplied 

anterior chamber lens was used to acquire 30-50 frames, at a fixed sensitivity of 

90. These were averaged using the integrated software (Heidelberg Eye 

Explorer) to produce a single image. To increase image magnification, and allow 

visualization of individual cells, a x40 air interface microscope objective lens 

(Nikon) or the Rostock module (Heidelberg Engineering), a lens system 

containing a x63 water immersion lens, were coupled to the supplied 30° retinal 

lens using customized collars. (Figure 3.1). 
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Figure 3.1 In-vivo Imaging set-up 

(a) Image showing porcine eye mounted within a white plastic holder and standard 
equipment used for DMEK surgery. (b) Tissue is imaged using the fluorescein 
angiogram setting prior to, and following DMEK preparation, whilst the tissue is still 
inside the standard Optisol viewing chamber. Use of the standard anterior segment 
lens supplied by the manufacturer and the 30° field-of-view imaging setting allows 
non-contact visualization of the entire cornea. (c) Image showing DMEK graft 
unfolded within the porcine anterior chamber. (d) The graft is imaged in-situ. The 
addition of microscope objective lenses allows non-contact, individual cell imaging. 
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3.5 Results 

3.5.1 Comparison of different candidate methods for Global 
viability assessment 

3.5.1.1 Trypan Blue/Alizarin Red S 

Our trypan blue/alizarin red S staining protocol produced good quality images in 

whole corneas and DSAEK grafts. In spite of this, these images proved difficult 

to use in global, cell-by-cell viability assessment. In several samples, nuclear 

staining with trypan blue was ubiquitous, in spite of no apparent cellular damage, 

(Figure 3.2a). Where nuclear staining with trypan blue could be differentiated 

between damaged and healthy areas, non-specific background staining was 

often of comparable intensity, making nuclear segmentation and automated cell 

detection impossible (Figure 3.2b) 

In DMEK samples, acquiring suitable images was difficult owing to unwanted 

staining of the stromal surface of DM by both trypan blue and alizarin red S. 

Attempts to un-scroll DMEK tissue prior to staining to prevent stromal dye uptake 

resulted in additional, iatrogenic endothelial damage and re-scrolling of the tissue 

upon addition of the staining solutions (Figure 3.2c,d) 
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Figure 3.2 Trypan Blue/Alizarin Red viability staining 

Low magnification, global and high magnification, cellular imaging was performed in 
DMEK grafts stained with trypan blue and alizarin red S. (a) Example image acquired 
using a x40 objective lens. Alizarin red s stains the cell borders sufficiently to outline 
individual cells, but trypan blue staining of nuclei seems ubiquitous, even in 
apparently undamaged areas of confluent cells. Scale bar 50µm (b) The blue channel 
from an RGB image was converted to an 8-bit monochromatic image. Wide variations 
in nuclear staining intensity (coloured circles) were observed; White=137.97, 
Green=172.40, Blue=176.14, Red=154.79. Background intensity was uneven and 
was similar to that of positively nuclei in areas; Yellow=176.69, making segmentation 
of trypan blue stained nuclei difficult. Scale bar 200µm  (c) Staining of denuded areas 
of the endothelial surface of the DM by alizarin red s was observed in many samples 
making automated cell border recognition across the graft problematic. Scale ba 
1mm (d) DMEK graft mounted with a curved holder and imaged using an upright light 
microscope. Specular reflexes from illumination and staining the stromal surface of 
the DM interfere with thresholding. Scale bar 200µm. 
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3.5.1.2 Calcein AM/Ethidium Homodimer 

Following optimization for imaging using the Nikon inverted fluorescence 

microscope, final working concentrations of calcein AM 2μM, ethidium 

homodimer 4μM and Hoechst 33323 10μM were selected for all subsequent in-

vitro imaging experiments. At these concentrations bright, uniform fluorescence 

could be seen in all three channels in live tissue samples. 

3.5.2 Refinement of fixation and mounting protocol  

3.5.2.1 Live tissue mounting vs fixed samples 

Pilot attempts to flat mount DMEK samples without performing radial incisions 

proved impossible, with multiple redundant folds hampering imaging in these 

cases. Where radial folds were made in live samples, excessive tissue damage 

rendered accurate assessment of tissue viability impossible. 

Fixing samples in 3% PFA allowed radial incisions to be created without 

excessive tissue damage, however the scrolled samples had a tendency to fix to 

themselves making them difficult to unroll. Tissue fixation significantly degraded 

the uniformity and intensity of calcein AM fluorescence, making segmentation of 

living areas more problematic. 

In order to overcome the problems of needing radial incisions to flat mount live 

samples, a customized, curved mounting chamber was designed and 

manufactured from acrylic (Figure 3.3a). The chamber was designed such that 

its radius of curvature matched the average posterior corneal curvature, allowing 

the grafts to rest within it without any redundancy folds. 

After incubation, the samples were gently rinsed with BSS and placed within the 

mounting chamber, which had been partly filled with BSS. Drops of BSS and the 

capillary action of partial drying with absorbent cellulose sponges were used in a 

‘no touch’ technique to orientate the DMEK donor samples flat on the curved 

surface, endothelial side up. The endothelial surface was then covered with 

visocoelastic (Provisc, Alcon, Fort Worth, Texas, USA) before chamber inversion 

and imaging with the x4 objective (Nikon CFI Plan Fluor 4X) of a Nikon Eclipse 
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Ti-E inverted fluorescence microscope (Figure 3.3b). 

 

 

Figure 3.3 Curved DMEK mounting chamber 

(a) Schematic showing the design of the DMEK mounting chamber. Matching of the 
radius of curvature to that of the average posterior corneal curvature  allows the graft 
to remain in a natural curved orientation without redundancy folds (b) Image showing 
the mounting chamber and spacing ring coupled to the Nikon Tie inverted microscope 
for fluorescence imaging.  

 

In order to image the curved graft surface, each image tile was composed of a z-

stack of multiple images. A step size of 50µm was chosen, corresponding to a 

total of 20-45 individual images. In-focus information from each image was 

combined using the enhanced depth of focus software module to produce a 

single tile (Nikon NIS Elements, Nikon). Owing to their respective working 

distances, it was only possible to image using this method with the x4 or x10 

extended working distance air objective lenses. 

3.5.3 Automated Cell identification  

3.5.3.1 Trypan blue and Alizarin Red S 

The best quality images obtained after pilot experimentation were selected for 

image analysis in ImageJ. Images were converted from RGB to 8-bit 

monochromatic images, by both directly converting the original image and by 
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splitting it into its constituent colour channels. Grey scale images were then 

contrast enhanced by a process of rolling-ball background subtraction and 

automated cell counting performed using the ITCN plugin. Comparison between 

automated cell counting and manual cell counting across the entire specimen 

showed large differences in all of the samples (n=5) analysed. Artefacts from 

tissue folds (Figure 3.4a,b) uneven illumination/light transmittance and uneven 

staining (Figure 3.4c,d) resulted in inaccuracies in cell identification in spite of 

attempts to optimize the process. 

 

Figure 3.4 Automated cell counting in DSAEK samples stained with trypan 
blue and alizarin red S 

DMEK grafts were prepared using a standard peel technique (a) DMEK graft stained 
with trypan blue showing areas of denuded DM and dead nuclei staining blue. Scale 
Bar 200µm (b) Conversion to 8-bit image for analysis. Artefacts are seen where 
microfolds are detected as positive staining nuclei. (c) DMEK graft stained with 
alizarin red S. Scale bar 200µm (d) Artefactual staining of the stromal surface of 
DSAEK results in difficulty in applying a threshold when using automated cell 
detection algorithms.  
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3.5.3.2 Calcein AM/Ethidium Homodimer/Hoechst 

Cell identification in the Calcein AM/Ethidium Homodimer/Hoechst stained 

corneas is based upon nuclear identification. Images from the blue (Hoechst) and 

red channels (Ethidium) were contrast enhanced and background noise and 

speckle removed. Automated cell counting performed using the ITCN plugin 

showed high concordance with manual cell counting and was superior to the best 

results obtained from cell border based counting (Figure 3.5). A comparison with 

manual cell counting in a randomly selected area of confluent cell cover 

comprising >500 cells was performed by a masked observer in 10 samples to 

confirm the accuracy of this automated cell counting method. A difference of less 

than 0.5% was observed in the manual and automated cell counts based on 

nuclear recognition, which compares favourably to other methods for automated 

cell counting (Ruggeri et al., 2005).  

 

Figure 3.5 Automated cell counting: comparison between nuclei based 
counting and cell border based counting 

DMEK graft stained with Hoechst (a) Cell imaged using a the DAPI-U HQ filter. Counting 
based on nuclear staining is consistent and reproducible. (b) An area of cells from the 
corresponding cornea from paired tissue stained with alizarine red S. Cell counting 
based on cell border staining frequently failed to identify all cells (blue arrows), with the 
percentage of missed cells increasing with the degree of polymegethism. Scale bars 
100µm. 
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3.5.3.3 Apoptosis Detection  

Few caspase positive endothelial cells were seen, and those present were 

frequently seen floating free from the DM. The majority of caspase positive cells 

were ethidium positive, however the majority of ethidium positive cells were 

caspase negative (Figure 3.6, upper panel). 

Triple staining with calcein AM blue (live cells), ethidium homodimer (late 

apoptotic and necrotic cell death) and FITC conjugated annexin V (detects early 

apoptosis) showed no overlap between calcein AM and either of the dead cell 

stains. This indicates that endothelial cells in both early and late stages of cell 

death are calcein AM negative (Figure 3.6, lower panel). 

 

Figure 3.6 Comparison between Calcein AM/Ethidium Homodimer and 
markers of apoptosis 

A DMEK was divided after preparation and simulated surgery. Half of the graft was 
stained with caspase 3/7 and half with annexin V (a) Few endothelial cells stained 
positively for caspase3/7 in areas containing large numbers of dead, ethidium positive 
cells. Caspase 3/7 positive cells were seen free floating cell clumps that may represent 
sloughed off endothelial/epithelial cells. Scale bar 200µm (b) Many dead endothelial 
cells stained positively for both annexin V and ethidium. Whilst some ethidium positive 
cells were annexin V negative, all annexin positive cells were ethidium positive and 
calcein AM negative. Scale Bar 50µm. 
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The TUNEL assay was positive in cells exposed to DNase I (positive controls) 

(Figure 3.7). However, few positive cells were seen in samples that had been 

used in simulated DMEK, perhaps as these has been liberated from the DM 

during graft manipulation and processing.  

 

Figure 3.7 TUNEL assay 

Positive control: Endothelial cells attached to DM were exposed to DNase I, fixed and 
prepared using a TUNEL assay with Hoechst counter staining. All cells stained 
positively with the TUNEL assay. Scale Bar 200 µm 

3.5.4 Optimizing Calcein AM fluorescence for in-vivo imaging  

A linear dose:fluorescence relationship was observed for calcein AM staining in 

cultured endothelial cells (Figure 3.8). Of the 4 concentrations tested, 2.67μM 

was found to be the minimal concentration sufficient for imaging with the 

SpectralisTM. This was the lowest concentration at which discrimination between 

viable and dead cells, both globally and at an individual cell level, could be 

performed reproducibly. In the majority of samples stained with 2.67μM calcein 

AM, nuclear staining was greater than that of the cytoplasm, thereby aiding semi-

automated cell counting. As calcein AM concentration increased, the contrast 

between nuclear and cytoplasmic fluorescence reduced. 

After incubation and washing in fresh media, fluorescence continued to peak for 

a further two hours (Figure 3.8b), after which time point it began to rapidly decline 

(Figure 3.8c). Fluorescein was also assessed in whole corneas stored in Optisol 

GS and organ culture media (n=4). By 24 hours, fluorescence dropped 

considerably and contrast was insufficient to discriminate between viable and 
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non-viable regions in grafts stored in organ culture at 37°C. There was little 

change in mean fluorescence or contrast for grafts stored in Optisol GS at 4°C 

for up to 2 weeks (Figure 3.8d).  

 

Figure 3.8 In-vitro and In-vivo Calcein AM fluorescence as a function of 
concentration and time  

(a) Graph plotting fluorescence intensity against calcein AM concentration. Calcein 
AM fluorescence shows a linear relationship with the incubation dose in cultured 
human corneal endothelial cells. (b) Graph plotting fluorescence intensity changes 
over time post-incubation. Peak fluorescence is seen at 2 hours after incubation. (c) 
Graph plotting fluorescence intensity changes over time post-incubation. 
Fluorescence diminishes rapidly over the first 24hrs in cells returned to culture. (d) 
Fluorescence diminishes rapidly over the first 24 hours (mean fluorescence drops 
from 109 to 36) in whole corneas stained with calcein AM and then returned to organ 
culture at 37°C, making discrimination between viable and non-viable areas 
impossible. For tissue stored in Optisol at 4°C, fluorescence contrast remains high at 
day 7 post-incubation, with little change in fluorescence intensity (99 vs 89). 

 



 112 

3.5.5 Calcein AM Toxicity Assessment  

3.5.5.1 Flow cytometric assessment 

Uptake of PI for HCEC’s exposed to different concentrations of calcein AM was 

compared to that of unstained, matched cells from the same donor using flow 

cytometry. There was a correlation between calcein AM concentration and PI 

uptake, however, cell viability was not significantly different between unstained 

cells and those treated with 2.67μM calcein AM (2.72 vs 3.96%, p=0.25, ANOVA) 

(Figure 3.9). 

 

Figure 3.9 Calcein AM toxicity assessment in HCEC’s by flow cytometry  

(a) Example of flow cytometry out-put. Purple bar represents cells gated as PI +’ve 
(b) Graph showing percentage PI +’ve cells as a function of calcein AM concentration. 
No significant difference between the percentage dead cells in samples treated with 
calcein AM 2.67µM (the working concentration for in-vivo imaging) and untreated 
control cells was observed (ANOVA, p=0.31).  

3.5.5.2 Tissue Culture assessment 

For ex-vivo corneas that had been incubated with calcein AM prior to being 

returned to culture for a further 48hrs, the ECD (T-test, p=0.4), hexagonality ratio 

(𝛘2	p=0.6). and percentage of dead cells (𝛘2	p=0.4) were not significantly between 

control and treatment corneas incubated with 2.67μM calcein AM (Figure 3.10). 
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Figure 3.10 Calcein AM toxicity assessment in ex-vivo, cultured corneas 

(a) Ex-vivo tissue samples were  triple stained in Hoechst, ethidum and calcein AM 
after being cultured following calcein AM staining. Scale bar 200µm (b) Live cells 
(calcein am positive and ethidium negative) were selected and an average live cell 
density calculated by diving the number of live cells by the area using a L selection 
method. (c) Cell neighbor analysis allowed the percentage of hexagonal cells (green) 
to be calculated. Legend shows the colours corresponding to the number of 
neighbours each cell has. (d) There was no difference in live cell density or (e) 
hexagonality ratio in ex-vivo corneas pre-incubated in calcein AM when compared to 
control areas from the same cornea. 

3.5.6 Final protocol for global cell-by-cell, in-vitro Calcein 
AM/Ethidium/Hoechst viability assessment. 

Prepared DMEK donor scrolls were left on the stromal surface of the corneo-

scleral button from which they had been prepared and placed into a 12 well plate. 

Each sample was covered with 250μl of BSS containing Hoechst 33342 (10μM), 

ethidium homodimer-1 (4μM), and calcein-AM (2μM) (Invitrogen, Carlsbad, CA, 

USA). Samples were incubated at 37°C for 30 minutes, prior to live tissue 

mounting and 3-channel image acquisition as described in section 3.5.2.1). With 
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this technique it was possible to visualise every individual cell across the entire 

graft surface. 

3.5.7 Image processing and outcome measures 

Images were exported to ImageJ for processing and analysis. For each DMEK 

specimen, the graft area was manually defined using the TRITC/Ethidium image 

as this gave the clearest demarcation of DM (Figure 3.11a). A minimum of 12 

points on the graft edge were selected using the polygon selection tool before 

converting this to a smoothed spline to define the DMEK donor edge. 

This selection was transferred to the FITC/calcein AM channel image through 

which the areas of viable cells were clearly demarcated (Figure 3.11b). As with 

demarcation of the DMEK donor edge, 12 points on the border of viable cells at 

the DMEK donor periphery were selected using the polygon selection tool to 

create a smoothed spline defining the margin of viable endothelial cells. The area 

between this margin and the DMEK donor edge was then calculated as a 

measure of damage caused by tissue trephination, or ‘trephination damage area’. 

The FITC/calcein AM channel image underwent thresholding, segmentation and 

processing to remove image artefacts and background noise (Figure 3.11c, red 

area). The resulting binary image, which represents all the calcein AM positive 

(living) cells, was used to create a selection mask defining (Figure 3.11c, green 

outline) the total area of viable cell attachment, or ‘viable cell area’, measured 

using ImageJ software. From this, we were able to calculate the % area of the 

graft covered by viable cells (= viable cell area/total graft area), and % cell 

coverage excluding the trephination damage area (= viable cell area/total graft 

area – trephination damage area).  

To enable automated endothelial cell counting within the viable cell area, the 

selection mask created in the FITC/Calcein channel defining the viable graft area 

was superimposed on the UV/Hoechst channel image showing endothelial cell 

nuclei (Figure 3.11d). All nuclei within the selection mask were identified and 

counted using the ITCN nucleus counting plugin for ImageJ.  

The viable graft area included cells staining with both ethidium and calcein AM. 
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These may represent dying cells within the endothelial monolayer or dead cells 

that have become detached and are sitting on top of the monolayer. To count 

these cells using ImageJ software, the viable graft area selection mask was 

superimposed on the image from the TRITC/Ethidium channel (Figure 3.11e).  

Total viable cell number was calculated by subtracting the number of 

TRICT/Ethidium positive cells from the number of UV/Hoechst positive cells 

found within the living area selection mask.  
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Figure 3.11 Image processing steps for global cell-by-cell viability 
assessment 

Channels from a multiplexed, composite image of a whole DMEK graft were 
separated. (a) TRITC/Ethidium channel image allowed a clear demarcation of the 
graft edge. This was manually outlined using the spline selection tool (yellow outline). 
(b) The graft outline defined in the TRITC/Ethidium image is copied and applied to 
the FITC/Calcein channel image. The edge of calcein positive area is defined in the 
same way as the graft edge (blue outline). The difference in the areas of the yellow 
and blue selections was defined as the trephination damage area. (c) The 
FITC/calcein AM channel image is thresholded and segmented using imagej. The 
area of living cells (red area) is used to create a selection mask (green lines). (d) 
UV/Hoechst channel images were colour inverted and the viable graft area selection 
applied (green outline). Each nucleus within the selection mask is counted (red dot). 
Zoomed in area (top right) showing all nuclei. (e) TRITC/Ethidium channel image is 
inverted and the living area selection applied (green outline). Each nucleus  within 
the selection mask is counted (red dot). Zoomed in area (top right) showing ethidium 
staining nuclei within the mask have been counted. Scale bar 1mm 

 

Corrected global endothelial cell density was then calculated by dividing viable 

cell number by the graft area. The true area of the graft is that of a spherical cap 

and not a circle (Figure 3.12). Assuming that the graft is a 2D flat circle and not a 

3D curved surface underestimates the area and artificially increases the 

calculated cell density. True graft areas were calculated using the average 
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measured graft diameter and the base curvature of the imaging chamber. The 

corrected global endothelial cell density (total viable endothelial cells/graft area) 

was normalized for each sample by dividing it by the measured central cell 

density taken from a central area of confluent cells. 

 

 

Figure 3.12 Calculation of true graft area based on hemispherical cap 

The true area of the graft is that of a spherical cap and not a circle. Assuming that 
the graft is a circle underestimates the area and artificially increases the calculated 
cell density. True graft areas were calculated using the average measured graft 
diameter and the base curvature of the imaging chamber. The predicted area for a 
circle from an 8.00 mm trephine is 50.27 mm2. The area of a spherical cap is 
calculated as 2πRh, since           

R²  = a ² + (R-h)², 

47.61  = 16 + (6.9-h)² 

h = 1.28. 

True area of 8.00 mm DMEK transplant = 55.49 mm² (2πRh = 2π x 6.9 x 1.28). 
Individual calculations for the transplants were made using average graft diameter. 

 

For evaluations in grafts immediately after preparation, trephination or injection, 

we chose to use a value for central ECD acquired from our fluorescence image 

instead of the eye bank supplied specular ECD in order to avoid inducing any 

systematic errors related to differences in measurement calibration between the 

two methods. For evaluation of pre-prepared grafts that had been returned to 

storage, central ECD was taken as that supplied by the eye bank to account for 



 118 

any alterations in central ECD that may have occurred as a result of endothelial 

monolayer healing/ remodelling during the second culture period. A Bland-Altman 

plot showed good agreement between the central ECD measured derived from 

counting nuclei stained with Hoechst and that supplied by the eye bank based on 

specular microscopy (Figure 3.13), with a negligible bias seen (Bland and Altman, 

1986). 

 

Figure 3.14 outlines the steps taken in image acquisition, processing, viable area 

assignment, dead cell exclusion and true cell density calculation. Flow chart outlining image processing 

and quantification process 

 

 

Figure 3.13 Bland Altman Plot comparing eye bank supplied ECD to 
measured ECD on fluorescence microscopy 

Comparison between histological cell counting and eye bank supplied ECD. Solid 
red line represents a bias of  -37.4 ± 168 cells/mm2 (mean ± std deviation). Dotted 
blue line represents the 95% limits of agreement. 
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 Figure 3.14  
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3.5.8 In-vivo, post-transplantation viability imaging  

3.5.8.1 Models for EK surgery  

The porcine model replicated the steps of DMEK and DSAEK accurately. Use of 

the anterior segment module supplied with SpectalisTM allowed imaging of the 

entire graft at three time points (prior to graft preparation, following DMEK graft 

preparation and in-situ imaging post graft insertion). High quality images were 

obtained when imaging through either fresh or 24hr-old, swollen porcine corneas.  

Fluorescence contrast between viable and non-viable areas was 15.41 (95% CI 

8.78-22.0) with an average signal-to-noise ratio of 14.27 (95% CI 11.87-16.66). 

A receiver-operator-characteristic was plotted using mean fluorescence intensity 

from 50 viable and non-viable graft areas. Setting a fluorescence intensity of 40 

units as a cut-off for thresholding viable areas achieved a sensitivity of 96.6% 

with a specificity of 96.1% (Figure 3.15c) 
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Figure 3.15 In-vivo Calcein AM imaging characteristics 

(a) Image of DMEK transplant taken after transplantation into the pig eye. 25x25 
pixel arrays in viable (green square) and non-viable areas of the graft were used to 
calculate fluorescence contrast and signal to noise ratio. Scale bar 1mm (b) The 
periphery of the graft was chosen as a standard area of non-viable tissue as this 
consistently contained areas of bare DM as well as attached, non-viable cells; 
stained positively with ethidium homodimer (this images corresponds to the yellow 
square in a. (c) Receiver-operator-characteristic for calcein AM fluorescence. 
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3.5.8.2 Comparison between in-vivo and in-vitro viability 
assessment methods  

Areas of non-viability detected using the in-situ imaging showed were almost 

identical to those seen on global in-vitro global viability method (grafts had been 

re-incubated with Calcein AM and Ethidium Homodimer to confirm the loss of 

fluorescence accurately represented iatrogenic cell damage) (Figure 3.16). 

Percentage viable cells area differed by less than 2% in all samples tested. 

Higher magnification imaging allowed visualization of individual cells (Figure 

3.16d-e). Estimates of cell density based on calcein AM fluorescence showed 

good agreement and a strong, positive correlation with counting Hoechst positive 

cells from the same graft region ex-vivo (R=0.74, p<0.0001). There was a bias 

when counting cells based on in-situ calcein AM fluorescence; with this method 

detecting on average 187 fewer cells per mm2 (95%CI 120-250 cells/mm2) 

(Figure 3.16f).  
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Figure 3.16 Comparison of in-vivo and in-vitro viability assessment 
methods 

(a) DMEK graft imaged post tissue preparation using the SpectralisTM whilst in the 
Optisol viewing chamber. (b) DMEK tissue imaged in-situ after unfolding in the 
anterior chamber. (c) The same tissue was carefully removed from the anterior 
chamber after excising the cornea, re-stained, mounted in a customized, curved 
viewing chamber and reimaged. Scale bar 1mm (d) High magnification images from 
corresponding areas from in-situ and (e) in-vitro images were used to measure cell 
density. Scale bar 100µm (f) A Bland-Altman plot was constructed to assess 
agreement between the two methods. The cell density as measured using the 
Spectralis TM was, on average, lower by 187±144 cells/mm2 (red dotted line). The 
black dotted lines represent the 95% limits of agreement. 
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In addition to the global in-vitro viability assessment method, in-vivo viability 

imaging was compared to trypan blue/alizarin red S staining and scanning 

electron microscopy. All methods showed the same patterns of cell loss; areas of 

bare DM surrounded by attached but non-viable cells (trypan blue or ethidium 

homodimer positive) (Figure 3.17a-c, green arrow). In-situ, these non-viable cells 

could easily be seen at higher magnifications, in particular with use of the Rostock 

module (Figure 3.17a, red arrow). Attached, dead cells had significantly 

diminished fluorescence (only marginally higher than that of the bare DM) 

allowing for easy discrimination between non-viable and viable attached cells. 

 

Figure 3.17 Comparison between in-vivo Calcein AM viability imaging and 
classical in-vitro viability assessment methods 

(a) High magnification, in-vivo images were taken using the Rostock corneal module. 
Individual cells and cell nuclei are clearly visible. Dead cells still attached to DM (red 
arrow head) and bare areas of DM (green arrow can be seen) are visible. Scale bar 
50µm. (b) The same patterns of cell loss (i.e. bare DM surrounded by dead cells) can 
be seen on trypan blue/alizarin red viability staining and (c) scanning electron 
microscopy. Scale bar 50µm. 
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3.5.9 Final Protocol for In-Situ Imaging of DMEK tissue use the 
Heidelberg SpectralisTM 

 

As with imaging curved grafts in-vitro, bringing the entire graft area into sharp 

focus was not possible during a single image acquisition. A method to extend the 

depth of focus for images acquired in-vivo (analogous to that used in our in-vitro 

imaging) was developed to improve the image quality for subsequent 

segmentation. For each graft, a series of 6-10 images was taken prior to surgery, 

each acquired manually in a slightly different focal plane (Figure 3.18a). Images 

were exported to Adobe Photoshop CS5. The images were stacked into layers 

using the auto-alignment function and then the in-focus areas from each 

combined to form a single image using the autoblending function. This composite 

image was flattened and exported to ImageJ. The uneven illumination was 

corrected using the pseudo flat-field image correction filter (BioVoxxel Tool Box) 

and threshold segmentation performed (Figure 3.18c). 
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Figure 3.18  Focus stacking and image processing for in-vivo imaging 

Due to the curvature of the grafts, both pre and post-implantation, a focused image 
of the entire graft could not be obtained. By combining several images using 
image stacking, which was performed in adobe photoshop, more accurate 
segmentation of stained/unstained areas was achieved. (a) 8 individual images 
are taken at 50-100µm z-stacks using the automated z-stack capture feather on 
the SpectralisTM HRA (b) Segmentation of an individual image produces 
inaccurate results due to mage blur and uneven illuminations in out-of-focus 
areas. (c) Image produced by focus stacking several images and applying a 
pseudo flat-field correction. This markedly improves segmentation. Scale bar 
1mm 
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Determination of total graft area was difficult on the fluorescent image as the area 

of dead cells associated with the trephination damage had a fluorescence signal 

comparable to the background, unstained pig cornea. Accurate assignment of 

the graft edge was improved by cross-referencing and refining the selection 

against the infrared image also acquired with the SpectralisTM. This selection 

mask was applied to the fluorescence image before viability segmentation, in a 

method similar to our in-vitro global cell-by-cell viability assessment technique 

(Figure 3.19)  

 

Figure 3.19 Image segmentation for in-vivo graft viability assessment  

(a) Infrared image of the a DMEK graft within the porcine eye following simulated 
surgery. The graft edge is clearly visible. This image was used to assign the graft 
area (yellow outline). (b) The graft is imaged using the fluorescein angiogram mode 
to visualize calcein am +’ve cell. The  area selection is transposed to the calcein AM 
fluorescence image and the area of calcein AM +’ve cells within it is calculated (green 
outlines). Scale bar 1mm 

 

Whilst imaging at cell-level resolution was possible (Figure 3.17a), a reliable 

method to acquire, track and stitch individual image frames from across the 

cornea, acquired using Rostock module or x40 objective lens, was not 

achievable. Comparison between groups was therefore based on viable graft 

area rather than the total number of individual viable cells. To ensure viability data 
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obtained from wide-field images accurately reflected the true degree of cell loss, 

matching regions from images acquired using the wide-field anterior segment 

lens and x40 air objective lens were compared. The anterior segment lens was 

not capable of visualizing individual living/dead cells but could resolve clusters of 

2-3 living or dead cells from the surrounding background fluorescence (Figure 

3.20). In the samples assessed (n=8), the contribution of Individual cells missed 

by the whole cornea image acquisition accounted for less than 1% of the total 

viable area. Therefore, as there was good agreement between the area of cell 

damage assessed by the lower and higher resolution modalities, adjustments to 

account for possible undetected cell loss in areas of homogenous staining were 

deemed unnecessary. 

  

Figure 3.20 Comparison of the accuracy of segmentation using different 
objective lenses 

Images were acquired using either the anterior segment lens supplied with the 
Spectralis (a) or by coupling a x40 air objective to the standard retinal lens (b). The 
complete image obtained, and the differing magnifications, is shown in the inset in 
the upper right corner of each image. The same region was identified in each image 
at the different magnifications. Segmentation of the images is compared between the 
images. There is good agreement between the area of viable cells. Whilst individual 
live (blue arrow) and dead cells (red arrow) can only be detected with the higher 
magnification lens array, both methods could detect clusters of 2-3 dead cells (yellow 
arrows). Overall the difference between the two methods was less than 1% of the 
graft area. Scale bar 200µm. 
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3.6 Discussion  

With our ex-vivo imaging technique we have described a novel method of DMEK 

graft viability assessment that eliminates the need for radial incisions to flatten 

graft tissue, limits iatrogenic mounting trauma and fully accounts for variations in 

cell density and cell death across the whole specimen. This represents the first 

method of endothelial viability assessment conducted on an individual cell level 

across the entire surface of a DMEK transplant in living tissue. The method of 

calcein AM/ethidium/Hoechst triple staining overcomes many of the limitations of 

more commonly used viability stains such trypan blue/alizarin red. First, image 

acquisition at an individual cell level across the entire graft was possible. Second, 

due to the high contrast nuclear fluorescence, accurate segmentation and 

assignment of individual cells could be performed using semi-automated cell 

detection software, something not possible with traditional cell border detection. 

A phenomenon of dual calcein AM/ethidium fluorescence has been described in 

the context of corneal endothelial assessment before. We did not encounter this 

in the samples we tested, with apparent dual fluorescence being due to dead 

endothelial cells resting on-top of the otherwise healthy monolayer (Pipparelli et 

al., 2011). These cells could be excluded from the analysis using the image 

processing algorithm we describe, meaning they did not impact the true viability. 

Comparison with other image based viability assessment methods showed that 

ethidium positive, annexin V positive and caspase 3/7 positive cells were 

invariably calcein AM negative, suggesting that calcein AM was able to detect 

necrotic and early apoptotic cell death and therefore may have an advantage over 

other viability dyes (Gain et al., 2002a). 

We went on to adapt this method for in-situ endothelial viability assessment using 

a single, short incubation with calcein AM and a clinical confocal microscope 

designed for fluorescein angiography. Fluorescent imaging is widely adopted in 

ophthalmology, with the SpectralisTM designed primarily for clinical fluorescein 

angiography. Recently the combination of this clinical device and fluorescent 

apoptosis markers has been proposed as a clinical tool detect glaucoma and 

Parkinson’s disease (Normando et al., 2016, Cordeiro et al., 2017). 
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The method shows a very high sensitivity and specificity allowing easy 

segmentation of viable and non-viable areas of the graft at both the global and 

individual cell level. This detailed level of information is comparable to more time 

consuming in-vitro methods that require the tissue to be disposed of following 

staining e.g. alizarin red/trypan blue dual staining or scanning electron 

microscopy. Fluorescent imaging seems to be preferable in DMEK as it allows 

for easier segmentation of viable tissue and automated cell counting. 

Calcein AM requires two conditions in order to positively label cells. Firstly, the 

cells must be metabolically active for their cytoplasmic esterases to cleave 

calcein AM into fluorescent calcein. Secondly, in order for the polar calcein 

molecule to be retained within the cytoplasm, the cell membrane must remain 

intact. Iatrogenic damage occurring during the grafting process results in 

endothelial cell membrane compromise (Madden, 1987). Our findings suggest 

this is sufficient to allow rapid escape of calcein through new cell membrane 

perforations, resulting in a loss of fluorescence and allowing new areas of non-

viable cells to be identified at multiple time-points after the initial incubation, 

without the need for re-staining. Peak fluorescence was observed at two hours 

post-incubation. This time point correlates well with using calcein AM in a surgical 

setting as post-operative review is often performed after the subject has been 

supine for one hour, with the surgery itself taking an additional hour.  

The porcine eye model has been used to assess the feasibility of transplanting 

tissue engineered corneal grafts (Levis et al., 2012) and has long been used as 

a training model for corneal transplantation including DMEK (Droutsas et al., 

2014). Adding in-situ viability assessment to this model provides a good 

surrogate for animal surgery and will allow new modalities of EK and insertion 

devices to be assessed in a more realistic manner prior to clinical use. 

In current clinical practice, endothelial cell density is measured using specular or 

bright field microscopy of tissue prior to transplantation and specular or confocal 

microscopy in patients following transplantation Whilst confocal and specular 

microscopy allow cell-level imaging, they do not provide reliable data about cell 

viability. Furthermore, these imaging methods are often not possible with corneal 

oedema or air in the anterior chamber. These do not negatively impact the 
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imaging method described here. They are prone to sampling errors as inferences 

about the entire graft (approximately 120,000 cells) are made from small central 

areas of 30-100 cells. Cell density is not uniform across the cornea, increasing 

from the corneal apex to its periphery (Amann et al., 2003), and localized cell 

density can vary by as much as 10% within the central cornea alone 

(Schimmelpfennig, 1984). Limited information about the global viability of the 

endothelium is attainable using current eye bank methods. Data from trypan blue 

staining (organ cultured tissue) or slit-lamp examination (cold storage), in 

general, is presented qualitatively and only used to determine the overall suitably 

for transplantation.  

With our method, in addition to macroscopic viability assessments, single cell 

viability can be determined by the addition of contact or non-contact objective 

lenses to the confocal laser ophthalmoscope. The manufacturer has developed 

interchangeable lenses that allow switching between retinal and anterior segment 

imaging. Whilst no commercial lenses that allow high power imaging of the 

endothelium are available for the SpectralisTM HRA, this can be achieved by the 

addition of infinity-optics microscope objectives using simple collars and spacers. 

The manufacturer has adopted this approach for another confocal scanning laser 

ophthalmoscope; the Heidelberg HRT. The Rostock module is a simple lens 

system containing a x63 water immersion lens, allowing conversion of the 

Heidelberg retinal tomograph (HRT), a device designed to image the retina, to 

one capable of imaging the cornea. Use of additional lenses allowed assessment 

of viability at an individual cell level. 

 At present this cannot be performed across the entire graft but approximates of 

global viability can be generated by combining information about macroscopic 

areas of cell death/loss with density and viability information taken from multiple 

high power fields (Pipparelli et al., 2011), thereby partly compensating for the 

known variations in cell density across the graft.  

In most samples, brighter nuclear staining with calcein AM was observed allowing 

these maxima to be used for semi-automated cell density assessment. This 

method seemed to systematically under-estimate cell density, with a bias of 

approximately 200 cells/mm2. However, all measurements fell within the 95% 
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limits of agreement and therefore, with appropriate calibration, this method 

should give an accurate estimate of regional cell density. We noticed some pin-

cushion distortion caused by the customized in-vivo optical set-up and this would 

account for lower cell density measurements. It should be possible to correct this 

with appropriate adaption of the imaging system. 

Calcein AM, at a dose of 2.67µM, in-vitro or ex-vivo suggesting calcein AM 

staining could form part of the quality control process in animal models of EK. As 

work on tissue engineered grafts and cell injection therapy continues, a method 

of in-vivo viability assessment and cell imaging will be valuable (Fuest et al., 

2017). In-vivo viability imaging will allow researchers to determine if graft failure 

is a consequence of iatrogenic cell loss during surgery or deficiencies in the cells 

being transplanted, if successful transplantation can be observed without 

subsequent corneal clearing.   

Whilst calcein AM has an excellent ability to determine graft viability, the fact it 

remains unbound within the cytoplasm means it is released from cells relatively 

quickly and may make it unsuitable as a long-term tracker. This seems to be an 

active process as corneas stored at 4oC retain fluorescence for at least 14 days, 

whereas it is rapidly lost in those stored in ex-vivo culture at 37oC. Whilst it would 

be straightforward to use calcein AM staining clinically, its use is currently 

restricted. To our knowledge, there is no good manufacturing process grade 

calcein AM available, nor have we found any reports of calcein AM being used in 

a clinical setting. Should this become available, a single incubation of graft tissue 

with calcein AM would be sufficient to allow assessment of graft viability at every 

stage from harvesting to implantation, in cold-stored corneas. Further work 

looking at long term tracking of endothelial cells in-vivo, such as the use of 

quantum dots (Genicio et al., 2015) or fluorescent probes (Hsiung et al., 2008), 

is a logical next step. 
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4 Using viability imaging to optimize the surgical steps 
in Descemet Membrane Endothelial Keratoplasty  
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4.1 Introduction  

Whilst data from single surgeon, high volume centres suggests that graft survival 

and endothelial cell loss in DMEK can match or even improve upon those for PK 

(Feng et al., 2014, Woo et al., 2019), data from large registries suggests EK 

survival is significantly shorter than that for PK, with the worst results being 

reported for DMEK (Coster et al., 2014). These increased rates of primary/early 

graft failure are sufficient to negate any beneficial effect of lowering rejection rate 

on graft survival (Hjortdal et al., 2013). Consequently, maximising the number of 

viable cells transferred to the patient by transplantation is essential. 

Using the viability assessment tools developed in chapter 3, we initially sought to 

examine the effect of tissue preparation method, injection and unfolding on 

endothelial viability in DMEK. By mapping the viability of every cell in a DMEK 

transplants we are able to assess the effect of storage in global viability by fully 

accounting for graft curvature, wound healing, any proliferation and on-going cell 

loss. Our belief is that this provides more comprehensive data than studies 

reporting results of ECD changes in small high power fields (Lie et al., 2008, 

Heindl et al., 2013, Salvalaio et al., 2014).  

For each stage in the DMEK procedure (lamellar separation, trephination, tissue 

injection), two widely used surgical variations from the literature were compared. 

Preparation techniques described divide broadly into those based on peeling DM 

with forceps (Groeneveld-van Beek et al., 2013, Yoeruek and Bartz-Schmidt, 

2013, Tenkman et al., 2014) and techniques aiming to separate DM from the 

corneal stroma by injection fluid (either air or liquid) ( Busin et al., 2011, Muraine 

et al., 2013, Parekh et al., 2014). Most evaluations of these techniques have 

focused on macroscopic donor tissue integrity with little or no comment on 

endothelial viability. Where endothelial viability is evaluated, different viability 

assessment methods have been used by different authors, making comparisons 

between preparation techniques difficult. Only a few articles directly comparing 

two preparation methods have been described (Yoeruek et al., 2012) and an 

assessment of the impact of different graft preparation strategies on global graft 

viability has not been performed in DMEK. 
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Tissue trephination directly damages the endothelium. It has been suggested that 

mounting peeled DMEK tissue on a contact lens prior to trephination on a hard 

surface can limit cell loss when compared to punching directly on the corneal 

stroma  (Lie et al., 2008, Groeneveld-van Beek et al., 2013). The degree of global 

cell loss that can be prevented by switching to this technique has not been 

assessed. 

Insertion of DSAEK tissue results in damage which is inversely proportional to 

size of the wound through which the tissue is introduced (Terry et al., 2009a). 

The impact of injector size on DMEK damage has not been fully assessed, and 

in most reports assessment is performed in areas of confluent, intact cells  

(Arnalich-Montiel et al., 2014, Yoeruek et al., 2016). Graft manipulation during 

unfolding is also implicated in cell loss and, using our pig eye model of DMEK, 

we sought to determine which manoeuvres were particularly harmful. 

The effect of preparation and storage of DMEK tissue on its suitability for 

transplantation is yet to be fully explored. Delivery of eye bank prepared DMEK 

grafts might ease the learning curve and increase the adoption of DMEK, as it did 

for DSAEK (Price and Price, 2013a).  

The endothelium of whole corneas has been well characterized after organ 

culture (31-37°C) storage, the system used widely across Europe. Changes in 

ECD during storage, endothelial wound healing (Doughman, 1980), the spatial 

patterns of cell death and tight junction morphology have been evaluated (Albon 

et al., 2000, Crewe and Armitage, 2001).This means surgeons preparing DMEK 

grafts in theatre can be assured of the quality and phenotype of the endothelial 

cells being transplanted. However, little is known about how the corneal 

endothelium/DM complex behaves once separated from the stroma and returned 

to storage. This second period of graft storage after DMEK preparation presents 

an opportunity to adjust media and storage conditions, enhancing wound healing; 

perhaps shortening the post-operative recovery period. 

We compared three contemporary methods for storing prepared DMEK grafts. In 

method 1, the grafts are peeled off completely and shipped as a scroll in a glass 

vial containing organ culture fluid (Ciechanowski et al., 2014). In method 2, the 
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grafts are peeled 90% off and then laid back on the stroma prior to transplantation 

(Veldman et al., 2015). In method 3, the DM is separated from the stroma by 

creating a fluid bubble and then shipped with or without removal of the stroma. 

(Parekh et al., 2014, Salvalaio et al., 2014). 

Strategies to improve endothelial wound healing and endothelial survival in whole 

corneas have included the use of serum(Moller-Pedersen et al., 2001b), limiting 

storage time (Redbrake et al., 1998, Ehlers et al., 1999), changing media part 

way through the storage period  and supplementation with peptide growth 

hormones known to be produced by corneal keratocytes and epithelium (Lass et 

al., 1994, Barisani-Asenbauer et al., 1997, Imanishi et al., 2000). It is possible 

that grafts remaining attached to the stroma have improved viability and better 

wound healing properties if a form of co-culture exists. For grafts stored as free 

scrolls, enhancing the culture media with growth hormones may be beneficial, as 

it is for endothelial cell culture (Peh et al., 2011b). 

We assessed whether a serum and growth factor supplemented organ culture 

media was be beneficial for preserving ECD and promoting wound healing in 

DMEK grafts. The composition of this media was optimized in a porcine primary 

endothelial cell culture model in a manner similar to previously published work 

(Moller-Pedersen et al., 2001a).  

4.2 Aims 

1) To compare different methods of DMEK graft preparation, trephination and 

injection  

2) To compare cell loss attributable to surgical implantation between DMEK and 

DSAEK and identify any particularly harmful unfolding manoeuvres  

3) To compare different methods for storing pre-prepared DMEK grafts in terms 

of overall viability and suitability for transplantation  

4) To determine if mitogen supplemented culture is preferable for the storage of 

pre-prepared DMEK grafts 
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4.3 Methods  

The study protocol was approved by the Moorfields Biobank Internal Ethics 

committee, University College London, Bath Street, London, U.K. (Reference 

15/SW/0104). Lower grade tissue was used for initial protocol optimisation and 

pilot work (see section 2.1.1). For formal comparisons of preparation, insertion 

and storage techniques, transplant quality tissue was used (see section 2.1.2). 

There were no statistically significant differences in donor age, death to storage 

time, time in storage or eye bank measured central ECD between the groups 

compared in the subsequent experiments. The metric used to compare the 

impact of each graft preparation step was modified to give the most accurate and 

meaningful assessment for each experiment (Table 4.1). 
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Experiment Assessment 
method 

Assessment 
metric 

Rationale 

Lamellar dissection  Viable graft 
area 

% area of tissue 
covered with 
viable cells 

As we are only interested in 
which method reduces 
immediate cell loss, measuring 
viable areas is more pragmatic. 
Good Correlation between cell 
density and viable cell area 
was observed 

Trephination  Viable graft 
area 

% area of tissue 
covered with 
viable cells 

Injection  Viable graft 
area 

% area of tissue 
covered with 
viable cells 

Effect of Storage True cell 
density/ 
central ECD 

% cell loss As wound healing, cellular 
migration, division and on-
going cell loss occur in 
storage, it is important to 
measure individual cells and 
divide these by true graft area 
to determine the true cell 
density  

Table 4.1 Metrics used to compare different graft 
preparation/injection/storage techniques 

 

4.3.1 Effect of graft separation method on graft viability in DMEK 

Two alternative methods of DMEK preparation were compared: manual peeling 

(Tenkman et al., 2014), using a technique widely applied to prepare DMEK tissue 

immediately prior to surgery; and liquid bubble separation (Parekh et al., 2014), 

following a method used to prepare DMEK scrolls in one of Europe’s largest Eye 

Banks (the Venice Eye Bank).  

4.3.1.1 Manual peeling 

Manual peeling was performed in a manner described in section 3.3.1.1. 
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4.3.1.2 Liquid bubble separation 

Corneoscleral rims were placed on a punch block, as described above. A 25g 

needle mounted on a 2.5ml syringe filled with Optisol GS was inserted 

superficially through the tissue just peripheral to the pigmented trabecular 

meshwork and advanced until the entire bevel was located 0.5mm anterior to 

Schwalbe’s line. Optisol GS was injected in 0.1ml aliquots until a peripheral 

separation ‘bubble’ between the stroma and DM could be seen. If 0.3ml of liquid 

had been injected into the stromal without a successful bubble formation the 

same process was attempted at a site 180° opposite. The total amount of liquid 

injected into the stroma prior to initial bubble formation was recorded for each 

specimen. Once a bubble had been initiated, liquid was injected until the bubble 

had spread to the trabecular meshwork at the opposite site of the corneal button. 

The peripheral DM was subsequently pierced with a 27g needle and liquid drawn 

from the bubble space using a cellulose sponge placed on the scleral rim. Once 

all visible liquid had been removed an 8.00mm trephination was performed to 

complete the preparation of the DMEK donor specimen (n=6). 

4.3.2 Effect of trephination method on graft viability in DMEK 

4.3.2.1 Punching on stroma 

DMEK preparation was performed as described in section 3.3.1.1, with the 

trephination performed whilst the DM rested on the stroma (n=6). Two additional 

samples were trephined using a 7.00mm and 9.00mm trephine to assess if tissue 

damage altered with trephine diameter. 

4.3.2.2 Punching on block 

After following the standard scoring method, the DM was completely separated 

from the stroma. The graft was placed directly on to the punch block and flattened 

using drops of fluid and cellulose sponges. The graft was then punched with an 

8.00mm trephine, transferred to the mounting chamber and viability imaging 

performed. 
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4.3.3 Effect of injector diameter on graft viability in DMEK 

The degree of damage attributable to graft injection was assessed in two 

commercially available glass injectors of different sizes; 2mm vs 1.6mm (n=6 

each group) (Figure 4.1a). Grafts were prepared using our standard peeling 

technique as described in section 3.3.1.1. The graft was left attached to the 

stroma at one point, allowing it to be easily unfolded using drops of BSS. Once 

unfolded against the stroma, the graft was stained for viability imaging using the 

method described in section 3.5.6.  

The graft was replaced in the Optisol viewing chamber and imaged as described 

in section 3.4.2, to determine the baseline level of cell death on the scroll following 

preparation.  

The graft was briefly stained with 0.06% trypan blue, separated from the last 

adhesion point on the stroma and transferred to a twelve well plate containing 

BSS (Figure 4.1b). The graft was allowed to scroll prior to being drawn into the 

broad end of the injector using the silicone tubing supplied with the device (Figure 

4.1c). The injector was then connected to a 3ml syringe and the silicone tubing 

removed from the narrow end of the injector. The injector was passed through a 

corneal incision made in the residual donor cornea and injected into a 12 well 

plate containing 3ml of calcein AM/ethidium/ and Hoechst (Figure 4.1d), to 

simulate any damage that might occur from the graft hitting the donor cornea. A 

3.2mm corneal incision was used for the large injector and a 2.75mm incision for 

the smaller injector. After a further 30 min incubation period the, the graft was 

transferred to the curved mount, covered in viscoelastic and imaged (Figure 

4.1e). 
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Figure 4.1 Experimental set-up for comparing injector sizes 

(a) 2 commercially available injectors with different diameters were compared. (b) 
DMEK grafts, were peeled, stained with trypan blue and transferred to a 12 well plate. 
(c) Grafts were drawn into the wide end of the injector. (d) The injector was passed 
through a corneal incision and the graft injected into the well containing, calcein AM, 
ethdium homodimer and Hoechst in BSS . (e) After 30 minutes, the graft was then 
transferred to the curved mount for imaging.  
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4.3.4 Effect of insertion and unfolding on in-vivo EK viability  

To determine the impact of surgery on immediate, post-operative graft viability, 

EK surgery (DMEK (N=8) vs DSAEK (N=8)) was performed in the pig eye model 

and imaged with our in-vivo viability imaging method (see section 3.5.8). Tissue 

was prepared as described in sections 3.3.1.1 & 3.3.1.2.  

Viability imaging using the SpectralisTM was performed at two time points: after 

tissue peeling and after graft insertion/unfolding/gas tamponade. We decided not 

to perform viability testing prior to DSAEK cutting as removal of tissue from 

Optisol GS and incubation in BSS containing viability dyes caused significant 

tissue swelling in some cases and may have affected tissue cutting. Post-

preparation assessment was performed after peeling/cutting but prior to 

trephination as repeated transfer and flattening of the trephined tissue was likely 

to cause significant iatrogenic trauma. 

In all procedures, surgical videos were recorded using the integrated microscope 

camera and later used for analysis. The DMEK unfolding time was defined as the 

time from wound closure with a suture to the time when complete air tamponade 

had been achieved. The surgical video was transferred to Final Cut Pro (Apple 

Inc, USA) and edited by cutting out any segments where the graft was not being 

manipulated by tapping or fluid injection. The length of the final video was defined 

as the direct manipulation time. 

4.3.5 Effect of storage parameters on suitability of pre-stripped 
DMEK grafts for use in transplantation  

Whole corneal graft storage is influenced by the constituents of storage media, 

the time in storage and, for prepared EK grafts, the manner in which the grafts 

are stored; with or separated from the stromal cap. We sought to evaluate the 

effect of each of these factors on storage of DMEK grafts in turn. An outline of 

the sequence of experiments is presented below (Figure 4.2). In a pilot 

experiment, we observed a phenomenon of endothelial migration onto the 

stromal surface of DMEK grafts returned to culture after material preparation, a 

feature that has not been reported before. The degree of overgrowth and time to 
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first observation varied with the media and different storage methods. We 

systematically evaluated this in further experimentation.  

 

Figure 4.2 Flow diagram for storage experiments 

Standard media was compared to EnOC. EnOC was abandoned as rapid cell 
overgrowth onto the stromal DMEK surface occurred. Further experiments 
comparing the best storage method of prepared DMEK grafts were performed. Laying 
punched grafts back onto the stroma was associated with rapid cell overgrowth. Free 
scrolls experienced overgrowth, but only after 4 days in standard organ culture. 
Viability was compared between bubble and free scroll storage after 4 days in 
transplant grade corneal tissue. 

4.3.5.1 Media composition 

Grafts were either stored in Cornea Max (Eurobio, France) organ culture fluid or 

a growth factor containing, enhanced medium (En-OC). The formulation of En-

OC was derived from unpublished, preliminary experimentation in cultured 

porcine endothelial cells performed by Prof. Maria Balda. The basal media was 

composed of equal quantities of MEM, Ham’s F-12, M199 (PAA Laboratories, GE 

Healthcare Life Sciences, Pittsburgh, USA) and Optimem (Gibco, Thermo 

Fischer Scientific Corporation, Waltham, MA, USA) and supplemented with EFG 



 144 

and bFGF (10ng/ml each, PeproTech, Rocky Hill, USA), 

Insulin/Transferrin/Selenium mix 1:200 (Life Technologies Corporation), 

hydrocortisone (1µg/ml), cholera toxin (100 ng/ml) and bovine chondroitin 

sulphate (1mg/ml) (Sigma Aldrich Corporation). Free-floating DMEK grafts were 

placed in 4ml of media in a 12-well plate for 1 week after peeling prior to 

evaluation  

4.3.5.2 Effect of media composition on wound healing and 
proliferative capacity of endothelial cells in Descemet 
membrane separated from the stroma 

The corneal button was initially divided into two equal halves. A standardized 

1mm endothelial wound was produced across the centre of the cornea and 

perpendicular to the cut edge using a silicone tipped cannula, similar to the 

method previously described in quartered corneas (Senoo and Joyce, 2000a). 

Subsequently, DMEK scroll preparation was performed using the standard peel 

technique. Scrolled hemi-grafts were washed in BSS x3 to remove any cellular 

debris, placed in organ culture and incubated at 37°C for variable periods ranging 

from two to eight days. One half-scroll from each cornea was stored in standard 

culture media and the other half-scroll in En-OC, allowing for direct comparison 

of the effect of the different media on samples from the same donor. Samples 

were removed from culture at 2, 4, 6 and 8 days (n=3 at each time point) and 

fixed. The area of DM not covered by cells was manually outlined and measured 

using ImageJ and divided by the starting wound area to calculate the percentage 

wound healing. Having determined the time necessary for full wound closure, 3 

further corneas were analysed at day 4 (in total N=6). ECD and the percentage 

of Ki67 positive (proliferating) cells were compared between wounded and 

unwounded areas and between the two different media. 
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4.3.6 Effect of graft preparation method on suitability for use of 
pre-prepared DMEK tissue in transplantation  

4.3.6.1 Graft storage methods 

Free Scroll storage  

Free scroll grafts were prepared following the method outlines in section 3.3.1.1. 

After complete separation from the stroma, grafts were rinsed gently in BSS to 

remove any cellular debris. Grafts were stored in a 24-well plate in Cornea Max 

media, lying upon a glass cover slip to simulate storage in a glass vial.  

Partially peeled with storage on the stroma.  

As with full peeling, peripheral scoring followed by partial peeling and trephination 

was performed. After trephination the graft was re-grasped and peeled until only 

a small peripheral hinge of tissue remained (at least 90% of tissue peeled). The 

graft was then re-apposed to the stroma using a ‘no-touch’ technique by wicking 

away fluid with a cellulose sponge. If sufficient fluid was removed from under the 

graft it stayed attached to the stroma after return to culture. 

Fluid Bubble separation  

Free scroll grafts were prepared following the method outlined in section 4.3.2.2. 

For graft storage, once complete separation of the DM had been achieved, the 

needle was passed through the stroma and into the bubble space. Fluid was then 

withdrawn, allowing the bubble to collapse, re-apposing Descemet membrane to 

the corneal stroma. The corneas were placed endothelium-up in a 6-well-dish 

containing 6 ml of organ culture fluid. The grafts were punched using an 8mm 

trephine immediately prior to assessment. 

4.3.6.2 Assessment of endothelial cell overgrowth 

Due to the limited availability of human corneal tissue, initial assessments were 

performed in divided samples (N=2 at each time point) for methods involving 
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peeling. Corneal buttons were divided into quadrants using a scalpel. One quarter 

from each cornea was used for each of the first three groups. In the first group, 

DM was stripped completely and placed into separate wells of a 48-well-plate 

containing 1.5ml of standard organ culture. In the second group, the same 

preparation procedure was performed but stripped DM’s were placed in En-OC. 

In the third group, the DM was peeled 90% off in each quadrant and then laid 

back onto the stroma prior to storage. Experiments were repeated using 6 whole 

corneas for each group (N=2 at each time point). As bubble storage can only be 

performed with whole corneas, 8 whole grafts were used to assess this method 

(N=2 at days 2 and 4, N=4 at day 8). Media was changed every 48 hrs. Samples 

were removed and fixed at 2, 4 and 8 days and were stained with phalloidin and 

either ZO-1 or α-SMA. Each sample was carefully examined under the Nikon Tie 

confocal fluorescence microscope for signs of endothelial migration onto the 

stromal surface. Samples were classified as positive for overgrowth if any whole 

cells could be seen migrating onto the stromal surface of the DM (cells were 

usually continuous with the endothelial monolayer and could be seen to wrap 

around the trephined edge of the graft).  

4.3.6.3 Global endothelial cell density assessment in prepared 
DMEK grafts 

Based on the findings of the cell overgrowth experimentation, grafts stored as 

free scrolls and after fluid bubble preparation were taken forwards for global 

viability assessment (n=8 in each group). Grafts in both groups were stored for 4 

days in standard organ culture media at 37°C prior to global viability assessment. 

To control for differences in initial ECD, global ECD after storage was expressed 

as a percentage of eye bank-recorded, specular central ECD (corrected global 

ECD).  

4.3.7 Analysis 

All continuous variables were assessed for normality using the D’Agostino & 

Pearson test. Normally distributed data was compared using, t-tests and non-

parametric and categorical data was compared using the Mann-Whitney U-test. 

Correlation was compared using Pearson (parametric) or Spearman (non-
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parametric) tests. A threshold for significance was set at p<0.05 for all tests and, 

where necessary, a Bonferroni correction applied for multiple comparisons.  

4.4 Results 

4.4.1 Effect of graft separation method on global viability – 
Peeling vs fluid bubble 

There were no statistically significant differences in donor age, death to storage 

time or eye bank measured central ECD between the 2 groups  

The percentage area covered by viable cells was significantly higher in the peel 

group. In spite of using the same diameter trephine in all samples, average graft 

area was significantly higher in the DM bubble group. There was no statistically 

significant difference in the area of damage caused by trephination between the 

two groups (Table 4.2). After individual cell viability assessment, the total number 

of living cells was divided by the true graft area to give a global cell density. This 

was divided by the central ECD to correct for starting variations in cell density 

and expressed as a percentage of the central ECD. Corrected global cell density 

was 85.5±4.7% of central ECD in the peel group and 75.8±12.4% of central ECD 

in the bubble group, p=0.04.  
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 Table 4.2- Results of viability assessment in peel vs fluid bubbl 

We observed a larger variation in tissue viability for the liquid bubble method of 

donor tissue preparation. To investigate this further, a post hoc comparison 

between the amount of liquid injected into the stroma prior to DM bubble 

formation (stromal hydration) and graft viability was made. There was a 

statistically significant, negative correlation coefficient, strong correlation 

between the amount of tissue hydration and area of viable cells (R= -0.96, 

p<0.001) (Figure 4.3). 

 

 

 

Measurement Peel 
(n=8) 

Liquid 
Bubble (n=8) 

p value 

Graft Area - Flat 49.9 ± 0.5mm2 52.6 ± 0.73 mm2 p<0.001 

Graft Area – Spherical cap 55.0 mm2 58.3 mm2 p<0.001 

Max Graft Diameter 8.1± 0.5 mm 8.5± 0.7 mm p=0.02 

Min Graft Diameter 7.7± 0.4 mm 8.1± 0.6 mm P=0.03 

Trephine Damage Area 2.7 ± 0.3 mm2 3.4 ± 0.3 mm2 p=0.09 

Percentage Area Covered by Viable 
Cells 

87.7±1.4% 75.5±5.6% p=0.04 

Percentage Area Covered by Viable 
Cells within Area of Trephine Damage 

92.9 ± 1.1% 81.0 ± 6.3% p=0.05 
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Figure 4.3 Graft viability vs hydration prior to bubble formation  

Linear regression comparing the degree of fluid injected prior to bubble formation and 
amount of cell damage was compared. A significant, negative relationship between 
the area of viable cells and volume of fluid needed to induce bubble formation was 
seen. y = -1.15x+1.0, p =0.0002. The solid black line is the regression line and the 
dotted black lines represent the 95%  limits of agreement. 

4.4.1.1 Patterns of cell loss following graft preparation  

Linear areas of cell loss corresponding to tissue folds could be seen in both 

groups and closely corresponded to the observed pattern witnessed using trypan 

blue staining prior to tissue preparation (Figure 4.4a,b). In the DM bubble group 

an area of increased cell loss was often observed at the point of initial bubble 

formation (Figure 4.4c,d (red arrow)).  

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

Effect of stromal hydration on cell loss

Fluid injected before 
bubble formation(ml)

%
 a

re
a 

of
 v

ia
bl

e 
ce

lls



 150 

 

Figure 4.4 Patterns of cell loss seen in peel vs fluid bubble DMEK 
preparation  

(a) Photomicrograph showing areas of cell damage staining with trypan blue on the 
corneoscleral button prior to peeling and trephination (white arrow heads). Yellow 
outline shows the site of trephination, which was decentered to avoid the site of a 
previous corneal incision for cataract surgery. Yellow outlines show the site of 
trephination. (b) Immunofluorescence image of peeled DMEK, areas of non-viable 
cells within the trephination area closely match those observed on the button prior to 
peeling but are easier to identify using this method (white arrow heads). Site of 
forceps fixation is marked with a yellow arrowhead. (c) Initial stromal hydration occurs 
prior to a peripheral Descemet membrane fluid bubble occurring. (d) The site of 
stromal hydration corresponds with maximal endothelial damage (red arrow) and 
cannot always be avoided by off centered trephination 

4.4.2 Effect of trephination method on graft viability in DMEK  

Representative images of samples from each group are presented below (Figure 

4.5). The pattern of cell damage was consistent in all donor buttons. Every cornea 

demonstrated an unbroken ring of peripheral cell damage at the edge of the 
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specimen, which varied slightly in width at different points. The average width of 

trephination damage was 127 +/- 32µm for grafts trephined on stroma and 10 +/- 

2µm in those punched directly on the plastic block (p<0.01). The width of 

trephination damage did not alter with the size of trephine used (7.00mm, 8.00mm 

and 9.00mm) in either of the 2 groups. There was no significant difference in the 

viability of tissue within the circle of trephination, suggesting that transferring and 

unfolding the graft prior to trephination directly on the block did not induce 

significant damage. For an 8.0mm trephine, trephination damage accounted for 

reduction of 6.3±1.5% in total viability. By adjusting for area of a spherical cap 

and the difference in central and peripheral cell density, this was recalculated as 

6.6±1.5%.  

Table 4.3 Impact of Trephination on Tissue Viability 

Measurement Trephination 
on stroma 
(n=6) 

Trephination 
on punch 
block (n=6) 

p value 

Average Graft Diameter 8.2± 0.4 mm 8.0± 0.7 mm p=0.35 

Trephine Damage width 127 ± 32 µm 10 ± 2µm p=0.007 

Percentage Area Covered by Viable 
Cells within Area of Trephine Damage 

6.3±1.5% 0.5±0.1% p=0.009 

Corrected percentage cell loss  6.6±1.5% 0.5±0.1% - 
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Figure 4.5 Effect of trephination method on graft viability 

(a) Trephination of the DMEK graft on hard surface produces a ring of dead cells at 
the graft border of approximately 2 cell widths. (b) Trephination with the graft laying 
over the compressible stroma is associated with a ring of cell death approximately of 
10 cell widths. Scale bar 1mm. 
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4.4.3 Effect of injector size on endothelial damage in DMEK 

No difference in the viability of paired corneal samples were observed after 

peeling preparation and standard trephination on the stroma. Characteristic linear 

areas of cell death were seen in all specimens following injection through the 

glass introducer, to varying degrees (Figure 4.6 a,b). These are likely to occur 

due to direct contact between the graft and the glass injector (Figure 4.6c) A 

small, but statistically significant difference in viability was observed between the 

two injector sizes (Table 4.4, Figure 4.6d) 

Table 4.4 Effect of injector size on graft viability 

Measurement 1.6mm 
Injector 

2.0mm 
Injector 

p value 

Percentage Area Covered by Viable 
Cells: Pre-injection 

90.2 ± 2.3% 89.2 ± 2.6% p = 0.42 

Percentage Area Covered by Viable 
Cells: Post-injection 

85.4 ± 1.4% 86.9 ± 3.2% p = 0.12 

Damage caused by graft injection (% 
area) 

4.8 ± 2.7% 2.3 ± 1.1% p = 0.032  
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Figure 4.6 Effect of injector size on endothelial damage 

DMEK grafts were stained with calceien AM/ ethidium and Hoechst prior to injection 
through glass injectors and fluorescent imaging. Scale bar 1mm (a) Cell viability 
following injection through a 1.6mm injector. (b) Cell viability following injection 
through a 2.0mm injector. (c) Grafts loaded in the injector were imaged using OCT. 
Greater contact with the injector wall and compression of the graft is seen with the 
1.6mm injector on OCT examination (d) Overall injection damage was low, but a 
greater degree of cell damage was seen with the use of the smaller injector. * p >0.5 
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4.4.4 In-vivo viability following Endothelial keratoplasty 

4.4.4.1 DMEK vs DSAEK  

Pre-preparation viability and post-preparation viability (viability after 

cutting/peeling) were not statistically different between the two groups. (Table 

4.5)  

Table 4.5 Graft viability in DMEK vs DSAEK 

There was a significant difference in the percentage damage caused by graft 

insertion; 8.6±6.0% for DMEK vs 19.7±10.1% for DSAEK, p <0.01 (Figure 4.7). 

 

Figure 4.7 Surgically induced cell loss in DSAEK vs DMEK  

Graph showing percentage area of cell viability loss attributable to graft insertion in 
DSAEK and DMEK. * denotes p<0.05 
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Measurement DMEK (n= 12) DSAEK (n=12) p value 

Percentage Area Covered by 
Viable Cells: Post-preparation 

92.3±5.3% 92.7±6.4% p=0.7 

Percentage Area Covered by 
Viable Cells: Post-
insertion/unfolding 

85.4±1.4% 73.1±12.5% p=0.0093 

Damage caused by graft 
insertion/unfolding (% area) 

8.6 ± 6.0% 19.7 ± 10.1% p=0.0047 
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4.4.4.2 Patterns of Damage following DMEK 

Damage attributable to graft unfolding varied between 1.4% and 19.40% of the 

total graft area. Scenarios encountered clinically, such as tissue being 

incarcerated inside the main incision during insertion, tissue being ejected from 

the eye (Figure 4.8b), tissue becoming entrapped within a paracentesis during 

inversion/unfolding (Figure 4.8a,c) and use of torn tissue (Figure 4.8d), were 

experienced in the pig eye and rabbit surgical models (see chapter 5) 

(supplementary video 4.1). Each of these was associated with unique patterns of 

cell loss. Multiple linear areas of cell loss, with two distinct orientations, were seen 

on the tissue ejected from the eye (Figure 4.8b, red arrows). Incarceration of 

tissue during insertion or unfolding resulted in significant loss of cells in that 

region (Figure 4.8c). Both of these patterns are consistent with physical trauma 

to the endothelial cells that lie on the outside of the tissue scroll. Use of torn tissue 

was not associated with significant cell loss in the areas adjacent to the tear or 

the flap, which required additional manoeuvres to unfold. Analysis of cell damage 

from DMEK performed in live rabbits (see chapter 5) showed areas of cell loss 

where the graft had become attached to the iris as a consequence of fibrin 

sequestration from the pupil edge (Figure 4.8a). 
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Figure 4.8 Examples of damage seen following DMEK 

(a) Circular pattern of damage seen where the graft has become adherent to the pupil 
margin as a result of fibrin release during the surgery. Characteristic damage as a 
result of graft injection (linear streaks) can be seen. Incomplete injection results in 
damage occurring where the graft became incarcerated in the wound (white arrow). 
(b) Linear streaks aligned in two distinct axes are seen in this graft that was flushed 
from the eye and re-inserted (c) A large central area of cell loss is seen at the point 
of an ‘origami’ folded graft that became incarcerated in a paracentesis during 
unfolding attempts. (d) A graft with a tear originating from the orientation mark can 
be seen to have good overall viability, including that within the torn segment. Scale 
1mm. 



 158 

4.4.4.3 Factors influencing graft viability following DMEK  

 

Figure 4.9 Comparison between graft unfolding time and cell loss 

A linear regression was performed to determine if cell loss was associated with graft 
manipulation time (n=200. The solid line represents the regression line and the 
dashed line the 95% confidence interval. Y = 0.1641x + 0.05365, 95% CI 0.075 to 
0.25x + -118 to 45. Outliers, defined as those outside the 95% CI, are heighted with 
coloured data points. Presence of fibrin and excessive rubbing of the scroll appear to 
be associated with more endothelial damage than predicated by the regression 
model. Presence of a taco scroll is associated with less damage than predicted by 
the model. 

 

Video data from surgery performed in the pig eye model of DMEK was pooled 

with that from surgery performed in rabbits (n= 20). This allowed us to assess the 

impact of factors such as anterior chamber fluctuation and fibrin production on 

graft viability, as these are encountered during surgery in live subjects. The 

average time taken to unfold a DMEK graft was 150 ± 107 seconds and the 

average time during which the graft was being directly manipulated by tapping or 

fluid injections was 87±73 seconds. A linear regression was performed to 

determine if cell loss was associated with graft manipulation time. A positive slope 

value of 0.16 (95% CI 0.07-0.25) was found, p=0.0011, R2 = 0.45. By examining 

individual cases in more detail, it appeared that the presence of excessive fibrin 

in the anterior chamber or excessive lateral translation of the pinned graft during 

unfolding were associated with a higher percentage of viability loss than predicted 
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by the model. Conversely, unfolding loose scrolls, that tended to form ‘tacos’, was 

associated with a lower endothelial loss than predicted by the regression model 

(Figure 4.9b). A multiple linear regression  was conducted to examine the 

interaction between scroll tightness (loose, tight) and scroll type (single, double) 

and presence of a taco scroll during surgery  and unfolding time. Scroll tightness 

and the scroll type were not significant on univariate analysis. Presence of a taco 

scroll was a significant factor in surgery time on univariate analysis, p=0.0011, R2 

= 0.45. Scroll tightness and scroll type were entered back into the multiple 

regression model to check for term interactions, but they did not improve the 

model. 

4.4.4.4 Patterns of Damage following DSAEK  

Characteristic patterns of cell loss were seen in-vivo following DSAEK. 

 

Figure 4.10 Patterns of Damage following DSAEK 

Calcein AM imaging following DSAEK graft insertion using the Endoglide in porcine 
eyes. Distinctive patterns of cell damage were seen in-vivo following simulated 
surgery. An area of damage associated with forceps trauma from pulling the graft into 
the anterior chamber (white arrows) could be seen in most cases. (a) In this graft, 
prominent striae of cell damage emanating from the forceps fixation point are visible. 
(b) In this graft, a combination of striae and damage attributed to stromal swelling, 
visible are non-linear areas of cell loss, are seen. Scale bar 1mm 
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An association between DASEK graft thickness and pre-preparation graft viability 

was statistically significant (R2=0.48, p<0.0083). This would suggest that grafts 

with lower viability swell more during storage. However there was no association 

between surgically induced cell loss and CCT.  

4.4.5 Effect of storage parameters on suitability of pre-stripped 
DMEK grafts for use in transplantation  

4.4.5.1 Wound healing assessment  

The 1mm wound had fully closed after 4 days in all corneas, in both standard 

organ culture and En-OC (Figure 4.11a). At day 2, the area of the wound not 

covered by the migrating cells was smaller in the En-OC group than in the 

standard organ culture group, but this failed to reach statistical significance 

(31±11% vs 39±7%, n=3, p=0.29). Evidence of endothelial cell proliferation was 

observed in most stored samples, but generally limited to the wound site and the 

areas of trephination damage (Fig. 4.11b). 
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Figure 4.11 Evidence of proliferation in wound healing 

(a) Photomicrograph of a DMEK graft from half a cornea. A standard injury is created 
with a silicon-tipped cannula (white lines). After 4 days in standard organ culture media 
the wound has been completely covered by migrating endothelial cells. Cell density in 
the unwounded (*) area is much higher than in the wounded area (**). Tight junctions 
are not fully formed at 4 days in the wound area (ZO-1 in red). Scale bar 100µm. (b) 
Half DMEK grafts were stained for makers of proliferation. Upper panel: Endothelial 
cells in unwounded areas of the half DMEK graft preserve a healthy, mature 
monolayer, confirmed by a normal staining for ZO-1. No Ki67 positive (proliferating) 
cells are seen. Lower panel: Image taken from the wound site. Ki67 positive nuclei 
(green) and cells in various stages of mitosis (white arrows) are seen. In spite of 
proliferation, cell density remains lower than in the unwounded areas. Scale bar 50µm. 
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Approximately 1% of all cells were Ki67 positive with no difference in proliferative 

capacity observed with the use of En-OC. No Ki67 positivity was seen in control 

samples fixed immediately after peeling without return to culture. Average ECD 

in the wounded areas was approximately half that of the unwounded areas in 

both standard media (719 ± 150 vs 1364 ± 170 cells/mm2, p<0.001, n=8) and En-

OC (863 ± 166 vs 1540 ± 209 cells/mm2, p<0.001, n=8). ECD in the wounded 

areas of grafts stored in En-OC was higher than that in the wounded areas of 

grafts stored in standard organ culture, however this failed to reach statistical 

significance (863 ± 166 vs 719 ± 150, p=0.09, n=8) (Table 4.6). 

 Media  

 Standard (n=8) Enhanced (n=8)  

Donor Age 68.8±11.4  

Death to storage 
time 

26.4±10.3  

Time in Organ 
Culture 

33 days  

Cause of Death Respiratory failure (2), Cerebrovascular accident 
(3), Malignancy (3) 

 

Donors with 
diabetes 

2 (1CVA, 1 Respiratory failure)  

ECD prior to 
experimentation  

1833± 155 cells/mm2  

Unwounded ECD 
(cells/mm2 ±STD) 

1364 ± 170 1540 ± 209 p=0.19 

Wounded ECD 
(cells/mm2 ±STD) 

719 ± 150 863 ± 166 p=0.09 

 p<0.001 p<0.001  

Table 4.6 Effect of En-OC on ECD in wounded and undamaged areas 

4.4.5.2 Endothelial overgrowth 

The only preparation method free from endothelial overgrowth was fluid bubble 

separation. No grafts stored as free scrolls in standard media had endothelial 
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migration at day 4 but 50% showed this phenomenon at day 8. Endothelial 

overgrowth was more rapid and extensive in peeled tissue stored in growth factor 

enhanced En-OC storage media, with migrating cells observed in all samples at 

day 2, and completely covering the stromal surface of graft by day 8. Overgrowth 

also occurred more quickly in grafts in which DM was incompletely peeled and 

laid back on the stroma with overgrowth seen in 50% of the samples by day 2 

(Table 4.7).  

Condition % of samples with Endothelial Overgrowth 
(N) 

Comments 

 Day 2 Day 4 Day 8 

Free Scroll 
(standard OC) 

0% (4) 0% (4) 50% (4) Few actin stress 
fibers, circular cells 

Free Scroll 
(enhanced OC) 

100% (4) 100% (4) 100% (4) Flat cells with 
multiple extensions 
and excessive 
migration 

Peel and lay 
on stroma 
(standard OC)  

50% (4) 100% (4) -  Flat cells with 
multiple extensions 
and excessive 
migration 

Bubble 
(standard OC) 

0% (2) 0% (2) 0% (4) No cell 
overgrowth 

Table 4.7 Time point at which endothelial overgrowth was observed 

(N) refers to the number of samples in each group. OC = organ culture medium. 

 

Overgrowing cells in the samples stored laying on the stroma or incubated with 

growth factor enhanced En-OC media lost junctional staining for ZO-1, had an 

increased number of actin stress fibres and stained positively for α-SMA (Figures 

4.12 & 4.13). Migrating endothelial cells in the free scroll group retained a more 

‘endothelial’ morphology with a rounded shape and fewer stress fibres (Figure 

4.12)  
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Figure 4.12 Endothelial cell overgrowth in stored DMEK grafts 

DMEK grafts were stored following preparation, either as free floating scrolls or laid 
back against the stroma of the donor button following trephination (a) Following re-
culture, grafts were fixed and stained with phalloidin and fluorescent antibodies 
against ZO-1. Scale bar 100µm. Endothelial overgrowth was witnessed in both 
scrolled DMEK grafts and those stored on the stroma. (b) Overgrowing cells in grafts 
stored as scrolls were less prominent and remained circular. Scale bar 100µm (c) 
Overgrowth was more prominent and cells appeared more ‘fibroblastic’ in sample 
stored in contact with the stroma. Scale bar 100µm 
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Figure 4.13 Endothelial overgrowth onto the stromal surface of DM 

(a) Fluorescence image of a whole DMEK graft that has been peeled, laid back on to 
the stroma and stored for a further 4 days in standard organ culture media. Stained 
with phalloidin (green). *Enlarged segment from a central portion of the graft showing 
a healthy, hexagonal endothelial monolayer, with a normal actin staining pattern. 
**Enlarged segment from the periphery of the graft. Large endothelial cells have 
migrated onto the stromal surface of the DM, with an out-of-focus layer of normal 
endothelial cells seen underlying these cells on the correct side of the DM. Cells have 
enlarged, flattened and acquired multiple linear stress fibers; indicating endothelial-to 
mesenchymal transformation. b) A confocal image of the migrating cells shows 
positive staining for α-SMA, a marker for endothelial-to-mesenchymal transformation 
(red). Scale bars 50µm. 



 166 

4.4.5.3 Global endothelial cell viability in stored DMEK grafts 

As excessive and early endothelial overgrowth was observed when DM grafts 

were partially peeled and laid-back onto corneal stroma, this method was 

excluded from global endothelial viability assessment in transplant grade tissue. 

After 4 days in culture, corrected global endothelial cell density was significantly 

higher in the free scroll donors than in the fluid bubble grafts (Table 4.8). Tissue 

was from paired donors. Global viability was calculated by counting all viable cells 

on the graft and dividing this value by the graft area (adjusted for imaging a 

spherical cap). This figure was presented as a percentage of the starting central 

ECD measured in the eye bank; Corrected global ECD.  

 Free Scroll-OD (n=8) Liquid Bubble-OS (n=8) p value 

Donor Age 65.4 ±10.3 yrs  

ECD ± SD 
(specular) 

2667±221 cells/mm2 2754±200 cells/mm2 P=0.32 

Death to 
storage time  

6.2 ±4.1 hrs  

Time in Optisol 
prior  

11.4 ± 2.1 days  

Corrected Graft 
Area ± SD 

58.1±0.51mm2 59.4 ± 0.73 mm2 P=0.49 

Corrected 
global ECD ± 
SD 

74.2 ± 3% 60.3 ± 6% p=0.035 

Table 4.8 Graft characteristics and post-storage ‘corrected ECD’ in grafts 
stored as collapsed bubbles or free scrolls.  

4.4.6 Qualitative assessment of cell death and endothelial 
morphology 

Characteristic and reproducible patterns of cell death were seen in both groups. 

In the free scroll group, linear patterns of cell death aligned with the long axis of 

the scroll were seen in all samples (Figure 4.14a-c). In the bubble group, areas 

of cell death were frequently seen at the peaks of tissue folds that had occurred 

as fluid re-accumulated between the DM and stroma (Figure 4.14d-f).  
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Figure 4.14 Patterns of cell death following storage of pre-prepared DMEK 
grafts 

(a) A branching pattern of cell death staining positively with trypan blue and 
corresponding to tissue folds, is seen immediately after preparation. (b) Scrolled 
graft laying on a glass cover slip in a 48 well culture dish. (c) Global endothelial 
viability assessment showing characteristic lines of cell death corresponding to the 
long axis of the scroll. (d) Trypan blue staining immediately after bubble separation 
showing patterns of cell death consistent with tissue folds. (e) Trypan blue staining 
after tissue storage shows death cells at the peaks of tissue folds. (f) Global 
endothelial evaluation of bubble separated graft after trephination. Scale bar 1mm 
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Normal tight junction (ZO-1) and actin staining patterns were observed in the 

healthy areas of graft from both groups, with no discernible differences between 

the two storage methods. Irregular staining was observed in areas of cell death 

and those adjacent to them. 

 

Figure 4.15 Cellular changes in healthy and unhealthy areas of the graft  

Patterns of staining for ZO-1 and actin cytoskeleton differed depending on the region 
of the graft sampled. Endothelial cells in healthy areas demonstrated uniform borders 
and a normal cortical actin ring. Endothelial cells in unhealthy areas of the graft, close 
to areas of frank cell death, had convoluted cell borders and a more peripheral 
distribution of actin. Scale bar 50µm. 

4.5 Discussion  

Tissue preparation and insertion in DMEK  

The corneal endothelium heals primarily by a process of wound repair in which 

cells enlarge and spread with minimal cell division occurring in vivo (Doughman, 

1980). Transplants in which a greater number of viable cells have been 

transferred, as evidenced by higher initial post-operative ECD measurements, 

are to known to survive longer than those with fewer cells (Nishimura et al., 1999, 

Bourne, 2001). Cell loss during tissue storage and preparation and insertion is 

therefore likely to map directly to postoperative ECD (Thuret et al., 2003a), and 

the prognosis for DMEK graft survival. A detailed understanding of where cell loss 

can be avoided should ultimately improve graft outcomes and survival.  
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Whilst patterns of cell loss during DSAEK insertion have been evaluated and 

used to modify insertion methods (Mehta et al., 2008, Terry et al., 2009a, Saad 

et al., 2008), few descriptions of the patterns of cell loss occurring during DMEK 

tissue unfolding have been reported. 

We used our in-vitro cell level viability assessment method to assess the impact 

of variations in graft preparation on endothelial viability. We found that a peeling 

method, commonly used by surgeons preparing grafts in theatre and employed 

by eye banks shipping pre-stripped tissue in the USA (Miracles of Sight Eye Bank, 

North Carolina, USA) and Europe (Amnitrans Eye Bank, Rottterdam, 

Netherlands), is reliable and produces minimal endothelial cell damage.  

We were able to detect a significant difference between two DMEK preparation 

techniques where other authors using more simplistic methods could not (Yoeruek 

et al., 2012). Whilst our method is more time-consuming, we believe it significantly 

improves upon those previously described assessments in whole grafts (Jardine 

et al., 2014, Kobayashi et al., 2015). 

In this study, the percentage area of nonviable tissue in the peeled samples was 

12%, however 6% of the non-viable graft area is attributable to trephination 

damage alone. Qualitative comparison with trypan blue staining prior to tissue 

dissection suggests that the majority of nonviable areas are present on the 

transplant tissue prior to preparation, with nonviable cells concentrated on the 

ridges of tissue folds. 

Our findings compare favourably to those reported by other authors assessing 

endothelial viability in DMEK preparation. Jardine et al used calcein-AM alone to 

assess areas of cell loss after preparation of DMEK transplants using a peel 

technique (Jardine et al., 2014). They found that 22.5% of the graft area was non-

viable and inspection of the figures in their paper suggests this may not include 

the damage caused by trephination. As acknowledged by the authors 

themselves, it is likely that the higher degree of cell damage reported previously 

is, in part, due to the method of tissue mounting used. Using our technique, we 

were able to minimize trauma associated with specimen manipulation. Our 
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relatively good results may therefore reflect the degree of cell damage associated 

with DMEK donor preparation more accurately. 

The amount of stromal hydration accounts for approximately 85% (R2) of the 

variability in endothelial damage observed in the liquid separation group. 

Excessive stromal hydration is thought to increase tissue strain (Sperling, 1978), 

and we surmise this results in mechanical stress applied to endothelial cells. 

Tissue distortion and mechanical stress have been implicated in both acute 

endothelial cell trauma (Albon et al., 2000), and cell death during tissue storage. 

In grafts in which a separation plane under the DM could be induced with minimal 

hydration, tissue viability was comparable to that of a peel technique. We did not 

observe a learning effect whereby excessive tissue hydration was limited to the 

earlier samples in the liquid bubble group. Instead the amount of liquid needed 

may relate to the adhesion between the stroma and DM and be an intrinsic 

property of the tissue itself. It has been suggested that grafts stored in organ 

culture without dextran maybe easier to separate using a liquid separation 

method (Parekh et al., 2014), and therefore induce less endothelial damage. 

Direct transfer of methods of DMEK preparation tested in organ culture to corneas 

in cold storage may not be appropriate and specific validation should be carried 

out for each storage method. 

In addition to counting all viable cells our method also takes into account the true 

surface area of the curved posterior corneal surface when calculating cell density. 

Since the area of a spherical cap is greater than that of a circle of the same 

diameter, previous studies may have systematically overestimated cell density at 

the point of transplantation (Lie et al., 2008). Global cell density was on average 

14.6% lower than central cell density in the peel group and 24.2% lower in the 

bubble group, suggesting that an early postoperative ECD reduction of up to 25% 

could be expected if tissue was inserted completely atraumatically.  

For the preparation of DMEK scrolls from cold stored corneal tissue, based on 

results here, we would recommend techniques based on peeling rather than fluid 

bubble separation  
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Figure 4.16 Estimated % cell loss induced by different trephination 
diameters when punching on the stroma 

Graph comparing the amount of cell death as a percentage of graft area. The left 
hand Y-axis corresponds to percentage area of cell damage as shown in the blue 
line. The right-hand Y-axis corresponds to graft area, as shown on the red line. As 
trephine diameter increases, graft area increases and the percentage area of the 
graft that is damaged as a consequence of trephination is reduced. 

 

Since a significant proportion of the endothelial cell damage attributed to graft 

preparation was caused by trephination, we examined the effect that changing 

trephination method had on overall graft viability. We hypothesise that punching 

on the stroma causes peripheral portions of the graft to be dragged down with the 

inner wall of the trephine, resulting in cell loss. Punching on a hard surface, as 

proposed by the Melles group, all but eliminated the peripheral ring of cell loss 

associated with trephination (Lie et al., 2008). Whilst currently this involves 

additional tissue manipulation to transfer the tissue to the punch block, this did not 

cause any observable loss of viability. We are developing a method to negate 

tissue handling altogether. By combining a peeling technique with trephination 

directly on the punch block virtually all cell loss from tissue preparation is 

eliminated. 
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We subsequently examined the effect of different injector sizes on global graft 

viability. Using an image subtraction method to assess changes in viability 

associated with graft injection, we observed a statistically significant difference in 

damage caused depending on the gauge of glass injector used. The endothelial 

damage caused by injection through the 1.6mm injector was approximately 

double that caused by the 2.0mm with most areas of injection damage seen as 

linear streaks. OCT examination supported the hypothesis that this damage 

resulted from shear stress between the endothelial cells on the outer surface of 

the scroll and the wall of the glass injector. Qualitative assessment using OCT 

showed DMEK scrolls in the smaller injector were compressed more, meaning a 

greater area of the graft was in contact with the glass and hypothetically increasing 

the area of cells exposed to a shear force during insertion.  

Schallhorn et al. examined the effect of graft insertion on cell viability (Schallhorn 

et al., 2016). They compared a plastic cartridge designed for IOL insertion with a 

glass Lester Jones tube that had been specially modified for DMEK. They 

reported similar linear areas of cell loss after injection with both devices. They did 

not detect a statistically significant difference in viability post graft injection; 

however, as they did not perform sequential imaging, a significant difference may 

have been lost in the background variation in global viability following peeling. 

Additionally, the overall graft viability was much lower than that observed in our 

experiments and may reflect the different handling/mounting techniques used for 

imaging. Yoeruek et al. examined the effect injecting DMEK grafts through glass 

injectors with internal lumens of 0.5, 0.9 or 1.4mm (Yoeruek et al., 2016). The 

authors reported no difference in viability after injection; however, the study has 

several limitations. Firstly, the viability assessment was only performed in small 

areas of the graft. Secondly, as opposed to sequential imaging in the same 

sample, viability was compared to paired control corneas. Finally, the percentage 

of non-viable cells in control corneas was significantly lower than seen on global 

imaging; 3.3-4.9%. In all preparation experiments, we saw that endothelial 

damage was focal. It is therefore possible that images were taken from healthy 

areas, with areas of damage missed by the analysis. 

Graft storage and pre-preparation   
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As more surgeons adopt DMEK, there is increasing interest in the delivery of pre-

stripped DMEK donor tissue. The optimal storage method for pre-stripped grafts 

should maximize global graft viability, encourage areas of preparation damage to 

heal, and ensure the endothelial cells are phenotypically normal. 

A process of wound healing occurs in DMEK grafts returned to organ culture. In 

our study, a 1mm wound (which is relatively large compared to typical hydration 

induced linear areas of cell death) healed in approximately 4 days. As with whole 

corneas, the process of wound healing occurs primarily by cell spreading with 

low-level mitosis limited to areas of wounding (Treffers, 1982, Senoo and Joyce, 

2000a). Cell density was significantly lower in the wounded area as compared to 

the surrounding unwounded areas showing that any proliferation is insufficient to 

restore the pre-wounding cell density.   

Use of En-OC showed a trend towards increased cell density in the wounded 

area but an increase in cell proliferation, as detected by Ki67 staining was not 

seen. This suggests the effect of growth factor supplementation is primarily to 

increase cell migration. The effect of growth factor supplementation in whole 

corneas is uncertain, with some studies showing minimal cell proliferation 

(Hoppenreijs et al., 1996), whilst other reports suggest significant levels of mitosis 

may occur (Slettedal et al., 2008, Senoo and Joyce, 2000a). Differences in donor 

age, cell density or pre-experimentation storage duration may account for the 

variations reported (Patel and Bourne, 2009) .  

In peeled and trephined grafts stored in the En-OC media, endothelial migration 

onto the stromal surface of DM occurred rapidly. Whilst endothelial cells on the 

anatomically correct side of DM maintained a normal phenotype (cortical actin 

staining pattern and ZO-1 expression at cell borders), cells migrating onto the 

stromal side lost ZO-1 expression, enlarged, flattened and had multiple 

pseudopodia. The cells had numerous actin stress fibres and stained positively 

for α-SMA. These features are suggestive of endothelial-mesenchymal- 

transformation (EMT) (Roy et al., 2015). It is possible these grafts could develop 

retrocorneal membranes if transplanted (Yum et al., 2013).  
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Endothelial migration with a similar phenotype was seen in grafts peeled and laid 

back against the stroma, being observed as early as 2 days after return to culture. 

In free scrolls, migration was not observed in any grafts at day 4 post-preparation 

but was seen in grafts stored for longer periods of time, supporting the hypothesis 

that growth factors, either added to the media or released from the stroma, 

increased migration speed. In the bubble separation group, a physical barrier to 

migration is preserved, preventing overgrowth from occurring. 

An EMT phenotype has been observed in some failed DMEK grafts and is 

associated with graft detachment and opacity (Heindl et al., 2011b, Yum et al., 

2013). Multi-layered, transformed endothelial cells have also been observed in 

retro-corneal membranes in animal models of endothelial wounding (Petroll et al., 

1996). We were concerned to observe this phenomenon in DMEK donors stored 

in enriched media or in apposition to the stroma. It is unclear why cells migrating 

on the stromal surface of DM acquire a different phenotype to those migrating 

within healing wounds on the endothelial surface. Ichijima et al. used 2 different 

terms for the behaviour of endothelial cells following mechanical scraping and 

cryo-injury (Ichijima et al., 1993); cell spreading (collective cell movement with 

relative preservation of a normal endothelial cell phenotype) and cell migration 

(movement of mesenchymally transformed endothelial cells) respectively (Friedl 

and Alexander, 2011). These processes are seen both in-vivo and ex-vivo (Petroll 

et al., 1996, Petroll et al., 1997), and in other disease models can occur 

concurrently within the same microenvironment (McNiven, 2013). In the samples 

we stored as peeled grafts laid back on the stroma or as free scrolls in enhanced 

organ culture media, cell spreading predominated in the wounded areas of the 

endothelial surface of the DM, whereas cell migration with loss of the normal 

phenotype predominated within the areas of overgrowth onto the stromal aspect 

of DM. In free scrolls, cell spreading predominated on both sides of DM over the 

time period examined. These cells appeared to spread from the endothelial 

surface, with cells wrapping around the cut edge of DM being observed. This 

leads us to believe they are endothelial in origin, although fibroblastic 

contamination from activated keratocytes cannot be completely excluded.  



 175 

It is possible that cell density and the time period to restoration of contact 

inhibition determine cell fate. On the endothelial surface of DM, in transplant 

grade tissue, cells re-establish contact reactively quickly and preserve normal 

borders on the non-migrating edge. On the stromal surface of DM, cells detach 

and migrate. Now unable to re-establish normal contact inhibition the cells 

produce numerous extensions and there is a loss of normal phenotype. These 

observations correspond with endothelial cell culture experiments showing a 

correlation between the fibrotic phenotype and low seeding density (Peh et al., 

2013). We witnessed a density dependent alteration in cell phenotype when one 

specimen with extensive cell loss that was returned to storage. In this specimen 

we observed an increasing derangement of the normal phenotype as cell density 

dropped, suggesting cell density may also control cell fate in ex-vivo organ 

culture. 

 

Figure 4.17 Alteration in cell phenotype as a function of migration  

A quarter of an endothelial graft stained with Hoechst, ZO-1 and Phalloidin. The graft 
contained a small area of healthy cells (yellow outline) prior to culture. Enlarged 
sections (*,**,~,~~) show differences in cell morphology as cells migrate away from 
the healthy area of cells. Endothelial anatomy becomes increasingly ‘fibroblastic’ the 
further the endothelial cells migrate (~,~~). Scale Bar 50µm. 

 

Endothelial cell migration off DM in divided whole corneas has been reported 

before (Patel and Bourne, 2009), but endothelial cell migration onto the stromal 
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side of DM has not been reported in DMEK donor tissue. Lie et al. showed repair 

of the trephination induced damage area occurred in stored DMEK grafts 

however this was only examined using bright field microscopy (Lie et al., 2008), 

precluding any assessment of the relative contribution of cell division and 

spreading, and migration of endothelial cells onto the stromal surface of the DM 

was not described. 

As a period of 4 days is sufficient to prepare and distribute transplant tissue in 

most circumstances, we would recommend 4 days as a time limit for re-storage 

after scroll preparation for DMEK scrolls stored in standard organ culture 

conditions. Any alterations to media need careful testing specifically with DMEK 

tissue to define the safe time window for re-storage before new protocols are 

implemented clinically. Cell density in wound areas from corneas incubated in 

En-OC media were higher than those in paired tissue cultured in standard organ 

culture media, but this did not reach statistical significance. En-OC may be useful 

for longer-term corneal storage with modifications of the bubble separation 

method of preparation as the normal physical barriers to cell overgrowth are 

preserved, and this is an area that should be investigated further. 

As with immediate tissue preparation, a peeling technique was associated with 

less damage to the endothelium than bubble separation in tissue stored for 4 

days after preparation. However, a further reduction of approximately 20% in 

global ECD after storage was observed in both groups, which is consistent with 

some other reports of DMEK storage (Salvalaio et al., 2014). In the bubble 

storage group, maintaining close proximity between the DM and the stroma failed 

to show any improvement in graft viability. This suggests co-culture in proximity 

to other corneal cell types confers no survival benefit in the short term.  

Areas of cell death conformed to characteristic patterns in both groups, with 

surrounding cells displaying changes in actin staining patterns. We suggest that 

a change in graft conformation induces a different pattern of mechanical stress, 

with new hotspots of cell death occurring at sites of maximal tension, similar to 

the mechanism thought to underlie cell death at corneal folds (Albon et al., 2000). 

In pilot experiments, we observed less cell death in corneas in which the partially 

peeled DM had been laid back on the stroma, thus maintaining a normal 
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anatomical orientation. However, this storage method resulted in rapid 

endothelial migration and transformation, contaminating the stromal surface of 

DM. A method or device allowing maintenance of a normal DM curvature free 

from storage with the stroma may prevent the new patterns of cell loss we 

observed. 

DMEK transplants stored in organ culture undergo a dynamic process of wound 

healing and on-going cell death. Cell loss predominates and new patterns of cell 

death emerge as the mechanical forces placed upon the endothelial cells change. 

Methods for tissue preparation and storage developed for whole corneas should 

not be used in pre-prepared DMEK grafts without prior evaluation. Further work 

evaluating the storage of pre-prepared DMEK grafts in cold storage media is 

warranted as the process of endothelial cell healing and migration are known to 

be different from those in organ culture (Nejepinska et al., 2010).  

Graft unfolding  

We examined the impact of graft unfolding on endothelial cell viability using our 

in-vivo imaging method in a pig eye model. Increased rates of primary and early 

graft failure following EK suggest the unfolding process itself contributes to 

endothelial damage although the precise manoeuvres responsible are difficult to 

determine from the outcomes of clinical cases. Our model allows a direct 

correlation between surgical time and manipulation with cell loss and additional 

cell loss from these steps can be isolated from than induced by tissue storage 

and preparation. 

We found that unfolding cell loss was approximately 9% in DMEK. Manipulation 

time was correlated with cell loss, suggesting that graft unfolding manoeuvres do 

indeed induce endothelial trauma. To determine if particular manipulations had 

greater effects on graft damage, individual cases were studied. Cases in which 

excessive fibrin caused the graft to adhere to the iris (in a rabbit model of EK, see 

chapter 5) resulted in a higher than expected cell loss for a given unfolding time. 

This finding was in keeping with viability patterns that corresponded with strands 

of fibrin physically pulling endothelial cells off the DM (Figure 4.8a)  
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Cases in which the graft was manipulated with excessive external compression 

and ‘rubbing’ using cannulas on the corneal surface were also associated with 

excessive endothelial trauma. Conversely, cases in which the graft formed a taco 

scroll, which required prolonged unfolding using fluid currents, not direct graft 

manipulation, showed lower than expected levels of graft damage from 

manipulation. These findings suggest that adopting the appropriate surgical 

manoeuvres is more important than the absolute surgical time.  

Common clinical situations encountered during graft unfolding were seen in the 

DMEK models. Quantitative analysis of events a surgeon may associate with 

significant cell loss, such as unfolding torn tissue, may not negatively impact graft 

viability and are not automatic indications to discard tissue. Conversely, brief 

incarceration of tissue within a paracentesis, a not infrequent occurrence for 

those learning DMEK, results in significant cell damage.  

We made a direct comparison between DMEK and DSAEK with each method 

performed by a surgeon who utilised that technique as their primary EK modality. 

In spite of a perceived worse outcomes being cited as a reason for slow DMEK 

adoption, we found with experienced surgeons, DMEK compared favourably with 

DSAEK. Endothelial cell loss in DSAEK also followed discrete patterns, with 

linear streaks of cell death emanating from the sites of tissue fixation. These 

patterns of cells loss are consistent with those seen with other in-vitro models of 

DSAEK (Mehta et al., 2008). As DMEK becomes more widely adopted and 

surgical experience increases, post-operative ECD and survival outcomes for 

DMEK have approached or even surpassed those of DSAEK (Woo et al., 2019). 

The mechanism of iatrogenic cell loss seems to result from direct or indirect 

mechanical stress in both forms of EK. In DSAEK the radial line of cell death 

emanates from the fixation/ pull through point. The force exerted is likely to 

responsible of cell loss due to death and detachment. 

To date, most DMEK techniques have focused on achieving anatomical success, 

rather than being minimally traumatic. We have shown that our in-situ models 

and imaging techniques can be used to provide useful data about the steps in 

DMEK surgery that are particularly damaging to the endothelial graft and to help 
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guide surgeons in appropriate graft folding techniques. As new insertion and 

unfolding techniques are developed for DMEK, thorough ex-vivo assessment can 

be performed to ensure these truly represent an advantage prior to clinic 

adoption.  

Supplementary Video 4.1 

Video showing the effect of tissue ejection, graft incarceration within a wound and 

use of torn tissue of graft viability in DMEK 
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5 A rabbit model of endothelial keratoplasty to evaluate 
human endothelial functional recovery, migration and 
would healing characteristics in-vivo 
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5.1 Introduction  

The goal of corneal transplantation is not only to transplant sufficient cells to 

restore transparency, but to allow an adequate reserve of cells that will maintain 

corneal clarity for as long as possible in the face of continued cell loss. In both 

the native and transplanted endothelium, cells loss follows a bi-exponential decay 

(Armitage et al., 2003). The fast component of the decay accounts for the large 

drop in ECD observed in the early time points following transplantation and can 

be as high as 60% (Studeny et al., 2013). This early cell loss is assumed to be 

due to surgical trauma and immediate postoperative inflammation (Yagi-Yaguchi 

et al., 2017), but this putative mechanism for cell loss, although highly plausible, 

is not yet backed by experimental evidence for EK. After the initial post-operative 

period, the slow background rate of cell loss is similar to that observed in patients 

post cataract surgery ( Bourne et al., 1997, Nishimura et al., 1999).  

Primary or premature graft failure occurs more commonly after EK than PK. It 

occurs when too few viable cells are transplanted. Gauthier et al. showed that 

early post-operative reductions in endothelial cell density (ECD) following PK 

were closely linked to the number of viable endothelial cells on the donor prior to 

transplantation (Gauthier et al., 2017). This finding was derived from pan-corneal 

viability assessment on paired donor tissue and an assumption that the PK 

procedure is atraumatic, with limited cell damage caused by the transplantation 

procedure itself. It is possible that post-operative ECD is linked to the number of 

cells transplanted in EK, however this would be difficult to correlate with pre-

operative viability since a significant proportion of cell loss is attributable to 

insertion and unfolding process itself (see chapter 4).  

Our in-vivo method for assessing EK viability post-operatively in cadaveric 

porcine eyes is useful for determining the cell loss attributable to graft insertion 

and unfolding. However, establishing a link between operative trauma and post-

operative endothelial cell density at the point of recovery, which is usually 1-4 

weeks following surgery, is not possible without an in-vivo model. It is possible 

that early cell loss from inflammation or pressure fluctuations play a significant 

role in addition to iatrogenic trauma. 
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In addition to improved visual recovery and rejection characteristics, an additional 

postulated advantage of DMEK is that, due to the thinness of the graft, there is 

no physical barrier to cell migration. This theoretically allows movement of 

endothelial cells across the graft host interface, potentially treating areas of 

damage beyond the donor/host junction. This phenomenon has been utilised in  

hemi-DMEK and quarter DMEK (Lam et al., 2014), where graft tissue that is 

smaller than the damaged area of stripped host DM is implanted. 

Migration of endothelial cells from healthy host regions to the donor has also been 

postulated. Lagali et al. examined the endothelium of functional, full-thickness 

grafts retrieved post-mortem (Lagali et al., 2010). They found evidence of host 

cell migration in cases of sex mismatched penetrating keratoplasty, suggesting 

that host endothelial cells may contribute to the long-term maintenance of graft 

clarity. Regis-Pacheco et al examined full-thickness transplants using electron 

microscopy and described migration of cells from donor to host (Regis-Pacheco 

and Binder, 2014). However, these conclusions were based on regional 

differences in cell shape and density, and conclusive proof of differences in cell 

origin were not presented.  

In order to assess these two aspects of endothelial keratoplasty we sought to 

develop a model of EK in the rabbit. The rabbit model is useful as the cornea and 

anterior chamber approximate the dimensions of those in humans, allowing 

adoption of clinically familiar surgical techniques. The rabbit model has been 

used to evaluate many aspects of corneal disease and therapy including 

crosslinking (Cassagne et al., 2016), transplant surgery (Angunawela et al., 

2012), infections (Kalra et al., 2020), graft rejection (Koudouna et al., 2017), dry 

eye (Kossler et al., 2019) and endothelial wound healing (Okumura et al., 2015a). 

Ethically, the use of rabbits is considered more acceptable than use of non-

human primates or cats in many part of the world. 

PK has been performed extensively in the rabbit model and the key steps for 

using this model have been elucidated and clearly described (Williams KA., 

1995). This has encouraged some authors to use a PK model to evaluate the 

success of tissue-engineered grafts in which human cells had been attached to 

rabbit stroma (Hitani et al., 2008, Haydari et al., 2012). Work on EK in the rabbit 
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model is more limited and there is a paucity of published work to establish a 

baseline for corneal thickness recovery or endothelial cell density after 

xenotransplantation with standard human EK tissue. Additionally, no functional 

in-vivo models of DMEK have been reported. In pilot experiments, we found the 

rabbit DM to be significantly more elastic and tightly adherent to the stroma than 

that of DM in adult humans, making preparation of DMEK grafts from rabbit 

impossible. Where small strips to DM could be peeled, these formed tight scroll, 

similar to human paediatric DM grafts. As such, a human xenograft model was 

thought to be the best method to assess human endothelial cell survival following 

EK. 

A detailed description of the technical aspects required to achieve successful EK 

in the rabbit model is presented in chapter 9.  

5.2 Aims 

1) To develop a rabbit model of EK to establish the baseline recovery 

characteristics of xenotransplanted human endothelial grafts 

2) To modify our in-situ viability model for use in the rabbit model of EK 

3) To examine the link between number of cells successfully retained post-op and 

the number of human endothelial cells retained at 1 month.  

5.3 Methods  

5.3.1 Research animals and pre-keratoplasty optimization  

Animals underwent phacoemulsification at least 1 week prior to endothelial 

keratoplasty to deepen the anterior chamber. Vancomycin (20µg/ml) was used in 

the irrigating fluid for surgical procedures and rabbits received subconjunctival 

dexamethasone (1mg) and gentamcin (0.4mg) at the end of all surgical 

procedures. Additional intramuscular steroid was given immediately post-

operatively whilst the animals were still under anaesthesia (IM dexamethasone 

0.6mg in 0.3mls (Colvasone, Norbrook)). 
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We began experimentation with DMEK. Once this had been standardized, we 

moved on to DSAEK. 

5.3.2 Corneal tissue  

Tissue preparation and transplantation was performed by a single surgeon (MB). 

Transplant grade tissue with endothelial cell counts of >2200 cells/mm2 and a 

storage time <14 days in Optisol GS (Bausch & Lomb Rochester, New York) was 

used for all experimentation.  

Corneal tissue was incubated with calcein AM 2.67µM in balanced salt solution 

for 30 min prior to tissue preparation. After incubation, tissue was returned to the 

Optisol viewing chamber and imaged using the Heidelberg Spectralis confocal 

scanning laser ophthalmoscope. Tissue with areas of trypan blue staining away 

from tissue folds, or staining equating to greater than 10% of the graft area were 

excluded from use for transplantation.  

5.3.3 Host preparation prior to EK 

The host endothelium was prepared by a combination of endothelial scrapping 

and descemetorhexis. This method was chosen following a series of pilot 

experiments (see supplementary data, section 9.1.2) This was based on the 

findings of preliminary experimentation (data presented in chapter 9). After 

scraping of a 10mm circle of endothelial cells, a 7 mm decesmetorhexis was 

performed, allowing complete overlap to be achieved with an 8mm EK transplant.  

5.3.4 Endothelial transplantation surgery  

All animals received 0.3mls of intracameral carbachol (Miostat, Alcon) prior to 

graft insertion.  

5.3.5 DMEK Surgery 

DMEK grafts were prepared as described in section 3.3.1.1. The graft was drawn 

into a 2.0 mm glass DMEK injector (Geuder) and inserted into the anterior 

chamber through a 2.8mm, 2-step, limbal incision. The graft was unfolded using 

a standardized ‘no touch’ technique and correct orientation confirmed with the 
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triangular mark prior to injection of 20% SF6. A complete gas fill was achieved 

and rabbits were kept facing up until anaesthesia had worn off, after which a free 

posture was maintained. DMEK grafts were centred ensuring complete overlap 

of the undersized descemetorhexis group. The corneal incision was closed with 

10-0 nylon sutures. (Supplementary video 5.1).  

5.3.6 DSAEK surgery  

DSAEK grafts were prepared as described in section 3.3.1.2. The grafts were 

punched with an 8mm trephine, and endothelial surface re-coated with 

viscoelastic and loaded into the Endoglide (Network Medical). Grafts were 

inserted into the anterior chamber using a standard pull-through technique under 

constant BSS infusion from an anterior chamber maintainer and air was used as 

a tamponade after graft unfolding and centration. Incisions were closed with 10-

0 nylon. (Supplementary video 5.2) 

5.3.7 Post-operative medication  

Rabbits received subcutaneous heparin 1000 iu daily for 5 days. Topical 

moxifloxacin and prednisolone acetate 1% was administered x4/day and 

intramuscular dexamethasone 0.6mg in 0.3mls (Colvasone, Norbrook) was 

injected once a day until the animals were euthanized. 

5.3.8 Immediate Postoperative In-vivo Viability assessment  

Rabbit eyes were examined immediately post-transplantation using the 

SpectralisTM HRA to capture global and high magnification calcein AM 

fluorescence images. Images were exported to NIH image J and the area covered 

by fluorescent cells, expressed as percentage of the total graft area, was 

calculated after image thresholding. The central ECD, as recorded by the eye 

bank supplying the tissue, was multiplied by the percentage area of viable cells, 

and the resulting figure defined as the immediate post-operative graft viability in 

cells/mm2.  
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5.3.9 Postoperative Follow-up 

Post-operative reviews were conducted on day 1,3,5,7,11,14, 21 and 28. 

Examinations included slit-lamp biomicroscopy, anterior segment OCT and in-

vivo confocal microscopy at different time points. A grading scheme described by 

Proulx et al. in PK was adapted to assess corneal transparency and vascularity 

following EK (Proulx et al. 2009), see Table 5.1. 

Table 5.1 Grading scheme for corneal clarity and vascularization 

 

5.3.10 Immunofluorescence  

Rabbit corneas were excised immediately after euthanasia and fixed in 1% 

paraformaldehyde at room temperature for 5 minutes. Samples were 

permeablised, blocked, stained and mounted as described in section 2.5, page 

84. Samples were incubated with primary antibodies against ZO-1 (1:300, 

Invitrogen) aSMA (1:100, Dako) or human nuclear antigen (1:100, Millipore). This 

was followed by x3 washes in PBS and labelling with secondary anti-mouse Alexa 

fluor 488 (1:500), Hoechst (1:1000) and Alexa fluor 546 conjugated phalloidin 

(1:100). A photo montage of the entire graft was acquired my stitching together 

individual images acquired using x10 objective lens of the Nikon TiE inverted 

fluorescence microscope. 

Grade Clarity  Vascularization  

0 clear none 

1 Mild, iris details seen Peripheral, limited to incision sites 

2 Iris details obscured Up to donor host  

3 Pupil visible Past graft junction  

4 opaque cornea (pupil not visible) Central 4 mm of cornea 
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5.3.11 Post-operative cell coverage, cell density and nuclear 
morphometry 

Montaged images were exported to Image J for analysis. The total area of the 

graft and the areas covered by human cells (staining positive for human nuclear 

antigen) were outlined and measured. Unlike for DMEK tissue alone, it was not 

always possible to image every individual endothelial cell on full-thickness 

specimens. This was because the z-stacking procedure could not reliably filter 

out nuclei from the stroma or epithelium. Where individual cell counting could not 

be performed, cell density was calculated by averaging measurements from a 

minimum of 3 non-contiguous areas containing at least 500 cells each. Post-

operative corrected cell density was calculated by multiplying the average cell 

density of human cells by the area they covered and dividing this by the total graft 

area.  

Nuclear circularity (4π*area/perimeter2) was determined by segmenting human 

and rabbit endothelial nuclei stained with Hoechst and using the measure 

particles function within ImageJ. 

5.3.12 Scanning Electron Microscopy  

Samples were fixed in glutaraldehyde 2% immediately after sacrifice. Imaging 

was performed as described in section 2.7. 

5.3.13 Analysis 

Analysis of binary outcomes was performed using Fishers exact test. Continuous 

data is reported as a mean ± standard deviation and compared using the 

Student’s t-test. Ordinal data is reported as a median and interquartile range and 

compared using the Mann-Whitney u test.  

5.3.14 Recovery of corneal function following EK 

5.3.14.1 Corneal transparency and vascularization 

Corneas gradually cleared in both the DMEK and DSAEK groups, typically 

approaching pre-operative levels (grade 0-1) within 5-14 days.  



 188 

At day 28, corneal clarity was 0.5 (IQR: 0-1) in the DMEK group  and 0.25 (IQR 

0-1) in the DSAEK group. This difference was not statistically significant ( p=0.69) 

(Figure 5.1a). There was minimal stromal vascularisation at day 28, with vessels 

being limited to the wound/suture sites in both groups (Figure 5.1b).  

 

 

Figure 5.1 Corneal Clarity and Vascularity in Rabbit models of EK 

a) Bar graph showing corneal clarity score at day 28 post endothelial keratoplasty. 
(b) Bar graph showing corneal vascularity score at day 28 post endothelial 
keratoplasty. 

 

OCT examination showed normal corneal profiles, with areas of hyper-reflectivity 

limited to the periphery in the DMEK and DSAEK groups (Figure 5.2). This 

represented an area of rabbit endothelial cells that had become trapped under 

the graft and begun to migrate over the descemetorhexis edge and onto the 

stroma. These cells showed signs of EMT (supplementary video 5.3). Example 

slit lamp, infrared and OCT images are presented below (Figure 5.3) 
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Figure 5.2 Rabbit endothelial Keratoplasty 

Imaging of rabbit corneas following EK surgery in rabbits undergoing DMEK and 
DSAEK. Row 1 shows transplants in-situ with good viability (calcein AM). Scale bar 
1mm. Rows 2 & 3 show slit lamp biomicrographs at weeks 1 and 2 (x10 
magnification). Corneal clarity returned to normal in DMEK and DSAEK groups by 
week 1 and corneas remained clear during the 28 days of observation. Column 4 
shows Infra-red imaging (highlighting the degree of vascularization) (x16 
magnification) and anterior segment OCT at week 4. 

 

5.3.14.2 Corneal thickness  

There was no significant difference in central corneal thickness at any time point 

between the DMEK and the DSAEK (Figure 5.3). In DSEAK, host stroma became 

thinner than pre-transplantation, meaning the addition of human stromal tissue 

did not significantly increase total corneal thickness once full deturgessence had 

occurred. 

The majority of corneas in the in both EK groups had returned to a normal 

(defined as <400µm) thickness by day 11. Average CCT 314±54µm in the DMEK 

group 305±51µm in the DSAEK group at day 28 (p<0.01, t-test) (Figure 5.3).  
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Figure 5.3 Corneal Thickness following Rabbit EK 

5.3.15 Immediate post-operative cell viability affects corneal 
recovery in the rabbit model of endothelial keratoplasty 

Central corneal thickness increased between day 0 and day 3 in all groups, 

correlating with the disappearance of the gas bubble. After this time point, a 

variable recovery was seen in both the DMEK and DSAEK groups. In the majority 

of samples, corneal thickness returned to a normal within 7 days. Linear 

correlation between the CCT at day 7 and the immediate post-operative viability 

area (calcein AM), R2 =0.72, p<0.001. There was no correlation between day 28 

CCT and immediate post-operative endothelial viability area (p=0.44).  
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Corneal thickness at day 7 correlates negatively with immediate post-operative 
viability. Grey dashed line represents the best fit regression line and the black dashed 
lines the 95% confidence intervals. y = -21.98x + 2306, (95% CI -31.18 to -12.79x + 
1588 to 3023) 

Figure 5.4 Correlation between graft viability and day 7 CCT 

5.3.16 Stromal Thickness prevents endothelial migration in 
DSAEK 

In the DSAEK group, populations of rabbit and human endothelial cells remained 

separated, with the thickness of the graft providing a physical barrier between the 

human and rabbit cells in most areas. This was confirmed on both SEM (Figure 

5.5a) and immunohistochemistry (Figure 5.5b).  
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a) Scanning electron micrograph of human DSAEK xenograph transplanted into the 
rabbit. Scale bar 1mm. The higher magnification inset image shows that the thickness 
of the DSAEK stromal graft acts as a barrier to endothelial cell migration donor to host. 
Scale bar 100µm b) Immunohistology confirms human endothelial cells (stained red) 
are confined to the DSAEK graft and do not migrate onto the rabbit DM. Scale Bar 
100µm. 

Figure 5.5 Human DSAEK xenograft in rabbits 

 

5.3.17 Mixed human and rabbit endothelial cell populations 
co-exist following successful DMEK xenotransplantation  

In the DMEK group, mixed populations of human and rabbit endothelial cells 

could be seen on the transplanted tissue (Figure 5.6a). This mosaicism was 

usually restricted to the edge of graft and was more prevalent in samples that had 

been excessively damaged during insertion. Rabbit endothelial cells were seen 

to freely migrate and cover the transplanted DM, with occasional isolated islands 

of human endothelial cells surrounded by rabbit endothelium being seen (Figure 

5.6b). At day 28, rabbit and human endothelial cells could be seen to have formed 

a stable, contact inhibited monolayer on both immunofluorescence (Figure 5.6c). 

and SEM (Figure 5.6d).  
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Figure 5.6 Coexistence of Rabbit and Human endothelial cells  

(a) The endothelial mosaic at the edge of graft in DMEK-USR is composed of both 
human (stained and migrating rabbit endothelial cells. Scale bar 100µm (b) High power 
images show the islands of human cells completely surrounded by rabbit endothelium. 
Scale bar 50µm (c) stable borders between the human endothelial cells on the left 
(green) and rabbit endothelium on the right. Scale bar 25µm (d) Contact inhibited 
populations of rabbit and human cells can be seen to coexist on the DMEK transplant 
on SEM. White arrow heads separate rabbit endothelial cells above (distinguished by 
their abundant surface microvilli) from human endothelial cells below. Scale bar 
100µm. (e) ZO-1 staining shows that the cells from different species appear to form a 
stable, mature monolayer expression junctional complex markers (ZO-1) at the 
interface between human and rabbit cells. Scale bar 50µm. 
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5.3.18 Human endothelial cells migrate from donor to host 
in DMEK  

Flat mounted corneas where examined for human endothelial cells by staining 

for human nuclear antigen. Human endothelial cells could be seen migrating from 

the human grafts on to the rabbit DM (Figure 5.9), but this was only observed in 

the DMEK group. Human cells migrating from the donor were seen most 

commonly in transplants that had been implanted with minimal endothelial 

trauma. 

 

Figure 5.7 Migration of Human endothelial cells onto the host cornea 

Composite image of flat-mounted cornea, stained with anti-human nuclear antibody 
(green) and the nuclear stain Hoechst (blue). Human endothelial cells can be seen 
migrating across the graft border (white arrow heads) onto an area of the rabbit 
Descemet membrane that had been debrided of endothelial cells. Scale bar 1mm 

5.3.19 Phenotypic differences between human and rabbit 
endothelial cells  

In undamaged areas, clear differences in endothelial nuclear shape, actin 

staining and cell surface appearance on SEM could be seen between human and 

rabbit cells. Rabbit endothelial cells displayed more prominent cell borders and 

more numerous surface microvilli than human endothelial cells on SEM (Figure 

5.8a, upper panel). The rabbit endothelial nuclei were kidney shaped and more 

reflective on in-vivo confocal microscopy, compared to the circular, non-reflective 

nuclei seen in human cells (Figure 5.8a, middle panel). The actin staining pattern 

was also significantly different, with rabbit cells displaying a prominent cortical 
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‘double ring’ pattern, contrasting with the thinner cortical actin ring observed in 

human endothelial cells (Figure 5.8a, lower panel).  

To see if cells could be automatically differentiated by nuclear shape 

characteristics, a nuclear circularity was calculated using the formula 

4π*area/perimeter2. A value of 1.0 indicates a perfect circle. As the value 

approaches 0.0, it indicates an increasingly elongated shape. Rabbit endothelial 

nuclei in undamaged areas were significantly less circular than undamaged 

human nuclei, 0.76 ± 0.05 vs 0.90±0.03, p<0.0001 (t-test). However, these clear 

phenotypic differences in nuclear morphology were lost in areas where cells had 

migrated following damage from insertion, with both human and rabbit endothelial 

nuclei becoming oval (0.84±0.06 vs 0.82±0.06 respectively).  
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Figure 5.8 Comparison of Human and Rabbit endothelial cells 

(a) Clear differences in healthy human and rabbit endothelial cells could be seen in 
undamaged areas. Rabbit cells had more prominent cell borders, with more 
numerous surface microvilli on SEM. In-vivo confocal microscopy showed the rabbit 
endothelium to have more reflective, kidney shaped nuclei. Actin patterns were also 
significantly different, with rabbit endothelium having a broader, double banded 
cortical staining pattern. Scale bars 50µm b) Nuclear morphology showed 
undamaged rabbit nuclei to be significantly less circular than undamaged human 
endothelial nuclei. However, both human and rabbit nuclei became oval in migrating 
cells, making distinctions between cell origin on nuclear morphology alone not 
possible. x40 objective lens (c) Nuclear circularity was significantly different in 
undamaged rabbit and human cells, but differences were lost following wound and 
migration of cells.  
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5.4 Corrected Endothelial cell density correlates with 
the number of viable cells transplanted 

 

Figure 5.9 Global endothelial density following EK 

Fluroescence image of a whole human DMEK graft transplanted in a rabbit. The graft 
has been fixed and radial incisions created to allow flat-mounting. The total DMEK 
graft area is shown (red outline). The area of the graft covered by human cells 
(stained green) is identified (yellow outline). The corrected post-operative cell density 
was calculated by measuring the total area and cell density (white squares) in 
multiple regions covered by human endothelial cells and dividing this by the total 
DMEK graft area. Scale bar 1mm 

 

Average ECD in the samples undergoing post-operative global cell density 

assessment was 2906 ±334 cells/mm2, with an average of 82.9±7.8% of the graft 

area covered by viable, calcein AM positive cells, immediately after surgery. By 

day 28, average cell density had fallen to 1407 ± 447 cells/mm2, representing a 

further 41.6% reduction in ECD in the first month. There was no correlation 

between pre-operative central ECD and post-operative central ECD.  

The percentage area covered by viable cells was used to adjust the pre-operative 

cell density (corrected implanted ECD). The same process was done by isolating 

the human endothelial cells at day 28 day to calculate the corrected post-op ECD. 

A significant association and strong association was found between corrected 

implanted ECD and corrected post-op ECD, R2=0.62, p=0.021 (Figure 5.10). 
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Figure 5.10 Relationship between corrected post-op ECD and corrected day 
28 ECD 

A positive correlation between the corrected implanted ECD and the corrected post-
operative ECD is observed (solid line) (p=0.01, R2=0.62). y = 0.8617x - 837.5. 
Dashed lines represent the 95% confidence intervals. 

  

5.5 Discussion  

Our work shows that EK, both DMEK and DSAEK, are possible in the rabbit 

model, with both modalities allowing for rapid clearing of the rabbit cornea. This 

is the first time a model of DMEK in the rabbit has been reported. 

DMEK has a notoriously steep learning curve when performed in human patients 

and specific procedural steps are needed to perform DMEK successfully in the 

rabbit model. The data supporting these steps is presented as supplementary 

information in chapter 9. 

Firstly, use of an anticoagulant is mandatory as the rabbit anterior chamber 

undergoes an aggressive fibrogenic response making unfolding of the graft 

impossible without it (Figure 9.1). Heparin may also be useful in preventing 

xenograft rejection (Hurwitz and Basu, 1972). Secondly, we found endothelial 
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scraping, whilst an effective mechanism for removing endothelial cells, was 

associated with a high degree of surgical failure due to graft detachment. This 

appears to correlate with some clinical reports that suggest complete removal of 

DM is essential achieve low detachment rates (Tourtas et al., 2014). Our clinical 

experience doesn’t correlate with this finding (Alio Del Barrio et al., 2020) and 

differences between rabbit and human DMEK detachment may relate to the 

species differences in DM adhesion properties or compliance with posturing . 

Performing descemetorhexis significantly reduced the risk of DMEK detachment. 

However, the sizing of the area of DM removed is paramount when trying to 

develop a useful model of EK in the rabbit. 

If the descemetorhexis is larger than the graft, an aggressive fibroblastic 

response is triggered and dense, retro-corneal membranes develop overgrowing 

the transplant and preventing corneal clearance. A similar phenomenon is 

observed if descemetorhexis without transplantation is performed (Bhogal et al., 

2017b)(see chapter 6), suggesting that this response is a consequence of leaving 

the stroma exposed. We postulate that these α-SMA positive cells are endothelial 

cells undergoing EMT, whereas others have suggested they derive from 

fibroblasts released from the process of removing the DM (Chen et al., 2017).  

If the descemetorhexis is smaller than the graft, not leaving any large areas of 

exposed stroma, this fibrotic response was not seen. Consequently, we would 

recommend under-sizing the descemetorhexis and scraping off the remaining 

peripheral rim of endothelial cells underlying the graft to prevent these residual 

cells from becoming fibrotic (see Figure 6.11b.). By performing these steps, a 

usable model of EK in the rabbit is obtained allowing observation of the function 

of human endothelial cells in-vivo. 

Once we had developed a robust model for EK, we observed that recovery 

following transplantation was linked to the degree of endothelial damage induced 

by the transplantation process. This is likely to be due to the time it takes for 

damaged cells to form a functional monolayers capable of deturgessing the 

swollen cornea. In heavily damaged DMEK transplants, even rapidly migrating 
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and proliferating rabbit cells appear to take longer than a week to cross the DM 

and pump the cornea clear. 

Sun et al. performed allogeneic DSAEK in the rabbit to evaluate interface 

changes following endothelial keratoplasty with or without host descemetorhexis 

(Sun et al., 2014). They showed that corneas receiving allogenic transplants 

recovered to a normal thickness by 7 days; however, they only examined cell 

density for the endothelial cells trapped within the interface. This recovery 

timescale fits with those observed in our xenotransplants.  In DMEK samples in 

which excessive damage had occurred, this stable monolayer takes longer to 

form and is composed of both rabbit and human endothelial cells. 

Rabbit endothelial migration appears to halt once the cells reach healthy human 

endothelial cells, at which point the cells from different species origins form stable 

cell borders expressing markers of mature tight junction formation (ZO-1). This 

finding may have implications for xenotransplantion of non-human endothelial 

cells that have been modified to reduce the risk of rejection and pathogen 

transmission (Vabres et al., 2014). 

Similarly, healthy human endothelial cells are able to migrate off the DMEK 

transplant and onto the rabbit DM. There has been debate as to whether donor 

endothelial cells are capable of migrating off the graft. Indirect evidence from 

observations of patients undergoing graft rejection following DMEK suggested 

that cells from the donor were able to populate areas of the host DM (Jacobi et 

al., 2011). However, when cadaveric corneas where examined for this type of cell 

migration, no evidence of movement of transplanted cells from the donor to the 

host was found (Lavy et al., 2017). This may have been a consequence of the 

sample preparation methodology used, as the authors examined sectioned, 

rather than flat mounted, corneas.  

Our experimentation shows that the thickness of DM does not pose a significant 

barrier to endothelial cell migration. We postulate that the degree of bi-directional 

movement is related to the relative health and migration speeds of the 

transplanted vs host cells. Both cell populations will continue to migrate toward 

one another until contact inhibition occurs, with this border between the donor 
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and host endothelial cells occurring on either side of the graft-host junction. If 

small transplants with high ECD’s are to be used to repopulate areas beyond the 

graft host junction, we would recommend using transplant tissue with comparable 

thicknesses to DMEK. In addition, it is likely that removing low density, contact 

inhibited host cells, whilst preserving the DM, would improve donor cell migration. 

There was no correlation between the pre-operative and post-operative central 

endothelial cell densities. This is not surprising, as these metrics are unable to 

encapsulate the degree of damage induced by graft implantation and unfolding. 

When this trauma is accounted for by measuring in-vivo graft viability immediately 

after graft insertion, a significant correlation between the number of cells 

implanted and the total number of human cells remaining in the cornea at 28 days 

was found. These findings are in keeping with other studies which concluded 

immediate post-operative ECD closely mirrored ECD at one month in PK 

(Gauthier et al., 2017). This finding suggests that significant efforts should be 

focused on optimizing graft insertion and unfolding techniques to minimize 

endothelial cell loss through surgical trauma.  

By day 28, corrected endothelial cell density dropped by approximately 40% 

compared to the corrected ECD calculated immediately post transplantation. 

These further cell losses may represent the delayed manifestation of surgical 

trauma or may be a consequence of on-going trauma and inflammation. There is 

likely to be a significantly different in a xenograft model when compared to 

allogenic transplantation. Kinoshita et al used allogenic rabbit EK grafts to 

examine rejection using confocal imaging, but ECD reduction was not reported 

(Koudouna et al., 2017). Our results provide a useful benchmark for researchers 

using the rabbit model to evaluate new forms of endothelial transplantation. 

Based on the findings we report here; we would suggest a 40-50% reduction in 

endothelial cell number from that transplanted represents a treatment that 

behaves comparably to modern transplant techniques. 

Care needs to be taken when gauging the experimental success of new treatment 

modalities, for example with tissue engineered EK. EK in the rabbit model, using 

grafts seeded with cultured human endothelial cells, has been reported. Mimura 

et al showed the corneas of rabbits transplanted with human endothelial cells 
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cultured on collagen discs successfully cleared within 7 days (Yamaguchi et al., 

2011). However, when the same group performed DSAEK with cells seeded on 

to human stromal discs, the rabbit cornea failed to recover to a normal thickness 

(Honda et al., 2009).  

We found that rabbit endothelial cells are able to migrate over transplanted DM 

and can form mixed cell populations with transplanted cells. It is possible that this 

phenomenon would also be seen in tissue engineered transplants where thin 

collagen carriers are used as substrates for endothelial transplantation. As such, 

it is difficult to be sure of the relative contribution of the human and rabbit 

endothelium on restoring corneal clarity. We found rabbit endothelial cells were 

less able to overgrow grafts in the DSAEK model, as the thickness of the graft 

lenticule poses a physical barrier to cell migration. This may make the DSAEK 

model a more useful marker of transplant success when trying to evaluate EK 

techniques in the rabbit model. We have also shown the importance of global 

evaluation of the cornea and would recommend enface imaging, as opposed to 

tissue sections. 

Whilst endothelial morphology on confocal and scanning electron microscopy 

showed clear differences in undamaged areas of the human and rabbit 

endothelium, these were lost in migrating cells. As such we would recommend 

endothelial cell origin is confirmed using markers specific for human cells in all 

cases.  

We found that grafts that had undergone significant implantation trauma were 

slower to recover. If in-vivo viability assessment is not possible, we would advise 

researchers to carefully evaluate grafts in corneas taking longer than 7-10 days 

to recover for evidence of rabbit endothelial migration.  

It may be possible to further refine the rabbit model with respect to its use for 

evaluating the success of tissue engineered grafts by debriding as much of the 

endothelium as possible and pre-treating with agents known to limit endothelial 

migration. 

Supplementary Video 5.1 
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Example video of DMEK in the rabbit model 

Supplementary Video 5.2 

Example video of DSAEK in the rabbit model 

Supplementary Video 5.3 

Z-stack (2µm step size) through peripheral DMEK graft showing trapped, 

transformed endothelial cells with numerous actin stress fibres. 
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6 Regenerative approaches to treat corneal endothelial 
dysfunction  
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6.1 Introduction 

Corneal transplantation is not without complications (Monnereau et al., 2014), 

and grafts have a finite lifespan (Bourne, 2001, Coster et al., 2014), meaning 

patients often have to undergo repeat surgery to replace the failed transplant 

(Eye Bank Association of America). There is a global shortage of corneal 

transplant tissue, and approximately a third of the tissue collected is deemed 

unsuitable for transplantation due to poor endothelial quality, medical contra-

indications or contamination (Armitage and Easty, 1997). In recent years, focus 

has shifted towards efforts to help endothelial cells regenerate (Nakano et al., 

2008, Koizumi et al., 2012, Okumura et al., 2011, Okumura et al., 2014b), 

increasing the longevity of transplants or bypassing the need for transplantation 

altogether.  

The two leading causes of endothelial failure are FED and PBK (Eye Bank 

Association of America). Unlike PBK, in which there is widespread damage of the 

endothelial cells, endothelial damage in patients with FED seems to vary 

depending on the region of the cornea examined ( Brooks et al., 1988, Fujimoto 

et al., 2014, Meekins et al., 2016) . The disease is characterized by the presence 

of multiple excrescences, termed guttae, and thickening of DM and deposition of 

new layers of material forming the posterior banded layer and posterior 

collagenous layer. Guttae are primarily concentrated in the central cornea 

(Fujimoto et al. 2014), and as their density increases, corneal endothelial cell 

density typically reduces (Jackson et al., 1999, McLaren et al., 2014). Even in 

patients with marked guttae and central corneal oedema, the peripheral corneal 

endothelial cells can remain apparently healthy (Rodrigues et al., 1986, Giasson 

et al., 2005, Giasson et al., 2007,). This potential reserve of healthier endothelial 

cells presents a possible pool of cells with the capacity to repopulate the central 

cornea. 

Okumura et al showed that it was possible to restore corneal clarity in patients 

with FED by first removing damaged endothelial cell using cryotherapy, breaking 

contact inhibition, and then applying the Rho kinase inhibitor (ROCKI) Y-27632 

topically (Okumura et al., 2013b). Whilst they showed this strategy was 

successful in some patients with FED it failed to work in those with iridoplasty 
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related bullous keratopathy, a variation of PBK, suggesting the effect likely 

involved migration of healthy cells from the reserve in the periphery (Jullienne et 

al., 2015, Koenig, 2015, Borkar et al., 2016). However, a problem with this 

approach is that it leaves behind the guttae, which in addition to scattering light 

and degrading vision (Watanabe et al., 2015), can have a significant negative 

impact on migration of endothelial cells (Rizwan et al., 2016).  

An alternative approach has been to perform a procedure termed ‘primary 

descemetorhexis’  or Descemet stripping Only (DSO). This involves the localized 

stripping of an area of DM to remove the central guttae, thus allowing the 

paracentral endothelial cells to migrate and reconstitute a central monolayer, 

restoring endothelial function (Koenig, 2015, Borkar et al., 2016). Whilst DSO 

appears successful in certain circumstances (Borkar et al., 2016), the time course 

of recovery can vary and success appears to be related to the age of the patient 

and the size of the descemetorhexis performed (Soh et al., 2016). Soh et. al 

showed that human endothelial cell migration was significantly enhanced if the 

DM remained intact, irrespective of donor age. In the presence of an intact DM, 

supplementation of ROCKI had little effect in younger donors, but seemed to 

encourage cell migration, which was otherwise slow, in older donors (Soh et al., 

2016).  

In our rabbit model of EK, we found that preservation of the of DM encouraged 

maintenance of a normal endothelial phenotype and facilitated migration of both 

rabbit and human endothelial cells. We hypothesized that replacing a peeled DM 

with healthy, de-cellularized tissue would help improve endothelial wound healing 

by providing a substrate more conducive to cell migration, a procedure we termed 

Descemet Membrane Transplantation (DMT). 

6.2 Aims 

1) To determine what impact preservation of DM has on endothelial migration, 

proliferation and the stromal fibroblastic  response in a rabbit endothelial 

wounding model   
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2) To determine if replacing DM with acellular donor is possible and confers any 

benefit over DSO. 

6.3 Methods 

6.3.1 Research animals  

Approval for the study was obtained from the Singhealth Institutional Animal Care 

and Use Committee. Animals were treated in accordance with the ARVO 

Statement for the use of animals in ophthalmic and visual research. See section 

2.9, page 90 for further details. At the designated time-point, animals were 

euthanized with over-dose intra-cardiac pentobarbitone and tissue collected for 

post-mortem analysis. 

6.3.2 Wound Creation  

Three different wound types were used to evaluate the healing responses of 

endothelial cells in-vivo; scrape, peel and half scrape/half peel (Figure 6.1) 

(supplementary video 6.1). 

Scrape 

The area of endothelial cells to be removed was marked using a 7.0 mm trephine 

to lightly score the epithelial surface. An anterior chamber infusion was used to 

prevent chamber collapse during the subsequent procedures. Endothelial cells 

were debrided using a ‘mushroom’ cataract instrument (Model number: 6-472, 

Duckworth and Kent, UK) that had been altered to allow the smooth, ball-like, 

metallic surface to face the endothelium. Gentle rubbing of the endothelium for 

the entire area within the trephination mark was performed, followed by instillation 

of vision blue (DORC ophthalmic). Areas of debrided cells stained blue and were 

clearly visible intra-operatively. Any missed areas were debrided and staining 

repeated until complete endothelial cell removal had been achieved (Figure 

6.1a).  

Peel  
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In the peel group, endothelial cells were initially debrided as above, as staining 

with trypan blue improved visualization for the subsequent steps. An initial flap in 

DM was created with the bent tip of a 27-gauge needle and continued with a blunt 

Sinsky hook or micro-coaxial forceps, taking care to follow the 7.0 mm epithelial 

mark. Care was taken not to disturb the underlying stroma and to remove all DM 

within the 7.0 mm zone (Figure 6.1b). 

Half scrape/Half peel 

In this group, complete endothelial scraping was followed by DM removal from 

one semi-circular half of the debrided area. This allowed comparisons of wound 

healing over areas covered with and free of DM within the same eye, mitigating 

and differences observed between individual rabbits (Figure 6.1c). 

(supplementary video 1) 

 

 Figure 6.1 Schematic or different wound schemes 

4 different wound patterns were used to examine endothelial wound healing in-vivo. 
Blue area represent denuded DM. White areas represzent descemetorhexis. Light 
green represents Human DM (a) 8mm endothelial scrape. (b) 8mm endothelial peel. 
(c) Half peel: Half scrape. (d) peel wounding followed by Descemet membrane 
transfer. 
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6.3.3 Descemet Membrane Transfer (DMT) 

Corneas were frozen over-night, whilst still within the Optisol viewing chamber, 

and subsequently thawed. This process was repeated twice prior to irrigating the 

endothelial surface copiously with balanced salt solution. Complete removal of 

endothelial cells from DM was confirmed with trypan blue and Hoechst staining 

in preliminary experimentation; uniform staining of the DM with trypan blue 

indicating complete debridement of all endothelial cells. This method was chosen 

as, on occasion, direct endothelial debridement resulted in central DM tears that 

meant valuable tissue had to be discarded. 

DM grafts devoid of endothelial cells were prepared using our previously 

described DMEK preparation and marking techniques ( Bhogal et al., 2015, 

Bhogal et al., 2016a). Excess dye was removed with cellulose sponges and tissue 

transferred to a petri dish filled with balanced salt solution (BSS). Animals had a 

7mm descemetorhexis, performed in the same manner as described for animals 

in the DM peel group above. Immediately following wound creation, the graft was 

drawn into a glass DMEK injector (Geuder) and injected into the anterior chamber 

through a 2.8mm, 2-step, limbal incision.  

The graft was unfolded using a standardized ‘no touch’ technique and correct 

orientation confirmed with the triangular mark. DM grafts were centred ensuring 

complete overlap with the area of peeled rabbit DM prior to injection of 20% SF6. 

The corneal incision was closed with 10-0 nylon sutures (Figure 6.1d). 

6.3.4 Postoperative Follow-up and Animal Sacrifice schedule  

Post-operative reviews were conducted on day 1, 3, 5, 7, 11, 14, 21 and 28. 

Examinations included slit-lamp biomicroscopy, anterior segment optical 

coherence tomography and in-vivo confocal microscopy at different time points.  

Animals were sacrificed at differing pre-specified time points to allow analysis of 

wound healing, cell proliferation, tight junction formation and changes in cell 

morphology at the appropriate time (table 6.1).  



 210 

Post-
Operative 
Day 

Peel Scape Half 
peel/Half 
scrape 

DMT Analysis 

Day 3   N=4  Ki67, ZO-1, Actin, 
SEM 

Day 5  N=2   ZO-1, Actin, SEM 

Day 11 N=2 N=2   ZO-1, Actin, SEM 

Day 28 N=4 N=4 N=2 N=4 ZO-1, Actin,� 

aSMA, SEM 

Table 6.1 Animal Sacrifice schedule  

6.3.5 In-vivo wound closure assessment  

In-vivo, endothelial wound healing was assessed using intracameral trypan blue 

to stain areas devoid of cells. Eyes were dilated with cyclopentolate 1% and 

phenylephrine 2.5% prior to creation of a paracentesis and injection of 0.06% 

trypan blue dye (Vision blue, DORC). After 1 minute, trypan blue was washed out 

using BSS and intraoperative, retro-illumination photography performed. In some 

cases, filling the anterior chamber with air was useful in improving image 

acquisition. Images were exported to ImageJ (NIH, Bethesda, USA) and the 

areas of trypan blue staining were manually selected and measured. This method 

was validated by comparing intracameral trypan blue assessment with 

immunofluorescence and scanning electron microscopy in rabbits immediately 

sacrificed after in-vivo assessment at the day 3 timepoint (n=4). Healing rate 

(%area/day) was calculated by dividing the percentage wound healed by the 

number of days since wounding and performed at day 3 and day 5. Tissue was 

divided allowing assessment of each specimen to be assessed by multiple 

methods. 

6.3.6 Immunofluorescence  

Tissue fixed and permeablized as in section 2.5. Staining was performed for ZO-

1, actin and Ki67 with Hoechst used as a nuclear counter stain.  
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6.3.7 Post-operative cell density and morphometry  

Flat mount images were exported to Image J for analysis. Cell density 

measurements were derived using at least 500 cells from Hoechst staining in 

confocal images. Hexagonality ratio (a measure of pleomorphism), coefficient of 

variation of cell area (a marker of polymegethism) and cell circularity (a marker 

of a normal endothelial morphology) were determined after cell borders had been 

delineated using ZO-1 or actin staining as a guide.  

6.4 Results 

Before surgery, no epithelial defects, inflammation, or neovascularization were 

noticed in any eyes.  

6.4.1 Central corneal thickness recovery 

Peeling induced significantly more corneal swelling than scraping, with day 1 

central corneal thickness (CCT) being significantly higher in the peel group. CCT 

recovered rapidly in the corneal scrape group, with all eyes returning to a normal 

thickness by day 11. Corneal thickness was significantly higher in the peel group 

at all time points and, in contrast to corneas in the scrape group, failed to recover 

to a normal thickness even after 28 days (Figure 6.2). 
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Figure 6.2 Recovery of corneal thickness and transparency following 
wounding 

(a) Corneal thickness was significantly higher at all time points in the peel group and 
failed to return to baseline by day 28. In contrast CCT returned to baseline (±10% of 
pre-wounding CCT) in all scrape wounds. (b) Corneal transparency failed to return to 
baseline in rabbits following peel wounding. Transparency was restored to baseline 
values in all rabbits by day 11 in the scrape group. 

 

6.4.2 Corneal transparency and tomography 

Corneal transparency recovered rapidly in the scrape group and achieved that of 

the control eye in all animals by day 11. In contrast, corneal clarity failed to 

recover in the peel group, with corneas in this group being significantly more 

opaque at day 28 (p=0.029) (Figure 6.2). Initial oedema was more prominent in 

the peel group and epithelial bullae were observed.  

In the peel group, the entire cornea was initially opaque, including the periphery 

that had not been damaged (Figure 6.3a). By day 14 the periphery had cleared 

sufficiently to make the iris details visible but the central peeled area remained 

opaque. A scar could be seen forming on the posterior corneal surface on slit 

lamp examination at this time point. The corneal scars were more clearly seen 

on infrared imaging and were smaller than the initial peel area in all animals, with 

a diameter of approximately 5 mm (Figure 6.3b). OCT images of the deturgessed 

corneas in the scrape group were indistinguishable from control eyes at day 28. 

In the peeled group, OCT images of the scar and stroma were both more hyper-

reflective than the stroma in control animals and the scrape group. In the half 
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scrape, half peel group corneal clarity was restored over the scrape area, whilst 

a scar developed over the peeled area (Figure 6.3). 

 

Figure 6.3 Recovery following different wounding patterns 

(a) Slit lamp biomicroscopy at varying time points after endothelial wounding shows 
differences in healing responses between areas receiving scrape and peel wounds 
(x10 magnification). (b) Dense retrocorneal scars can be seen in areas in which the 
DM had been peeled on infrared imaging and OCT (x16 magnification). Scale bar 
1mm. 

 

6.4.3 In-vivo wound healing. 

Areas of bare DM/stroma seen with in-vivo trypan blue staining corresponded 

well with those observed ex-vivo using alizarin red S/ trypan blue staining ex-vivo 

or scanning electron microscopy (Figure 6.4a-c). Wound closure was faster in 
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scraped areas, even in animals that had had half scrape:half peel wounds (Figure 

6.4d,e).  

 

Figure 6.4 In-vivo trypan blue staining to assess wound healing 

(a) Cornea from a rabbit sacrificed immediately after half scrape:half peel wounding 
and intra-operative trypan blue staining. (b) Re-staining with tryan blue and alizarin 
red S showed the remaining peripheral endothelial cells were undamaged. (c) 
Scanning electron microscopy confirmed that both the peel and scraped areas were 
devoid of endothelial cells. Scale bar 10µm (d) By day three considerable would 
closure can be seen (yellow dashed line) in comparison to the original 7mm wound 
(green dashed line). (e) In serial imaging from the sample rabbit receiving a half 
scrape:half peel wound, endothelial wound healing was more complete in the scrape 
area (red dashed outline) than in the peeled area (yellow dashed outline)  
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Complete closure of the 7.0mm wound was seen in 75% of cases on day 5, and 

in all samples by day 8 (average time to closure 5 days (5-8) (median (IQR)) in 

the scrape group.  

 By contrast, 0% of wounds had closed by day 8, 80 % by day 21 and 100% by 

day 28 (average time to closure 14 days (11-24.5) (median (IQR)) in the peel 

group, p=0.0025 (Figure 6.5a). The rate of wound closure was significantly higher 

in the scrape group with a healing rate of 25.4 ± 1.4 %/day compared to 5.5 ± 

0.59 %/day in the peel group (p<0.0001) (Figure 6.5b). The healing layer of cells 

in the peel group was initially flat, but after migrating approximately 1mm, formed 

a multi-layered scar, something not seen in scrape group (Figure 6.4e). 

 

Figure 6.5 Wound Healing in peel vs scrape 

(a) Wound area remaining as percentage of the starting area at each time point 
assessed (b) Percentage wound healing per day over the first five days in peel vs 
scrape wounds. 

 

6.4.4 Scanning electron microscopy and Immunofluorescence 

6.4.4.1 Assessment at day 3 

Cells in the scrape group migrated as confluent sheets whereas those in the 

peeled group had a scalloped pattern to the leading edge that could be seen with 

in-vivo trypan blue staining (Figure 6.4d), on confocal immunofluorescence 

microscopy (Figure 6.6a) and SEM (Figure 6.6b). The percentage of cells 
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undergoing proliferation, as gauged by Ki67 staining, was significantly higher in 

the scraped vs peeled areas within the same eye; 54.7±3.5% vs 8.8±0.7%, 

p=0.002(n=3) (Figure 6.6a). A comparison of cell shape showed marked 

differences between cells in corresponding regions of samples from the half 

peel/half scrape group. Cells in the scrape portion of the wound maintained a 

more hexagonal ‘endothelial’ morphology with a cell circularity of 0.69±0.016 

whereas those in the peeled group where significant more elongated and 

‘fibroblastic’; cell circularity 0.37±0.019 (p<0.001) (Figure 6.6b)
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Figure 6.6 Cell proliferation and morphology in healing endothelial cells 

(a) Upper panel: Montage Immunofluorescence image of a flat-mounted cornea from 
an animal sacrificed at day 3 post half scrape: half peel wounding (peel left hand side, 
scrape right hand side). Whilst endothelial cells in the scrape area have almost closed 
the wound, those in the peel area have migrated much less. Scale bar 1mm. Lower 
panel showing higher magnification of areas outlined in the montage. A greater 
percentage of cells in the healing edge of the scrape wound are Ki67 +’ve than those 
in the peeled area Scale bar 50µm. b) Cell morphology differed between endothelial 
cells migrating over DM and those over bare stroma. Those migrating over DM retain 
a polygonal, endothelial morphology whilst those migrating over the stroma become 
more elongated and fibroblastic the further they migrate. Scale bar 500µm. 
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6.4.4.2 Changes to the endothelial mosaic with time  

Scrape Wound 

Immunofluorescence staining of samples from animals sacrificed at day 5 

confirmed that endothelial wound closure observed with in-vivo with trypan blue 

staining corresponded with the presence of large confluent cells covering the 

entire surface of DM (Fig 6.7a). Endothelial cells showed patchy, broken staining 

for ZO-1, suggesting incomplete formation of tight junctions, and did not have the 

typical cortical pattern of actin staining seen in mature monolayers. Over the 

following six days, as the endothelial monolayer remodelled, tight junction 

staining for ZO-1 and the actin cytoskeleton became closer to the controls (Fig 

5a). Cells became significantly smaller and more circular over the 28 days (Fig 

5b,c), with a change in cell size occurring between day 5 (the point of wound 

closure) and day 11 (the point recovery of corneal thickness to pre-operative 

levels). This was a consequence of both proliferation and migration.  
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Figure 6.7 Changes in Endothelial Morphology over time 

(a) Changes in the endothelial monolayer following scrape wounding occurring over 
time. At day 3 central cells are still spreading and closing the initial wound. By day 5 
the cells have covered the wound completely but remain immature with limited ZO-1 
expression at the junctions. At day 11, cells displayed polymegethism but stained 
strongly for Z0-1. By day 28, cells have become smaller and more regular. Scale bar 
50µm. As time progressed cells become more (b) circular (all comparisons between 
groups were significant with a p<0.01) and (c) smaller (all comparisons between 
groups were significant with a p<0.01 except between day 11 and day 28). 

 

A similar pattern of cell maturation was seen when examining a strip of cells from 

the periphery to the centre of the wound, with the cells in the periphery (the first 

to heal) being smaller, more circular and having a greater hexagonality ratio than 

those centrally (the last to heal) (Figure 6.8a). 
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Figure 6.8 Spatial changes in endothelial cells following wounding 

(a) Differences in endothelial morphology are seen in different areas of the wound. The strip 
shows a montage of cells from the center (left) to the periphery of the 7mm wound (right). 
The cells from the areas outlined underwent neighbour analysis, with the results projected 
below.  Those in the periphery, being the first to migrate, display a more ‘mature’ architecture 
than those in the center, with smaller cells and a greater hexagonality ratio. Scale bar 250µm. 
(b) Cells show progressive changes from the periphery to the center with those in the central 
cornea being significantly larger and (C) less circular (* denotes an adjusted P value of <0.01 
for each comparison shown by the connecting bracket) (ANOVA) 

 

Peel Wound 

Cells in the periphery of the peel wound started with an endothelial morphology 

(Figure 6.9a) similar to that observed in the scrape group. As time progressed 

and cells migrated further, they became progressively more elongated and 
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spindle like, displaying a fibroblastic in morphology. By day 28 a peripheral rim 

(approximately 1mm wide) of phenotypically normal endothelial cells with a 

central multi-layered scar was seen on SEM (Fig 6.9a) and immunofluorescence 

(Figure 6.10). In contrast to those in the scrape groups, cells in the central wound 

area stained positively for aSMA (Fig 6.9b) and did not express ZO-1. 

 

Figure 6.9 Endothelial healing following peel wounding 

(a) Half scrape:Half peel at day 28. The black outline denotes the area of wounding 
the dash line the distinction between the scraped and peeled areas. Cells in the entire 
scrape (*, upper half of cornea) area retain an ‘endothelial’ morphology, with a 
polygonal monolayer cells visible on SEM. Endothelial cells in a peel portion of the 
same cornea (lower half) start with an endothelial phenotype (~) but get more 
disorganized and fibroblastic as they migrate centrally (~~), eventually forming a 
multilayered scar (~~~). Scale bar 1mm b) Endothelial cells in the scar portion of the 
scrape have undergone EMT and express aSMA. Scale bar 50µm. 
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Figure 6.10 Flat mount cornea post peel wounding  

(a) Whole rabbit cornea stained with ZO-1 (green) phalloidin (red) and Hoechst 
(blue). White arrow represents edge of descemetorhexis. Scale bar 1mm (b) 
Expanded of view of area within the white box showing central area of scrape wound 
is devoid of ZO-1 positive cells. Initially an endothelial morphology is preserved, with 
polygonal cells forming tight junctions staining with ZO-1. As cells migrate further 
centrally, junctional ZO-1 expression is lost, cells become multilayered and 
fibroblastic and staining positively with phalloidin (large numbers of actin stress fibers 
are seen on higher magnification). 
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6.4.5 Descemet Membrane Transplantation (DMT) 

As we were concerned about possibly dislodging the transplant, in-vivo trypan 

blue assessment of wound healing was not performed in animals following DMT. 

The procedure was performed without complication in all rabbits. The DMT 

adhered to the posterior corneal surface without requiring re-bubbling in all cases. 

6.4.5.1 Clinical recovery  

Corneas were significantly clearer in the DMT group at day 28 than in the DM-

peeled group (p=0.0069), and there was no difference in clarity between animals 

undergoing endothelial scrape or DMT (DMT clarity of 0.25 (IQR: 0-1) (Figure 

6.11). In contrast to animals that had undergone peeling alone, in which all 

corneas remained swollen at day 28, CCT recovered to normal pre-operative 

values after DMT had followed the recovery pattern observed in the scrape group. 

No significant differences in CCT were seen between the scrape and DMT groups 

at any time point (Figure 6.11a). 

 

 

 

Figure 6.11 Clinical recovery following DMT 

  (a) Graph charting CCT post wounding. CCT returned to pre-operative values by 
day 7 following DMT. Thickness recovery mirrored that seen following scrape 
wounding.  (b)  Graph charting CCT post wounding. Central cornea clarity was 
restored by day 11 in most cases. At day 28 no difference in clarity between DMT 
and scrape groups 
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Unlike in the peel group, no central scarring was seen in the DMT cases. 

However, a ring of opacification underneath the graft could be seen in the 

periphery of most samples on slit-lamp and OCT examination in the DMT group 

(Figure 6.11b,c) .  

 

Figure 6.12 Photomicroscopy and OCT imaging following DMT  

(a) Slit-lamp biomicroscopy shows a clear cornea and no vascularization at 28 days 
following DMT (b) a faint ring of opacification under the DMT graft can be seen in 
periphery of the graft and was most prominent just inside the descemetorhexis edge 
(c) OCT examination shows corneal thickness, profile and stromal reflectivity is 
comparable to that of controls. Scale 1mm 

 

6.4.5.2 Electron Microscopy and Immunofluorescence 

Endothelial cells migrated over the DMT graft forming a confluent layer of 

polygonal cells (Figure 6.13a,b,d) that displayed tight cell borders and microvilli 

on the cell surface (Figure 6.13b); typical of a healthy endothelial mosaic. 

Examination of the area of opacification in the periphery of the graft showed that 

endothelial cells trapped between transplanted and host layers of DM became 

fibroblastic with multiple actin stress fibres and positive expression for aSMA. 

These finding were similar to those observed after DMEK (supplementary video 
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6.2) Cell area was significantly higher in the DMT group compared to scraped 

corneas at day 28 (Figure 6.13c), however hexagonality ratio and circularity were 

not statistically different for DMT and scrape samples.  

 

Figure 6.13 SEM and immunofluorescence of endothelial cells after DMT 

(a) Endothelial cells could be seen to migrate over the DM graft forming a complete, 
healthy monolayer. (b) Cells could be seen to bridge DM graft edge (white arrows 
represent the DM edge) on scanning electron microscopy. Scale bar 50µm (c) 
Central endothelial cell area was higher in DMT than in scrape group (p<0.01). (d) 
These bridging cells formed a continuous monolayer with healthy junctions as seen 
with ZO-1 staining on immunofluorescence. Scale bar 75µm 

6.5 Discussion 

Our initial investigations comparing endothelial wound healing in the presence 

and absence of DM showed marked differences between these two groups. 

Using serial trypan blue injections, we observed that endothelial cells rapidly 

migrated over an intact healthy DM, with a 7.0mm wound completely healing 

within 5 days. Following complete in-vivo wound closure (day 5), the corneal 
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thickness and clarity took another six days to recover (day 11) on average. During 

that time the cells of the newly formed endothelial monolayer became significantly 

smaller with a greater expression of tight junction proteins as seen on 

immunohistochemistry. As this occurred, the endothelial barrier/pump function 

was restored with normalization of corneal thickness and clarity. In contrast, 

endothelial migration was significantly slower in cells moving over bare stroma. 

In the peel group, electron microscopy and immunofluorescence staining showed 

that cells typically preserved an ‘endothelial’ morphology in the early stages of 

migration, approximately 1 mm from the peel edge. With further migration they 

became elongated, lost typical ZO-1 staining and became positive for aSMA; 

features typical of endothelial-to-mesenchymal transformation. These feature 

correspond to those we observed in ex-vivo human endothelial cells (Figure 

4.17). Eventually these cells formed an opaque scar on the posterior stroma. 

Delayed wound closure with scarring was reported by Arbelaez et al. in three 

clinical cases of primary descemetorhexis  (Arbelaez et al., 2014). They noted 

that this commonly occurred in areas in which the stromal bed had been 

inadvertently roughened during the peeling procedure. In our study central 

scarring was a universal feature in the peel the group with no apparent relation 

to the smoothness of the underlying stroma (care was taken to avoid stromal 

roughening by using forceps to remove tissue, meaning the DM could be gripped 

away from the posterior stroma). 

In addition to enhancing endothelial cell migration, the presence of an intact 

basement membrane resulted in a significant increase in endothelial proliferation 

measured by Ki67 staining. It is generally accepted that proliferation of human 

endothelial cells within a contact inhibited monolayer is insufficient to overcome 

on-going cell loss in-vivo. However, experiments examining endothelial wound 

healing in human eyes destined for enucleation have shown that endothelial 

proliferation does occur in human cells following wounding (Treffers, 1982). 

Although the level of proliferation in humans is likely to be significantly less than 

in rabbits (Van Horn et al., 1977), treatment strategies utilizing the regenerative 

ability of the peripheral reserve of human endothelial cells in conditions such as 

FED should seek to maximize any potential for proliferation in-vivo. 
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We postulated that the differences observed between the peel and scrape groups 

could be influenced by increased inflammation and swelling in corneas that had 

had DM stripped. To account for this we examined wound-healing and 

proliferation in corneas in which half the DM had been scraped and half peeled, 

therefore removing this confounding factor. The results mirrored those seen in 

animals receiving either scrape or peel wounds alone, confirming that the 

presence of an intact DM was the main causative factor for the observed 

differences. 

Rabbit endothelium is known to differ from that of the human, leading some to 

recommend the use of other animal models such as the cat (Van Horn et al., 

1977) or cynomolgus monkey (Koizumi et al., 2012) for researching endothelial 

transplantation strategies and wound healing. However, the enhanced ability of 

rabbit endothelial cells to migrate allows examination of wound healing in a 

compressed time period, making the rabbit a useful model, which has been 

utilized by several groups to explore the beneficial effects of pharmaceutical 

treatment on corneal wound healing (Meekins et al., 2016, Okumura et al., 

2015a). In the scratch group, the endothelial mosaic continued to mature over 

the first month, with a decrease in cell size and increase in hexagonality ratio. In 

addition to these temporal changes, spatial variations in cell density and 

hexagonality were seen within samples, with the cells at the centre of the wound 

having a lower density than those at the wound edge at day 28. These features 

show that remodelling of the endothelial monolayer continues to occur long after 

initial wound closure and restoration of pump function. 

This phenomenon has been observed in human corneal endothelial cells after 

accidental descemetorhexis (Jullienne et al., 2015). Consequently, it is plausible 

that the differences observed in the rabbit would be mirrored in human endothelial 

cells in-vivo, albeit over a prolonged time scale. Earlier work from the SERI lab in 

which these experiments were conducted has previously shown human 

endothelial cells migrate more slowly in peeled wounds than in scratched wounds 

ex-vivo (Soh et al., 2016). Those findings in ex-vivo human cells mirrors what we 

have demonstrated here, in-vivo. That study found ROCK inhibition enhanced 

wound healing, especially in elder donors, but only in the presence on an intact 
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DM. Together these observations suggest that having an intact basement 

membrane is important if cell migration is to be optimized for therapeutic 

regenerative strategies in conditions such as FED. 

The DM in FED is characterized by the presence of guttae. In addition to 

degrading vision (Watanabe et al., 2015) and hindering endothelial migration 

(Rizwan et al., 2016), it has been postulated that the presence of guttae reduces 

effective ECD and consequently impedes barrier and pump function . It has also 

been suggested that differences in the mechanical and chemical properties of 

DM in patients with FED contributes to disease progression (Ali et al., 2016). The 

DM in FED is known to have a different composition (Weller et al., 2014) and to 

be significantly thicker than in normal corneas (Waring et al., 1982). Hence, in 

order to provide adequate visual rehabilitation in patients with FED we believe 

that it would necessary to remove the guttae if wound healing and vision are to 

be optimized. Currently the only way to remove guttae is to strip the DM. We 

postulated that replacing the damaged DM with a healthy basement membrane 

would aid endothelial wound healing and hence we developed a new procedure 

that we term Descemet membrane transplantation (DMT). The DMT procedure 

is almost identical to Descemet membrane endothelial keratoplasty (DMEK), 

meaning surgeons familiar with this technique should easily be able to adopt it. 

Evidence from the literature (Jacobi et al., 2011, Hos et al., 2014), and our own 

experimentation suggests that the thickness of the DM does not pose a significant 

obstacle to HCEC migration.  

We found DMT restored the cell phenotype and clinical recovery back to that of 

the scrape group, although we did not track in-vivo wound healing due to 

concerns we could dislodge the transplant. No significant difference in corneal 

thickness or clarity was observed at any time point between DMT and scrape. 

However, endothelial cell size was significantly larger in the DMT group at day 

28 than in the scrape group in flat mounted, ex-vivo samples. This could be due 

to the fact that the DMT graft was larger than the scrape wound (8.0mm vs 

7.0mm) or possibly relate to differences in cell migration over human and rabbit 

DM which have different mechanical properties (Danielsen, 2004).  
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In our DMT cases, a limited, peripheral rim of scarring that originated from 

endothelial cells trapped between the donor and host was seen to a varying 

degree in all cases. This scarring was much less prominent in the scrape group 

than in the peel group and did not affect central corneal clarity. It remains to be 

seen if such a phenomenon occurs in humans, as this feature is not observed in 

DMEK when the graft overlaps the host descemetorhexis, possibly because of a 

difference in the potential to undergo EMT in human and rabbit cells. Posterior 

stromal scarring has been reported in some cases of primary descemetorhexis 

(Iovieno et al., 2017, Arbelaez et al., 2014). It is possible that this relates to 

increased inflammation and slower recovery time, typically 2-6 months  (Moloney 

et al., 2017), in successful primary descemetorhexis. It is likely the risk of 

peripheral scarring in human DMT is low, as this phenomenon is not commonly 

observed in DMEK, even when the graft overlaps the host endothelium.  

The finding that endothelial cells migrated preferentially over DM is not surprising 

given the importance of extracellular matrix components on successful culture of 

human corneal endothelial cells (Choi et al., 2013, Okumura et al., 2014b). In 

addition to chemical composition, the stiffness of the substrate on which 

endothelial cells grow has been shown to affect cell proliferation and phenotype 

in vitro, with substrates mimicking the elastic modulus of DM preferred to stiffer 

or softer environments (Palchesko et al., 2015). Additionally the surface 

topography of DM plays a role enhancing endothelial proliferation and 

maintaining a normal phenotype (Muhammad et al., 2015).  

The importance of mechano-transduction fits with the recent elucidation that the 

Rho A/ROCK pathway, a signal cascade involved in sensing cell tension, is 

implicated in endothelial migration (Soh et al., 2016, Okumura et al., 2013b), 

adhesion (Pipparelli et al., 2013a) and proliferation (Okumura et al., 2014b, 

Meekins et al., 2016). Cell growth in-vitro is also impeded when human 

endothelial cells are seeded on to DM from patients with PBK (Raphael et al., 

1992), suggesting that an interplay between the structural properties of DM and 

endothelial cell health may be important in endothelial disease.  

Whilst DMT improved cell migration and wound healing in the rabbit model, it 

remains to be seen if such a strategy will prove successful in human patients with 
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diseases of the endothelium. Based on our in-vivo and ex-vivo studies, we would 

expect this procedure to have an improved recovery time and success rate over 

other regenerative strategies, such as isolated descemetorhexis, whilst 

preserving the benefits of the procedure; no risk of rejection.  

Whilst the procedure requires corneal tissue from which to harvest DM, the tissue 

doesn’t need to have a viable endothelium, increasing the available donor pool. 

It may be possible to replace donor DM with a tissue engineered DM substitute, 

(Muhammad et al., 2015). This could be further improved with modified surface 

chemistry or incorporation of eluting drugs (Chan et al., 2016) designed to 

promote cell migration and proliferation. 

In conclusion, we have shown that corneal endothelial migration and proliferation 

was promoted by maintenance of a healthy basement membrane. Wound healing 

with a normal endothelial monolayer was a pre-requisite for restoration of corneal 

clarity and thickness. Anatomic wound closure preceded complete physiological 

recovery of corneal clarity and thickness. We have also described a novel surgical 

intervention designed to enhance endothelial cell migration in vivo;. Descemet 

Membrane Transplantation, which improved endothelial migration in an animal 

model of primary descemetorhexis. 
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Supplementary Video 6.1 

Video showing the creation of peel and scrape wounds and the use of trypan blue 

to assess wounding intra-operatively. The DMT procedure is shown; graft 

insertion, followed by unfolding, centration and fixation with a bubble of SF6. 

Supplementary Video 6.2 

Z-stack (2µm step size) in the peripheral area of cornea after DMT where a ring 

of opacification could be seen clinically. Cells undergoing EMT are seen under 

the DM. These cells are dendritic in shape and contain multiple actin stress fibres. 
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7 In-vivo tracking of human endothelial cells 
transplanted into the rabbit  
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7.1 Introduction 

After corneal transplantation, a rapid decline in endothelial cell density is 

observed following surgery ( Monnereau et al., 2014, Gauthier et al., 2017). We 

have previously shown that iatrogenic cell loss occurs during the preparation 

(Bhogal et al., 2016a), storage (Bhogal et al., 2016b), insertion and unfolding of 

endothelial grafts (Bhogal et al., 2017a). In addition, factors such as air 

tamponade (Feng et al., 2014, Landry et al., 2011), post-operative inflammation 

and co-morbidities such as glaucoma (Mitry et al., 2014, Maurino and Aiello, 

2015), are likely to affect early endothelial cell loss. Immediately after 

transplantation areas of dead or denuded endothelial cells are present (Bhogal 

et al., 2017a). A process of cell migration and restoration of an intact monolayer 

must occur in the early post-operative period in order for corneal clarity and 

thickness to be restored to normal levels (Bhogal et al., 2017b). 

Monitoring of endothelial cells can either be performed directly by imaging the 

cells (Bhogal et al., 2017b) or indirectly by using measurements of endothelial 

function: central corneal thickness (CCT) and transparency (Liu et al., 2014). 

Presently, endothelial cells are imaged, in-vivo, in the clinical setting using 

specular or confocal microscopy (Rio-Cristobal and Martin, 2014), although 

newer modalities, based on OCT imaging, are being developed (Ang et al., 2016). 

Typically, only a small number of cells, 30-100, are imaged at high magnification 

(McCarey et al., 2008). Image quality can be poor following endothelial 

keratoplasty (EK), especially with non-contact methods (Raecker et al., 2011). 

Additionally, poor image acquisition from off-axis portions of the cornea and the 

lack of automated methods to stitch multiple images together, mean these 

methods do not allow for global assessment of the entire graft (Tanaka et al., 

2017). Consequently, tracking small areas of interest over time can be very 

difficult (Gasser et al., 2014). In both specular and confocal microscopy, image 

quality is reliant on a clear corneal stroma, meaning images obtained through 

oedematous or scarred corneas are often of poor quality. The presence of an 

intra-cameral gas bubble can also impair image quality (personal observations). 

As such, it is often not possible to use these methods in the early post-operative 
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period following EK, nor is it possible to use these methods to examine 

endothelial healing following wounding studies.  

In our previous studies (see chapter 6), in-vivo endothelial wound healing was 

assessed using repeated intracameral trypan blue injection (Bhogal et al., 

2017b). Whilst this was a reliable and reproducible technique, it is an invasive 

procedure that carries the risk of damaging healing endothelial cells or 

introducing infections per-operatively (Ong et al., 2019). We were reluctant to 

utilize this method following EK or Descemet membrane transplantation for fear 

of dislodging the transplanted material. An additional limitation of trypan blue 

technique is that it only allowed global imaging of endothelial wound healing. This 

meant animals had to be sacrificed at staggered time intervals in order to perform 

histological evaluation of wound healing at a cellular level. 

In chapters 3-5 we developed and validated a method to image endothelial cells, 

in-vivo, using calcein AM; a green-fluorescent viability stain (Bhogal et al., 

2017a). Whilst capable of global and cell-level imaging in the immediate post-

operative period, our in-vitro experiments showed that calcein AM was rapidly 

cleared from endothelial cells meaning a useful fluorescence signal had been 

extinguished by 24 hours post incubation. As such, it is not useful for longer-term 

tracking of endothelial cells in-vivo. The fate of the transplanted cells can only 

truly be determined if methods to quantify endothelial cell death immediately post-

operatively can be combined with techniques to track endothelial cells through 

early post-operative phase, which we define as one month based on previous 

reports (Bahn et al., 1982, Haydari et al., 2012). 

The NIR fluorescent, lipophilic carbocyanine DIR (alternatively called DiOC18(7)) 
is weakly fluorescent in water but highly fluorescent and quite photo-stable when 

incorporated into membranes (Figure 7.1). The sulfonate groups incorporated 

into DIR improves water solubility. It has an extremely high extinction coefficient 

and short excited-state lifetimes (~1 nanosecond) in lipid environments. Once 

applied to cells, the dye diffuses laterally within the plasma membrane 

(https://www.thermofisher.com/order/catalog/product/D12731?SID=srch-srp-

D12731#/D12731?SID=srch-srp-D12731, accessed 25/01/20)  
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Figure 7.1 Structure and Spectra of the NIR dye DIR 

a) Molecular structure of DIR b) Excitation and emission spectra of DIR, bands 
represent the laser excitation (blue line) and band pass filter cut-off (red line) for the 
spectralis HRA in ICG mode. Spectral image reproduced from https://aatbio.com 

 

In this chapter, we describe a technique for labelling and tracking endothelial cells 

in-vivo, both globally across the entire cornea and at an individual cell level. We 

compare the images acquired using modified clinical imaging hardware to 

immunohistology following animal sacrifice. We show this technique is suitable 

for tracking both native and transplanted endothelial cells and can be used in 

wound healing studies as well as xenotransplantation of human EK grafts into 

rabbits. 
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7.2 Aims 

1) To develop a method for tracking native and transplanted endothelial cells in-

vivo for a minimum of 28 days  

2) To use this method to determine in the presence of DM is beneficial for human 

endothelial cell migration 

7.3 Methods 

7.3.1 Study Tissue 

Experiments were conducted in accordance with the tenets of the Declaration of 

Helsinki. Human corneoscleral buttons with consent for research use were 

obtained from Miracles in Sight (Winson Salem, North Carolina, USA). Tissue 

preparation and transplantation was performed by a single surgeon (MB). 

Transplant grade tissue with endothelial cell counts of >2200 cells/mm2 and a 

storage time <14 days in Optisol GS (Bausch & Lomb Rochester, New York) was 

used for all experiments.  

7.3.2 Research animals  

Approval for the study was obtained from the Singhealth Institutional Animal Care 

and Use Committee (2016/SHS/1212). Animals were treated in accordance with 

the ARVO Statement for the use of animals in ophthalmic and visual research. 

See section 2.8, for further details. At the designated time-point, animals were 

euthanized with over-dose intra-cardiac pentobarbitone and tissue collected for 

post-mortem analysis. 

7.3.3 Optimizing DIR concentration in-vitro  

HCEC’s were seeded at a concentration of 25x105 cells/cm2 in a Greiner 48-well 

flat bottom polystyrol microplate (Greiner, Frickenhausen, Germany), pre-coated 

with FNC coating mix. Cells were incubated with DIR diluted in M5-Endo media 

at a concentration of 10-200µg/ml overnight at 37°C. The following day, cells 

were washed x3 in fresh culture media and imaged using the SpectalisTM HRA at 
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a standardized sensitivity of 100. Images were exported to NIH ImageJ and 

converted to 8-bit. Mean grey values were measured in three separate regions of 

each plate and average fluorescence for each dose calculated.  

7.3.4 Toxicity of DIR in-vitro 

Primary cultured HCECs were seeded and labelled with 100µg/ml DIR as 

described in section 7.3.3. The media was replaced and DIR labelled endothelial 

cells and controls were cultured for a further 48hrs. Calcein AM/ethidium 

homodimer/Hoechst was added to the cell cultures to achieve final 

concentrations of 2µM, 4µM and 10µM respectively and the plate was gently 

agitated, incubated at 37°C for 30 minutes and imaged on the fluorescence 

microscope. The viable cell density was calculated and compared between 

control and treated cells. 

7.3.5 Effect of DIR on endothelial cell migration  

As one of the primary aims of DIR tracking was to examine cell migration, a 

scratch wound assay was performed. Cells were seeded in a 24-well plate and 

labelled with 100µg/ml DIR as described in section 7.3.3. Each well received a 

single scratch using the tip of a 10µl pipette (Neptune scientific). Plates were 

placed inside the incuCyte imaging incubator (Sartorius, Essen Bioscience, Ann 

Arbor, Michigan, USA), image registration to define the scratch area performed 

and serial, phase-contrast images taken every hour for 48hrs. The incuCyte is a 

multiplex imaging system that is incorporated into an incubator allowing 

continuous imaging in multiple wells without alterations in temperature or 

atmosphere. The wound area was measured at T=12hrs and expressed as a 

percentage of that measured at T=0hrs.  

7.3.6 Labelling of ex-vivo human corneas 

Human corneas were labelled prior to tissue preparation for DMEK and following 

tissue cutting for DSAEK. The procedure was optimized in a series of pilot 

experiments. To limit the amount of dye required and prevent corneal swelling, 

the corneas were kept within the Optisol viewing chamber. Optisol was aspirated 

for with the corneal cup and the endothelial surface further dried with cellulose 
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sponges. DIR (100µg/ml), diluted in M5-Endo medium, was pipetted onto the 

endothelial surface until the entire endothelium and trabecular meshwork were 

covered. The epithelial surface remained suspended by the pillars of the viewing 

chamber and in contact with the Optisol, with the scleral rim acting as barrier to 

prevent the two media for mixing. The lid for the viewing chamber was replaced 

loosely and the corneas were incubated over night at 37°C. For corneas in which 

a comparison between DIR and calcein AM fluorescence was performed, 

corneas were rinsed x3 in fresh M5-Endo media and the incubated with calcein 

AM 1.67µM in BSS for 30 mins prior to surgery.  

Tissue was implanted using our previously described techniques for DMEK 

(section 3.4.1.1, page 100) and DSAEK (section 3.4.1.2, page 100) and imaging 

for calcein AM and DIR fluorescence performed alongside the standard 

examinations, following the review schedule outlined in section 6.3.5, page 210. 

7.3.7 Labelling of rabbit endothelial cells in-vivo 

A single, self-sealing paracentesis was created with a 1mm diamond blade. DIR, 

diluted in BSS at a concentration of 200µg/ml, was drawn into an insulin syringe 

and the needle inserted into the anterior chamber at the limbus, taking care to 

tunnel the entry for at least 1mm. The posterior lip of the paracentesis was 

depressed causing expression of the aqueous after which the DIR was slowly 

injected, ensuring a complete DIR/aqueous exchange. The rabbits were kept with 

the treated eye facing down until the anaesthesia had worn off.  

7.3.8 Tracking of endothelial cells post-operatively 

Imaging was performed using the SpectralisTM HRA set in the ICG mode. In the 

ICG mode this device utilizes a 790 nm diode excitation laser and 800 nm long-

pass filter. Images were captured using the method described in section 3.4.2 at 

varying levels of magnification. In addition, infrared reflectance imaging was 

conducted using the 820 diode excitation laser and the FA filter.  
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7.3.9 Comparison between DIR labelling and in-vivo trypan blue. 

In 4 rabbits, two weeks following DIR injection, 8mm endothelial scrape wounds 

were created as described in section 6.3.2. Endothelial wounds were delineated 

using in-vivo trypan blue at the time of wound creation and at day 3 following 

wounding (see section 6.3.5). One animal was sacrificed at day 3 and one at day 

5, allowing for comparison between in-vivo imaging and immunohistochemistry. 

The remaining two animals were sacrificed at day 28. Cell-level imaging was 

achieved using the Rostock module and the images processed in ImageJ. 

Individual cells were manually outlined and cell metrics compared between in-

vivo images and flat-mounted, immunofluorescence images (stained with 

phalloidin, Hoechst and ZO-1). At day 3, when cells were still migrating, a 

comparison between cell circularity was made (a minimum of 100 cells measured 

in each group). At day 28 when a stable monolayer was present, a comparison 

between cell circularity and the percentage of hexagon cells was made 

(neighbour analysis function in the BioVoxxel toolbox).  

7.3.10  Evaluation of human endothelial cell healing 
characteristics in-vivo 

8 rabbits underwent DSAEK using DIR labelled, paired tissue from 4 donors. 

9.5mm donor lenticules were inserted using our standard technique. At the point 

when all corneas had returned to a normal thickness (<400µm, day 7) and clarity 

had been restored, a 4mm corneal wound created by scraping (n=4) or peeling 

(n=4). Rabbits were sacrificed at day 28 unless otherwise stated. 

7.4 Results 

7.4.1 Optimizing DIR concentration in-vitro  

The average fluorescence increased with concentration in a quadratic fashion 

(Figure 7.2). Comparison of fluorescence levels at different doses revealed a 

significant difference between cells stained with 50 and 100µg/ml (ANOVA, 

corrected p<0.0001) but not between 100 and 200µg/ml (p=0.78). Based on 

these findings a final concentration of 100µg/ml was chosen for subsequent 

labelling. 
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Figure 7.2 Graph plotting DIR fluorescence vs concentration 

7.4.2 Toxicity of DIR in-vitro 

No significant differences were found on toxicity assessment between DIR 

labelled primary cultured HCEC’s at any concentration and matched controls, 

(p=0.43) (Figure 7.3). Qualitatively, no difference in cell phenotype was observed 

between DIR labelled and control HCEC’s. 

 

Figure 7.3 DIR toxicity in-vitro in cultured HCEC’s 
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7.4.3 Wound healing assay 

Wound healing kinetics were similar between control and treated groups (Figure 

Figure 7.4). There was no significant difference in wound area remaining at any 

time point. Mean wound area at 12 hours (the time at which the greatest 

difference between both groups was observed) was 32.1±18.7% in control cells 

and 35.4±16.5% in DIR labelled cells (p=0.65).  

 

 

Figure 7.4 Scratch wound assay in DIR labelled endothelial cells 

Serial, phase-contrast photomicrographs of DIR-treated endothelial cells following 
wounding (a) Initial scratch measured at T=0 (yellow outline). (b) Wound outlined at 
T=12 and expressed as function of initial wound area. (c) Complete closure is seen 
by T=18 in this sample. Scale bar = 300µm. 
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7.4.4 In-vivo labelling of rabbit endothelial cells 

Direct injection of DIR diluted in BSS was successful in labelling rabbit endothelial 

cells. No adverse effects were observed, with no significant inflammation 

observed following the injection. OCT and infra-red imaging on day 1 showed no 

increase in corneal thickness and no change in corneal clarity. As with labelling 

of ex-vivo human corneas, DIR fluorescence showed significant cell-to-cell 

variation. Labelled cells were still clearly visible at day 28, but some reduction in 

fluorescence was observed (Figure 7.5). DIR uptake was prominent in the iris, 

meaning that pupil dilation was necessary to reduce background fluorescence in 

subsequent examinations. Background fluorescence was further reduced by 

imaging using the higher magnification lenses, as these reduced the depth of 

focus, placing the iris beyond the plane that could be imaged. 

 

Figure 7.5 In-Vivo labeling of rabbit endothelial cells 

(a) Day 1 post intracameral DIR injection the cornea remains clear with iris details 
clearly visible. (b) Endothelial and iris staining is seen at day 1. (c) There is no 
increase in CCT. (d) The cornea remains clear at day 28. (e) Persistent DIR staining 
is seen at day 28. (f) No change is CCT was seen at any time point up to day 28. 
Scale bar 1mm 

7.4.5 Comparison between in-vivo DIR imaging and in-vivo 
trypan blue staining  

Good agreement was seen between macroscopic, non-invasive DIR imaging and 

intracameral trypan blue staining, both at the time of wound creation and at day 

3 (Figure 7.6a & b).Good agreement between methods was seen in both native 

rabbit endothelial and human endothelial cells following EK. Clear delineation of 
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the wound edge could still be determined in grossly oedematous (CCT > 800µm) 

and scarred corneas (Figure 7.6e). 

 

Figure 7.6 Comparison of Trypan blue and DIR wound delineation 

(a) Intracameral trypan blue staining following ‘peel’ wounding in a DSAEK wound. 
(b) DIR staining closely matches the wound pattern seen with intracameral trypan 
blue injection.Scale bar 1mm (c) Trypan blue staining at day 3 post scrape wounding 
of the rabbit endothelium. (d) DIR staining closely matches the wound pattern seen 
with intracameral trypan blue injection. Scale bar 1mm (e) Good quality images are 
achievable through oedematous cornea (CCT 876µm). 
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Figure 7.7 Comparison of In-Vivo Cell tracking and immunofluorescence 

(a) Migrating rabbit endothelial cells at the leading edge of a healing scrape wound 
at day 3. (b) Cells have formed a confluent monolayer by day 5 but cell junctions 
remain broad. (c) Day 28: a confluent monolayer with narrow intracellular spaces is 
present. (d) Elongated endothelial cells with prominent actin stress fibres (red) and 
no ZO-1 staining are seen at day 3. (e) By day 5 a confluent layer of endothelial cells 
is seen but tight junctions (assessed with ZO-1, green) are incomplete. (f) A confluent 
monolayer with mature tight junctions is seen on immunofluorescence at day 28. 
Scale bars 50µm. 

 

 

At a microscopic level there was good agreement between cellular images 

acquired using in-vivo DIR imaging and those obtained after immunofluorescence 

staining. During early wound healing (day 3), elongated cells without clear cell 

borders were seen using both imaging techniques (Error! Reference source not 
found.a,d). There was no difference in cell circularity measured from DIR and 

immunofluorescence images, with an average value of 0.51±0.14 for histology 

derived circularity and 0.58±0.12 for DIR imaging (p=0.34). After wound closure, 

a confluent monolayer of cells with broad cell borders was seen with in-vivo DIR 

imaging. This corresponded to confluent cells with incomplete tight junction 

formation, as assessed by ZO-1 immunofluorescence staining (Figure 7.7b,e). 
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As time progressed, cell borders became narrower, and at day 28 narrow, in-vivo 

cell borders correlated to a continuous ring of ZO-1 staining (Figure 7.7c,f). 

Analysis at day 28 showed no difference in cell circularity (0.71 vs 0.74 p=0.87) 

or the number of hexagonal cells between the group (50.9% (histology) vs 49.1% 

(Spectralis), p = 0.9). 

 

 

Figure 7.8 In-vivo wound closure over time 

Infrared and ICG imaging of rabbit cornea pretreated with intracameral DIR, followed 
by scrape wounding. In-vivo, tracking of endothelial cells can be conducted at the 
pan-corneal and single-cell level. Migrating cells have not formed a complete 
monolayer by day 3 and OCT imaging confirms residual corneal oedema and 
thickening. By day 5 complete wound closure has occurred, although some residual 
corneal oedema persist (OCT images). By day 14 corneal thickness had returned to 
normal and a stable, healed wound was observed with macroscopic imaging. Scale 
bar for IR imaging, DIR+Ant Seg lens and DIR with retina lens + high mag adapter is 
1mm. Scale bar for DIR images acquired with the Rostock module is 25µm. 
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7.4.6 In-vivo tracking of migrating endothelial cell following 
endothelial wounding in the rabbit 

 

In keeping with our results for scrape wound healing in section 6.3, healing of an 

8mm endothelial scrape wound occurred by day 5, with a return to pre-wound 

CCT by day 8. After initial wound closure, a continuing maturation of central 

endothelial cells was observed, mirroring the findings in unstained rabbit 

endothelial cells. These findings suggest that DIR staining has no deleterious 

impact on endothelial healing or migration in-vivo.  

7.4.7 Labelling of Ex-Vivo human corneas. 

DIR was able to stain ex-vivo corneal tissue for NIR imaging. Staining was 

ubiquitous but variable, both between samples and within different regions of the 

same sample. This variation occurred at both macroscopic and microscopic 

levels, with adjacent cells showing markedly different degrees of fluorescence on 

high magnification images (Figure 7.8). This meant that choosing an appropriate 

exposure/camera sensitivity could be difficult without over/under exposing 

different areas of the graft. (Figure 7.9b,d). 

Multiplex imaging after dual staining with calcein AM and DIR was possible, giving 

good quality images in each channel with no observable spill over between 

channels, and no difference between samples stained with either calcein AM or 

DIR alone.  

Large areas of cell loss could be detected with DIR staining. Detection of 

individual cell drop-outs with the x40 objective lens was not possible with DIR 

(Figure 7.9e). Unlike those stained with calcein AM, dead cells retained on the 

DM were DIR positive (Figure 7.9f). As predicted by our in-vitro assessment (see 

026), calcein AM fluorescence diminished quickly, and no useful images could 

be obtained at 24 hrs post implantation (Figure 7.9g). In contrast, DIR 

fluorescence tended to become more uniform by 24hrs post graft insertion, 

meaning fluorescence across the graft remained within the dynamic range of the 

camera, limiting areas of over exposure (Figure 7.9h). 
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Figure 7.9 Comparison of In-vivo DIR and calcein AM 

(A) Prepared DMEK graft resting on stroma. Note triangular orientation mark. Uniform 
green fluorescence is seen. Scale bar, 1mm (B) The same transplant is imaged with 
using the ICG filters to detect DIR staining. There is marked variation in fluorescence 
across the graft meaning portions become wither over or under exposed on global 
imaging. Scale bar, 1mm (C) Global Calcien AM imaging of the graft, in-vivo, 
immediately following transplantation. Scale bar, 1mm (D) Global DIR imaging of the 
graft, in-vivo, immediately following transplantation. Scale bar, 1mm (E) High 
magnification imaging acquired by coupling a x40 air objective microscope lens to 
the retinal imaging lens of the Spectralis. Individual Calcein AM negative cells are 
seen. Scale bar, 200µm (F) DIR imaging at this stage is insufficient to differentiate 
living and dead cells. Scale bar, 200µm (G) At 24 hours post transplantation Calcein 
AM fluorescence has diminished meaning it is not possible to distinguish between 
portions of the graft containing viable and non-viable endothelial cells. Scale bar, 
1mm (H) By contrast, at 24 hours post-implantation, DIR fluorescence has become 
more uniform and macroscopic areas corresponding to cell damage or missing cells 
are discernible (red arrows). Scale bar, 1mm 
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7.4.8 Tracking transplanted human endothelial cells in-vivo 

EK grafts labelled with DIR maintained strong fluorescence for the entire study 

period (28 days). Cell migration could be seen as endothelial damage associated 

with tissue insertion healed (Figure 7.10a, red arrow). Transfer of fluorescence to 

neighbouring rabbit endothelial cells was not observed and the patterns of 

fluorescence seen in-vivo closely matched those observed histologically (Figure 

7.10b,c).  
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Figure 7.10 In-vivo tracking of transplanted Human endothelial cells 

(A) DMEK graft at various stages pre and post implantation into the rabbit. Linear, 
parallel wounds associated with graft insertion can be seen following DMEK (red 
arrow). Over time healing of these wounds can be observed. Human cell migration 
off the transplant and onto the rabbit DM can be seen (yellow arrow) in certain areas. 
Stable areas, not containing human cells, are visible in the periphery of the graft 
(blue arrow). Scale bar 2mm. (B, C) Immunohistological assessment with anti-
Human Nuclear antibody confirms areas of DiR staining adjacent to the graft 
correspond to Human endothelial cells. Scale bar, 250µm, (D, E) Areas on the graft 
periphery not staining with DIR contain migrating rabbit endothelial cells that form a 
stable monolayer with adjacent human cells, with no significant transfer of 
fluorescence. Scale bar, 250µm.  
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7.4.9 Recovery following wounding of In-vivo human endothelial 
cells  

By using methods validated in the rabbit endothelium, we were able to track 

human endothelial wound healing in-vivo. It was clear that the human endothelial 

cells were contributing to the maintenance of corneal clarity and thickness, as all 

corneas became thicker and more opaque following the initial wounding (Figure 

7.11a). Corneal thickness was significantly higher in the peel group when 

compared to the scrape group at all time points (Figure 7.11a). Corneal thickness 

returned to baseline values (pre-scrape CCT ± 10%) by day 5 in all animals. 

Corneal thickness remained elevated in all peel samples at the final time point 

(474±109µm vs 1068±40µm, p=0.0017). Wound healing was significantly faster 

in the scrape group, with full wound closure seen at day 3 in all scrape eyes 

compared failure to completely close in all peel eyes at day 21 (Figure 7.12). 

Average wound closure was 7.50±1.30mm2/day in the scrape group (Figure 

7.11b).  

 

 

Figure 7.11 Comparison of CCT and Wound healing rates in peel and 
scrape wounds 

(a) CCT was is significantly higher in the peel group at all time points following 
wounding (b) The rate of endothelial migration is significantly quicker following scrape 
wounding when compared to peel wounding. 
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Corneal clarity returned to normal by day 5-8 in the scrape group, but failed to 

recover back to baseline in peel animals by day 21, (Figure 7.13 ). 

 

 

Figure 7.12 Longitudinal DIR, Infrared and OCT imaging following 
scrape/peel wounding in transplanted human endothelial cells 

Rabbits underwent EK with human tissue. After the transplanted endothelial mosaic 
has stabilized, endothelial wounds were created within the graft. (a) Closure of the 
4mm endothelial scrape wound occurred within 3 days followed by rapid return of 
CCT to pre-wounding levels, as can be seen in the OCT images. (b) Healing following 
peeling of DM was slower, with persistent bare areas of bare stroma seen at 21 days 
post wounding. CCT remained elevated at day 21 after peeling. Scale Bar 1mm, all 
images are taken at the same magnification 
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Figure 7.13 Slit-lamp biomicroscopy following scrape/peel wounding in 
transplanted human endothelial grafts 

(a) Corneal clarity rapidly returned to normal following corneal scraping, with the 
ability to see fine iris details restored by day 5-8. (b) In the peel group persistent 
corneal opacification was seen at day 21. All images at x10 magnification 

7.4.10 Histological evaluation of human endothelial  

Migration of human endothelial cells followed different patterns in the scrape and 

peel groups. After peeling, endothelial cells migrating over the stroma displayed 

a branching pattern with large vacuoles and a persistence of bare stroma seen 

at day 21. The leading wound edge was composed of large endothelial cells with 

prominent actin stress fibres, consistent with cells undergoing active migration. 

Cells adjacent to the descemetorhexis edge were more circular and had a cortical 

actin staining pattern (Figure 7.14b). Numerous small inflammatory cells, not of 

human origin, were seen interspersed with the migrating endothelium and 

appeared to be localized in areas devoid of endothelial cells (Figure 7.14b). In 

contrast, endothelial cells migrated over the DM as a confluent sheet following 

scrape wounding (Figure 7.14d). At day 21, cells had formed a confluent 

monolayer with mature, ZO-1 positive, tight junctions and relatively few 

inflammatory cells (Figure 7.14e). 



 253 

 

Figure 7.14 Comparison of human endothelial migration following in-vivo 
scrape/peel 

(a) Flat mounted cornea 21 days following peel wounding. Sample stained with 
Hoechst, Anti HuNu and phalloidin and imaged using confocal microscopy (b) At 
higher magnification the migration edge of the wound is seen. Endothelial cells have 
crossed the rhexis edge (white arrow) and migrate in a branching pattern. Cells close 
to the rhexis edge are confluent, smaller and more circular. Distal cells are larger with 
prominent actin stress fibers (red arrow). Non-human, inflammatory cells seen (yellow 
arrow). Scale bar 50µm. (c) A corresponding, branching pattern of endothelial cell 
migration past the rhexis edge is seen with in-vivo DIR imaging (d) In-vivo cell 
migration following scrape wounding occurs as a continuous sheet (e) Flat mounted 
cornea 21 days following scrape wounding (f) Cells form a continuous monolayer with 
no gaps and fewer inflammatory cells. Scale bar 50µm. 

 

7.4.11 Histological level resolution 

Whilst considerable variation was seen between samples, DIR staining, in 

combination with our technique for endothelial imaging using the Rostock 

module, allowed capture of detailed, high resolution images. Visualization of 

biological processes typically only observable following fixation and staining were 

visible in-vivo, in both rabbit and human endothelial cells. Expansion of rabbit 

endothelial cell borders and evacuation of endothelial cells from the monolayer 

were seen after phacoemulsification (Figure 7.15a). Small, non-endothelial cells 

could also be seen (Figure 7.15b). In human endothelial cells, cell 
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apoptosis/evacuation from the monolayer, expansion of neighbouring cells with 

podocyte migration and nuclear division were seen (Figure 7.15c-f).  

 

Figure 7.15 High Magnification in-vivo endothelial imaging 

Very high resolution images of rabbit endothelial cells (stained with DiR by 
intracameral injection) and human endothelial cells (from EK transplants stained with 
DiR prior to implantation) are achievable with the Spectralis HRA and Rostock 
module. (a) A rabbit endothelial cell can be seen detaching from the monolayer. (b) 
Small inflammatory cells staining positive for DIR are visible. (c) A human endothelial 
cell undergoing apoptosis exhibits a pyknotic nucleus and separation from adjacent 
cells. (d) Podocyte extension to fill a gap in the monolayer following is seen. (e) Bi-
lobulated nuclei and (f) smaller adjacent nuclei suggestive of paired daughter cells 
are suggestive of in-vivo cell division. Scale bar 25µm. 
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In one animal, clinical rejection occurred at day 28 with an increase in corneal 

thickness and opacity. Infrared imaging was able to detect a central loss of 

fluorescence associated with a significant reduction in endothelial cells seen 

using the Rostock module. The residual cells were shrunken and circular (Figure 

7.16a-d). This loss of cells from the DM was associated with the onset of 

circulating, DIR positive cells in the anterior chamber (supplementary video 7.1). 

An anterior chamber tap confirmed the presence of cellular material but the yield 

was too low to confirm cell origin or DIR positivity using 

FACS/immunofluorescence. 

 

Figure 7.16 In-vivo endothelial imaging following rejection  

(a) Spectralis HRA image of a central area of a human DMEK graft, 21 days after 
transplantation into a rabbit eye, shows a confluent monolayer of DIR positive cells. 
Scale bar 250µm (b) On day 28 day corneal oedema was noted and a significant 
reduction in DIR fluorescence was seen. (c) At higher magnifications a monolayer of 
human endothelial cells was seen at day 21. Scale bar 25µm (d) On day 28, the 
stable monolayer has been replaced with sparse cells that have become rounded 
and are ejecting into the anterior chamber. 
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7.5 Discussion  

The field of in-vivo cell tracking is developing rapidly and new tools are being 

developed for this purpose. One area of particular interest is the use of near 

infrared markers for cell tracking. These tracers benefit from very low 

autofluorescence at near infrared (NIR) wavelengths and excellent tissue 

penetration. This combination gives a high signal-to-noise ratio and allows non-

invasive tracking of cells through the skin in organs such as the spleen or heart. 

Some NIR tracers have recently been used in clinical trials to aid tumour 

clearance (Vahrmeijer et al., 2013) and in clinical ophthalmic trials to assess cell 

loss in patients with early glaucoma (Cordeiro et al., 2017). 

The NIR dye, indocyanine green, has been used in ophthalmology for over 5 

decades. This means that dedicated equipment for imaging of NIR tracers in the 

eye are widely available in clinical and research settings.  

In this study we found NIR imaging to be a powerful method for tracking 

endothelial cells in-vivo. In-vivo tracking of corneal cells is not widely performed 

to date due to a lack of suitable imaging techniques and paucity of data on 

labelling efficiency, duration of fluorescence, toxicity, and effects on transplanted 

cell function (Genicio et al., 2015). The aim of this study was to determine whether 

the NIR dye, DIR, could be used to label and track endothelial cells, in-vivo, 

without impacting cell viability and function. We began by assessing the effect of 

DIR staining on wound healing, cell migration and cell viability, in-vitro, using 

HCEC’s. At the concentrations required for in-vivo imaging, DIR stained primary 

cultured HCEC’s migrated at the same rate as unlabelled cells. At 24hrs post-

labelling, there was no significant difference in cell death, as assessed by the 

calcein AM/ethidium Homodimer assay, between labelled and unlabelled cells. 

Taken together, these results suggest that DIR was a viable candidate for use as 

a tracker in corneal endothelial cells. We subsequently assessed whether use of 

DIR had any deleterious effects in-vivo. A single intracameral DIR injection was 

sufficient to stain endothelial cells and was not associated with any apparent 

inflammation or acute disturbance of corneal endothelial function. DIR imaging 

allowed us to track endothelial cells on EK transplants from human tissue. We 

found it was possible to obtain high quality images of human endothelial cells 
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within the anterior chamber following EK. To our knowledge, this is the first time 

biological processes such as healing of iatrogenic wounds and migration of 

endothelial cells from donor to host have been observed in-vivo. 

At the macroscopic level, we found DIR imaging to be comparable to repeated 

trypan blue injection when assessing endothelial wound healing following 

standard injury; a model commonly used to assess pharmacological therapies 

aimed at enhancing endothelial regeneration (Hoppenreijs et al., 1996, Nakano 

et al., 2008, Meekins et al., 2016). High magnification assessment of the healing 

edge of the wound showed comparable morphological information could be 

obtained from in-vivo imaging as compared to immunohistology following animal 

sacrifice. A temporal relationship between closure of endothelial wounds, as 

observed by DIR imaging, and restoration of corneal clarity/CCT was also seen 

in all cases. In-vivo wound healing kinetics were similar to those we previously 

reported in unlabelled cells (Bhogal et al., 2017b). Images could be acquired 

through opaque/oedematous corneas, something not always possible with 

conventional imaging methods, such as specular microscopy. Combined, these 

findings suggest that DIR staining has no significant effect on endothelial function 

or healing and allows continuous, in-vivo, assessment at all time points post 

wounding.  

Assessment of endothelial transplants using DIR tracker showed there was no 

diffusion of DIR across cell membranes from adjacent endothelial cells, meaning 

that staining of rabbit endothelial cells did not occur following xenotransplantation 

with human DMEK grafts (Figure 7.9). This allowed for a clear distinction between 

transplanted human endothelial cells and native rabbit endothelial cells, even if 

cells had migrated on or off the transplant itself. Until now, detailed assessment 

of wound healing at different time points has relied either on repeated surgical 

interventions, in the case of trypan blue injection (Bhogal et al., 2017b), or on the 

sacrifice of animals at multiple time points (Koizumi et al., 2012). Our 

assessments showed that a DIR fluorescence signal, allowing for high quality 

image acquisition, was retained for at least 28 days and in subsequent 

experimentation we have found fluorescence to be retained up to 60 days.  
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By attaching the Rostock module to the SpectralisTM HRA, we were able to 

acquire in-vivo images comparable to those obtained with immunohistochemistry. 

With high resolution imaging, biological processes typically observed on 

histological examination could be seen in-vivo; including cell spreading to cover 

areas of damage following EK (Figure 7.9); apoptosis and cell detachment 

(Figure 7.14c); podocyte extension from neighbouring cells (Figure 7.14d); and 

nuclear division (Figure 7.14e,f). In one animal, a reduction in corneal clarity, 

development of corneal oedema and increase corneal thickness occurred 

suddenly. High resolution imaging showed cells had become rounded, detached 

from the graft and were freely floating in the aqueous. The cells remaining 

attached to Descemet membrane displayed features consistent with an acute 

insult (Ang et al., 2016). In the setting of xenotransplantion, these features were 

consistent with acute graft rejection (Qian and Dana, 2001, Ross et al., 1993). 

Additionally, smaller cells, consistent with previous reports of inflammatory cells, 

were observed interspersed with the endothelial cells .  

It is imperative to determine the success of new endothelial repair strategies, 

including cell injection and tissue-engineered EK grafts (Koizumi et al., 2012), 

prior to their clinical adoption. We have previously shown that rabbit endothelial 

cells are capable of migrating over bare DM, either native or following 

transplantation, with subsequent restoration of corneal clarity and thickness to 

pre-transplantation levels (chapter 6). As such, in models such as the rabbit 

where endothelial proliferation occurs, it is important to be certain that any 

restoration of function is attributable to the transplanted cells and not a 

consequence of host cellular regeneration (Hitani et al., 2008). In order to achieve 

this, some authors resort to short term observation without complete restoration 

of corneal clarity to draw conclusions about transplant success (Hitani et al., 

2008). Others resort to the use of non-human primate models for endothelial 

research, as their native endothelial cells are thought to have a limited 

regenerative potential (Koizumi et al., 2007b, Koizumi et al., 2007a, Okumura et 

al., 2013b, Meekins et al., 2016). In many parts of the world a concerted effort to 

limit the use of primate models is being introduced 

(https://www.nc3rs.org.uk/welfare-non-human-primates). DIR staining may allow 

successful use of non-primate and non-animal models for endothelial tracking by 
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allowing researchers to determine whether corneal recovery has occurred due to 

the persistence of transplanted cells or by their replacement, without resorting to 

animal sacrifice. 

We used DIR stained DSAEK xenotransplants to evaluate in-vivo human 

endothelial wound healing. Wounding of the transplanted human cells resulted in 

significant thickening and loss of corneal clarity, confirming the contribution of 

these cells to the maintenance of global endothelial function. By using paired 

tissue, direct comparisons between scrape and peel wounds could be made. In 

keeping with our ex-vivo and rabbit models, presence of DM seems to 

significantly improve migration of HCEC’s in-vivo.  

In addition to the ability to track endothelial cells, this technique may also be a 

valuable tool to study biological processes such as graft rejection, which remains 

a leading cause of transplant failure. Currently, models of rejection rely on indirect 

measures of endothelial function, and it is not always possible to separate 

rejection from other forms of endothelial trauma (Flynn et al., 2010, Liu et al., 

2014). Methods of imaging inflammatory cell changes that proceed acute 

rejection in-vivo will allow a greater understanding of the mechanisms at play 

(Chauhan et al., 2015). Being able to assess the degree of cell death occurring 

during a rejection episode will provide information on the likelihood of recovery 

following rejection and effectiveness of anti-rejection strategies. 

Whilst ICG and DIR have different excitation and emission spectra, use of the 

standard 800nm band pass filter design for ICG imaging, allowed for sufficient 

emitted light is captured by the SpectralisTM for high quality imaging, even though 

opaque corneas with significant oedema.  

Given that DIR staining is a simple, non-toxic, one step process, it is possible that 

this method could be applied to graft tissue destined for human use if a good 

manufacturing practice form of the dye were made available. For organ cultured 

tissue, the point at which graft tissue is transferred to dextran containing media 

may provide an ideal opportunity for this (Pels et al., 2008). More detailed 

information about endothelial cell behaviour following transplantation will improve 

our understanding of phenomena such as accelerated cell loss in high risk grafts 
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and may lead to personalised therapeutics and improved graft survival. Our study 

showed that DIR fluorescence was initially quite heterogeneous. This meant 

multiplexing with the viability dye, calcein AM, was needed to assess immediate 

post-op graft viability. Fluorescence peeked at 24hrs post transplantation making 

imaging easier, although some heterogeneity remained, meaning optimum image 

exposure was challenging. It may be possible to improve the use of DIR by 

combining several images taken at different sensitivities; high dynamic range 

imaging (Vinegoni et al., 2016). It is possible that DIR may also be useful to track 

other cells used in corneal regenerative therapy such as limbal epithelial (Genicio 

et al., 2015) or stromal stem cells (Hertsenberg et al., 2017).  

We believe that DIR imaging provides a powerful new tool for studying corneal 

endothelial cells in-vivo. Its use in a research setting should ultimately lead to a 

reduction in the number of research animals needed and there is a potential for 

easy adoption in the clinical setting. 

Supplementary video 7.1 

Video showing circulating DIR positive objects within the aqueous following a 

presumed rejection episode.  
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8 General Discussion and conclusions 
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The treatment of endothelial dysfunction has changed dramatically over the past 

two decades, both in terms of the treatments we offer our patients, and the 

outcomes expected by surgeons. The surgery has become less invasive, visual 

outcomes have improved and the rate of rejection has fallen with new EK 

iterations. As a consequence, DMEK is now offered to patients with milder 

disease compared to patients undergoing PK for the same condition.  

Surgeons must still exercise caution, as the impressive visual results from DMEK, 

the latest widely practised EK method, may come hand-in-hand with earlier graft 

failure and a higher revision rate. DMEK has already been highly successful, but 

further steps to maximise early postoperative endothelial cell density are required 

in the quest for the perfect EK procedure.  

In chapter 3, we focused on developing an array of tools to help determine which 

methods of graft preparation, storage, insertion and unfolding were least 

traumatic to endothelial cells. Previous methods for assessing DMEK donor 

tissue cell viability either sampled small areas or could only delineate areas of 

gross cell loss. Both approaches fail to provide a complete picture. We were able 

to determine cell viability at an individual cell level across the entire DMEK donor 

specimen, and adapted this method so it can be performed in-situ using simple 

alterations to commercially available imaging equipment. We showed that our in-

situ calcein AM method was comparable in accuracy to existing methods for 

evaluating cell viability, and non-toxic, allowing for possible use in tissue destined 

for transplantation. 

In chapter 4 we showed that by performing a peel preparation, punching on a firm 

surface and injecting through a larger injector we could reduce cell loss by 

approximately 15% over alternative techniques.  

Implanting additional cells should translate into improved graft longevity, and 

could expand the pool of tissue available for transplantation by lowering the bar 

for acceptable starting cell densities. In many parts of the world, a minimum cut-

off for ECD is used in the quality assessment of corneal tissue. A value of 2200 

cells/mm2 is commonly applied. By considering the cells loss that can be 

eliminated by alterations to tissue preparation and insertion it may be possible to 



 263 

accept a lower ECD, which would broaden the available door pool. Whilst we 

would advocate simply improving cell implantation numbers and would hope this 

would increase long-terms survival, in countries where tissue is scare, accepting 

tissue with lower ECD may increase the donor pool. We assessed the records of 

a large US eye bank, looking at the relative frequencies and distribution of ECD 

in corneas collected for transplantation. Our estimations (see chapter 9.2, page 

276) suggest that these measures could yield an additional 2,380 suitable 

corneas from US eye banks alone. It would need to be seen if lower density 

endothelial monolayers have other disadvantages, and a simple extrapolation of 

cell density estimates may not reflect graft function fully.  

We assessed the effect of graft unfolding on immediate post-operative viability. 

We found that incarceration of DMEK grafts within wounds and adhesion of 

endothelial cells to areas of fibrin produced visible cell loss, whereas ‘no touch’ 

techniques such as manipulating the graft with jets fluid or taps from the corneal 

surface were relatively atraumatic. This is an important finding, informing us that 

the overall surgical time is less important, as long as care is taken to avoid 

harmful manoeuvres. This finding has an impact on training future surgeons in 

DMEK. 

As part of this work, we developed a model for DMEK using pig eyes. We believe 

this model, which utilises in-situ viability imaging, could provide a useful additional 

tool for surgeons learning DMEK in a wet lab setting. Using this model, surgeons 

will be able to practise the steps of graft unfolding whilst simultaneously acquiring 

feedback on the effect of different unfolding strategies on graft viability, allowing 

for an enriched and more relevant training experience. Additionally, this model 

allows validations of new forms of EK or insertion devices prior to usage in 

patients. 

Uptake of DMEK may increase if access to pre-prepared tissue is broadened. We 

examined the effect of storage on pre-prepared DMEK grafts. Grafts returned to 

organ culture remain viable. Evidence of cell division is seen in wounded areas 

carried over from the original period in storage, but ongoing cell loss occurs as 

new patterns of damage emerge, corresponding to an apparent change in the 

orientation and mechanical forces exerted on the graft. Overall, cell loss 
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predominates with further reductions in global cell density observed after a return 

to storage. Whilst this might suggest surgeons should prepare tissue in theatre 

to minimise cell loss, careful evaluation of cell damage during the learning phase 

of tissue preparation and the possibility of tissue loss during preparation need to 

be balanced with the advantage of possibility obtaining higher cell numbers. 

We observed endothelial cells migrating over the free edge of the DM after graft 

preparation. The degree of overgrowth was dependant on the time in storage, the 

constitution of the storage media and whether or not the graft was stored in 

contact with the corneal stroma. Careful examination of prepared DMEK grafts 

that have been returned to storage should be performed to validate the specific 

protocols and media used by individual eye banks as overgrowing cells can be 

seen to undergo a process of EMT, which has been associated with retro-corneal 

membrane formation and fibrosis. 

Whilst our calcein AM viability assessments provided information up until graft 

insertion and tamponade, an animal model is needed to accurately determine 

what effect iatrogenic cell loss from graft insertion has on ECD at 1 month. In 

chapter 5, we developed a rabbit model for EK and used this to evaluate the 

correlation between post-surgical cell loss and endothelial cell density. We 

showed that there was a strong correlation between post-operative corrected cell 

density and the total number of endothelial cells remaining at one month. This is 

the first time such an association has been confirmed in living animals for EK and 

highlights the importance of atraumatic surgery in the long-term success and 

survival of endothelial transplants. We saw that grafts with iatrogenic unfolding 

damage took longer to clear. Overall, there was a 41% further reduction in 

corrected cell density one month following EK in the rabbit model. This provides 

a useful benchmark of the expected outcomes of the current gold-standard of 

treatment, against which new modalities of treatment can be compared.  

We observed endothelial cells travelling from donor to host DM and vice versa in 

eyes that underwent DMEK. The thickness of the DSAEK graft provides a barrier 

to this travel. This finding has implications for use of the rabbit model to assess 

the effectiveness of endothelial replacement therapies, as rabbit endothelial cells 

can migrate over the grafted tissue and restore corneal thickness. It is therefore 
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essential to ensure that restoration of corneal thickness and clarity in a rabbit 

model is accompanied by evidence of persisting donor endothelial cells, and not 

simply attributable to rabbit endothelial migration. Delayed corneal clearance may 

suggest the latter. Based on our findings, we would recommend the use of 

DSAEK rather that DMEK analogues in trials of tissue engineered transplants. 

Ultimately, confirmation of cell species origin, either post-mortem, or with 

methods of cell tracking are needed to be certain that transplanted human cells 

are responsible for restoration of corneal function. 

Having seen that endothelial cells could migrate over denuded areas of DMEK 

grafts, we explored this phenomenon in more detail in chapter 6. By comparing 

peel and scrape wounds, we found that the presence of DM to restore a normal 

endothelial cell adhesion environment was associated with faster wound healing, 

greater degrees of cell proliferation and maintenance of more normal endothelial 

morphology. In rabbits that had had their endothelial cells removed by 

descemetorhexis, a process of scarring and persistent oedema ensued. 

Performing a descemetorhexis and replacing the area of missing DM with an 

acellular disc of human DM was able to prevent scarring, with restoration of the 

recovery phenotype to that of animals in which cells had been removed by 

scraping with preservation of DM.  

These finding open up the possibility of a new treatment modality for conditions 

in which a pool of viable endothelial cells exists in the corneal periphery. Patients 

with a central FED phenotype, where in addition to endothelial cell loss, guttae 

are responsible for impaired vision and endothelial migration are an obvious 

target group for this new treatment. Our findings suggest that Descemet 

Membrane Transfer (DMT) may hold advantages over Descemet Stripping Only 

in the treatment of Fuchs dystrophy with a central corneal phenotype. 

A deeper understanding of the processes of endothelial migration, wounding 

healing and cells loss is greatly aided by the ability to track cells in the longer 

term. In chapter 7 we examined several candidate molecules for use as 

endothelial tracers. The NIR dye, DIR, proved to be the most useful due its simple 

application process, lack of toxicity or effect on cell behaviour, and good tissue 

penetration. We showed that use of this dye could allow non-invasive tracking of 



 266 

endothelial cells and allowed for near histology level imaging resolution. We could 

observe biological processes such as cell ejection from the endothelium, cell 

spreading, cell division and immunological rejection using this method. We used 

this cell tracking method to confirm our finding that DMT promoted in-vivo 

endothelial wound healing.  

Future Directions 

Clinical trials of DMT are currently underway in Singapore. As both DSO+ROCKi 

and DMT may prove advantageous over DSO alone, a comparison between 

these two procedures would be welcomed. Prior to clinical trials in humans, it 

would be useful to compare the effect of topical ROCKi in the presence and 

absence of DM in a rabbit model of primary corneal wounding with direct 

visualisation of endothelial cells following on from our work chapter 7.  

Calcein AM and DIR imagine are powerful tools for assessing viability and 

following endothelial cells in-vivo. Development of GMP formulations of these 

compounds would allow their straightforward adoption in everyday clinical 

practice and would provide useful insights on endothelial cell loss in high risk 

eyes, endothelial migration following DSO, and rejection.   
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9 Supplementary Data  
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9.1 Development of a Rabbit model of Endothelial 
keratoplasty  

9.1.1 Accommodating for differences in anterior chamber 
characteristics between human and rabbit eyes 

The rabbit eye has some intrinsic differences making developing a model for 

DMEK more challenging: 

1)The aqueous tends to contain a significant amount of fibrin, and a complete clot 

and form in the anterior chamber during/following surgery  

2) The phakic rabbit eye has a shallower anterior chamber than the adult human 

eye 

3) The rabbit cornea is significantly thinner and more elastic than the adult human 

eye 

In order to deepen the rabbit anterior chamber, all animals had cataract extraction 

by phacoemulsification 7-10 days prior to EK. All incisions > 1mm were closed 

with interrupted 10-0 nylon sutures.  

In pilot experiments, unfolding the DMEK transplant proved impossible as the 

rabbit anterior chamber exhibits a strong fibrinous reaction during surgery. Fibrin 

strands caused adherence of graft to itself and to the iris (Figure 9.1). To prevent 

excessive fibrin sequestration, the marginal ear vein was cannulated and 

unfractionated heparin (1000iu in 1ml of normal saline) injected intravenously 

prior to EK. Heparin was also added to the balanced salt solution used to irrigate 

the eye at a concentration of 50iu/ml. 
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Figure 9.1 DMEK in rabbit without heparin pre-treatment 

(a) Still image taken from video of DMEK surgery in a rabbit without 
intravenous/intracameral heparin treatment. (b) The folded graft, still containing 
viable endothelial cells, is seen folded within the anterior chamber on fluorescent and 
(c) OCT imaging. Images at x20 magnification  
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9.1.2 Refinement of Host preparation prior to EK 

9.1.2.1  Descemetorhexis vs Endothelial Scraping  

Rabbits had their endothelial cells removed either by mechanical scraping (n=6) 

or by stripping off DM (n=12) with the adherent endothelial cells; 

descemetorhexis. The area of endothelial cells to be removed was marked using 

a 10mm trephine to lightly score the epithelial surface. Endothelial cells were 

debrided using a ‘mushroom’ instrument (see section 6.3.6, page 207 for a more 

detailed description). 

Descemetorhexis was initiated with the bent tip of a 27-gauge needle and 

continued with a blunt Sinsky hook or micro-coaxial forceps, performing a 

descemetorhexis at least 10mm in diameter. Care was taken not to disturb the 

underlying stroma. We termed this procedure DMEK following over-sized rhexis 

(DMEK-OSR). A further 6 rabbits underwent DMEK following an undersized 

rhexis (DMEK-USR), see below. 

Findings 

The incidence of DMEK graft detachment was significantly higher in grafts 

implanted after endothelial scraping (5 out of 6 grafts detached) than in those 

implanted after Descemetorhexis (1 out of 12 grafts detached), p=0.0039 

(Fsichers exact test). In the under-sized Descemetorhexis group, small areas of 

peripheral graft detachment could be seen at sites of over-lapping DM but 

typically resolved within the first few days post-operatively without re-injection of 

gas. 

9.1.2.2 Optimising descemetorhexis size  

In rabbits undergoing DMEK-OSR, thick retro-corneal membranes and corneal 

failure developed. We postulated that limiting the size of the descemetorheris so 

that it was slightly smaller than the DMEK graft (n=6), might prevent this problem. 

After scraping of a 10mm circle of endothelial cells, a 7 mm decesmetorhexis was 

performed, allowing complete overlap to be achieved with an 8mm DMEK 
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transplant. We termed this procedure DMEK following under-sized rhexis 

(DMEK-USR). Once we had established the importance of descemetorhexis size, 

an undersized rhexis was used for EK surgeries (see Figure 9.2 for sequence of 

surgeries). 

 

 

Figure 9.2 Flow diagram of experimentaion 

a) DMEK (yellow) following removal of the rabbit endothelium by scraping (blue 
region). b) DMEK after a descemetorhexis that is larger than the graft. c) 
DMEK/DSAEK with a descemetorhexis smaller than the graft. d) Schematic outlining 
the sequence of experimentation. 

9.1.2.2.1 Findings 

Corneas gradually cleared in the DMEK-USR, typically approaching pre-

operative levels within 5-14 days. By contrast, corneas in the DMEK-OSR group 

failed to clear and by day 28 and opaque with central vascularization (Fig 9.3 

Infrared images). 
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Figure 9.3 Rabbit endothelial Keratoplasty 

Imaging of rabbit corneas following EK surgery in rabbits undergoing DMEK-OSR, 
DMEK-USR and DSAEK-USR. Column 1 shows immediate post-op operative 
calcein AM fluorescence. The degree of damage caused by implantation was not 
significantly different between the groups. Columns 2 & 3 show slit lamp 
biomicrographs at weeks 1 and 2. Corneal clarity was significantly reduced in the 
DMEK-OSR group when compared to control corneas at all time points. Corneal 
clarity returned to normal in DMEK-USR and DSAEK-USR groups. Column 4 shows 
Infra-red imaging (highlighting the degree of vascularization) at week 4. Corneas 
undergoing DMEK-OSR became opaque, thickened and Column 5 shows OCT 
images of the cornea at week 4. DMEK-USR and DSAEK-USR have normal corneal 
thickness and reflectance. DMEK-OSR remained thickened, hyper-reflective and 
developed multilayered retro-corneal membranes. Images at x10 magnification. 

 

At day 28, corneal clarity was 0.5±0.5 in the DMEK-USR group, 0.17±0.4 in the 

DSAEK group and 3.7±0.5 in the DMEK- OSR. Significant differences between 

DMEK-USR and DMEK-OSR (p=0.02) and between DSAEK and DMEK-USR 

(p=0.002) were found (Kruskal-Wallis test) (Figure 9.4a). Similar results were 

seen for stromal vascularisation (Figure 9.4b).  

OCT examination showed normal corneal profiles, with areas of hyper-reflectivity 

limited to the periphery in the DMEK-USR and DSAEK groups. Corneas from the 

DMEK-OSR group developed thick retrocorneal membranes, seemingly 

originating the descemetorhexis edge. Stromal reflectivity, as determined by OCT 

densometry, remained higher in this group throughout the study period. 
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Figure 9.4 Corneal Clarity and Vascularity in Rabbit models of EK 

(a) Bar graph showing corneal clarity score at day 28 post endothelial keratoplasty. 
(b) Bar graph showing corneal clarity score at day 28 post endothelial keratoplasty. * 
denotes significant difference of p<0.01. 

 

 

Figure 9.5 Corneal Thickness following Rabbit EK 

(a) Graph of CCT vs Time. Both groups in which the descemetorhexis was smaller 
than the donor graft recover to a normal corneal thickness, whereas DMEK-OSR 
corneas remained thickened throughout the observation period. 

 

CCT remained significantly higher (p<0.01) at all time-points after day 3 in the 

DMEK-OSR group. Average corneal thickness remained approximately 1000µm 

at day 28 (Figure 9.5). 
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Electron microscopy confirmed the posterior corneal surfaces in the DSAEK and 

DMEK-USR groups were covered with cells displaying an endothelial morphology 

(see chapter 5, Figure 5.5 & 5.6). In the DMEK-OSR group the posterior corneal 

surface was covered by elongated cells with a fibroblastic morphology (Figure 

9.6a). Histological sections showed a multi-layered, cellular membrane 

originating from the descemetorhexis edge (Fig. 9.6b). Immunofluorescence 

showed these cells stained brightly for actin, contained large quantities of stress 

filaments and stained positively for a-SMA (Figure 9.6c); consistent with them 

being endothelial cells undergoing endothelial-mesenchymal-transformation.  
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Figure 9.6 Evaluation of retrocorneal membranes forming after over-sized 
Desmetorhexis 

(a) SEM of posterior surface of rabbit cornea shows elongated, fibroblastic cells. 
Scale bar 1mm. (b) H&E stained histological section shows the DMEK graft ist 
covered by t a thick retrocorneal membrane that appears to originate from the 
periphery they cornea. The rabbit stroma is oedematous but fibrotic cells are not seen 
between the DMEK and posterior rabbit stroma. (c) Fibroblastic cells contain 
numerous actin stress fibres and stain positively for α-SMA. Scale bar 100µm. 
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9.2 Calculation of Expansion of donor cornea pool  

Analysis was performed on 19,446 corneas collected for transplant by North 

Carolina Lions Eye Bank. 92.7% of the corneas collected had an ECD of >2200 

cells/mm2. If we assume a value of 15% as avoidable cell loss, corrected cell 

density for acceptance is actually 1870 cells/mm2. If we re-examine the frequency 

distribution of ECD in donor corneal tissue, we see that 95.5% of tissue collected 

have an ECD of >1870 cells/mm2, meaning the available donor pool is expanded 

by 2.8%. Given that over 85,000 corneal transplants were performed the US in 

2018, this could represent an additional 2,380 transplant procedures if ECD was 

a major limiting factor in graft availability. 
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