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ABSTRACT

This literature review will provide a critical
narrative overview of the highlights and
potential pitfalls of the reported animal models
for limbal stem cell deficiency (LSCD) and will
identify the neglected aspects of this research
area. There exists significant heterogeneity in
the literature regarding the methodology used
to create the model and the predefined duration
after the insult when the model is supposedly
fully fit for evaluations and/or for testing vari-
ous therapeutic interventions. The literature is

also replete with examples wherein the imple-
mentation of a specific model varies signifi-
cantly across different studies. For example, the
concentration of the chemical, as well as its
duration and technique of exposure in a
chemically induced LSCD model, has a great
impact not only on the validity of the model
but also on the severity of the complications.
Furthermore, while some models induce a full-
blown clinical picture of total LSCD, some are
hindered by their ability to yield only partial
LSCD. Another aspect to consider is the nature
of the damage induced by a specific method. As
thermal methods cause more stromal scarring,
they may be better suited for assessing the anti-
fibrotic properties of a particular treatment. On
the other hand, since chemical burns cause
more neovascularisation, they provide the
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Osmangazi University, Eskişehir, Turkey
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opportunity to tap into the potential treatments
for anti-neovascularisation. The animal species
(i.e., rats, mice, rabbits, etc.) is also a crucial
factor in the validity of the model and its
potential for clinical translation, with each
animal having its unique set of advantages and
disadvantages. This review will also elaborate on
other overlooked aspects, such as the anaes-
thetic(s) used during experiments, the gender of
the animals, care after LSCD induction, and
model validation. The review will conclude by
providing future perspectives and suggestions
for further developments in this rather impor-
tant area of research.

Keywords: Limbal stem cell deficiency; LSCD;
Limbal stem cell insufficiency; Animal models;
Alkali burns; Thermal burns

Key Summary Points

The validity of a limbal stem cell
deficiency (LSCD) animal model depends
primarily on the choice of animal species,
the method employed for LSCD
induction, and the validation techniques
used to confirm the presence of LSCD.

The literature is replete with diverse
examples of specific LSCD animal models,
highlighting the challenges in achieving a
consistent and reproducible
representation of LSCD in animal
research.

While each method of LSCD induction,
e.g., chemical, thermal and surgical, has
its own set of advantages and
disadvantages, the unique biological
response characteristic of each method
can be leveraged for studying different
aspects of LSCD.

The other often-overlooked aspects of LSCD animal
research are considerations regarding age and gender
selection, sample size calculations, logistics, choice
of anaesthetics, reporting of adverse events, and
post-intervention care and follow-up.
Establishing a universally accepted definition of
LSCD for animal research remains a challenge;
however, diagnostic techniques such as impression
cytology and imaging combined with clinical slit
lamp assessment emerge as promising tools to
address this unmet need.

INTRODUCTION

Limbal stem cells (LSCs) represent a population
of adult stem cells localised within the basal
layer of the limbal epithelium and are essential
in maintaining the structural integrity and
optical clarity of the cornea [1]. Direct damage
to LSCs and/or the destruction of the limbal
niche microenvironment leads to limbal stem
cell deficiency (LSCD), an entity characterised
by failure of the ocular surface, with myriad
findings including persistent/recurrent epithe-
lial defects, corneal neovascularisation, chronic
ocular surface inflammation, and scarring,
which often lead to pain and blindness [2].
LSCD can present unilaterally or bilaterally, and
can be partial or total, with various acquired
and hereditary causes. Iatrogenic causes com-
prise a significant portion of acquired LSCD,
attributed in particular to glaucoma surgeries
performed with or without anti-metabolites [3].
Given the wide range of pathologies giving rise
to LSCD, estimating its prevalence has been
somewhat challenging. This is because the
incidence of occupational and domestic as well
as assault-related injury, the main cause of
LSCD, varies significantly across different parts
of the world [4]. Reports from the Western
world have documented an annual occurrence
ranging between 2.29 and 3.81 9 10–6 cases per
million population, predominantly attributed
to factors such as contact lens overuse and
Stevens–Johnson syndrome [4, 5]. Conversely,
in other parts of the world, chemical injuries
resulting from workplace-related incidents
comprise a significant portion of LSCD
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aetiology, reported to be responsible for as
much as 84% of all unilateral LSCD cases [6, 7].

The definitive treatment of LSCD involves
replenishment of limbal epithelial stem cells by
means of autologous or allogeneic transplanta-
tion [8]. In this context, animal models serve as
indispensable tools for the development and
evaluation of novel treatment modalities for
this debilitating ocular surface disease. More-
over, animal models can also assist in unravel-
ling fundamental biological mechanisms
underlying LSCD pathogenesis and offer
insights into the identification of novel
biomarkers essential for diagnostic and prog-
nostic purposes, but also for monitoring pro-
gression of disease and assessing response to
treatment. The fidelity of animal models in
accurately replicating human LSCD is essential
in the expeditious translation of discoveries in
preclinical studies into human application.
However, the current repertoire of LSCD animal
models have significant limitations in precisely
replicating the human clinical presentation,
thus highlighting the need for more standard-
ised, reproducible, and effective models for
understanding LSCD pathophysiology. Notably,
there exists a significant heterogeneity and
inconsistency in the literature regarding the
methodology used to create LSCD models.
Studies also diverge in their definition of LSCD
as well as the temporal interval for deeming the
model fully fit for evaluation and/or for testing
various interventions and efficacy assessment in
drug development. This literature review will
provide a critical narrative overview of the
highlights and potential pitfalls of the reported
animal models for limbal stem cell deficiency
(LSCD) and highlight the neglected aspects of
this area of research, but will also provide future
perspectives and suggestions for further
developments.

This critical narrative literature review article
is based on previously conducted studies and
does not contain any new studies with human
participants or animals performed by any of the
authors.

ANIMALS USED FOR LSCD
RESEARCH

When choosing an appropriate animal model
for a specific research study, it is essential to
take into consideration the degree of resem-
blance between the anatomical dimensions of
the target organ in the selected animal species
and those in humans [9]. Additionally, a thor-
ough evaluation of the costs associated with
procurement and maintenance is fundamental.
Ideally, it is considered best practice for the
ocular dimensions of the preferred test animal
to closely approximate those of humans, con-
sidering that the surgical manipulations and
clinical evaluations would be technically chal-
lenging in smaller animals. Furthermore, speci-
mens obtained from small animals would
demand analytical methods with unusually
high sensitivity, imposing an additional finan-
cial burden. Equally vital to the selection pro-
cess is the biochemical similarity of the eye as
well as the availability of reagents and research
kits specific to the species of the chosen animal.
The general trend is that smaller animals, such
as mice and tadpoles, are used for understand-
ing fundamental biological mechanisms
underlying ocular surface wound healing and
LSCD. In comparison, larger animals such as
rabbits are more commonly employed for tap-
ping into the therapeutic potential of novel
treatment modalities (Fig. 1 and Supplementary
Material).

Mice

Mice hold a preeminent position in laboratory
animal research due to the similarity of their
eyes to human eyes. The most popular strain
employed in LSCD research is the C57BL6
mouse with a corneal diameter of 2.6 ± 0.2 mm
and total corneal and epithelial thickness of
116 ± 7.6 lm and 40.59 ± 5.8 lm, respectively
[10]. A fundamental advantage inherent in
utilising mice for experimental investigations
lies in the possibility of genetically engineered
mouse strains. This provides researchers with
the opportunity to replicate key features of
human genetic conditions and explore the role
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of individual genes and the molecular pathways
underpinning the disease process. Nonetheless,

while transgenic mice models may be advanta-
geous in offering exceptional reproducibility of

Fig. 1 A comparative pie-chart analysis of limbal stem cell
deficiency (LSCD) induction methods and research
objectives in studies involving rabbit (A), rat (B), and
mouse (C) models. A detailed account of the methodology

used to construct this figure along with an exhaustive list of
publications is provided in the Supplementary Material.
NaOH sodium hydroxide
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the model, they are constrained by cost and
time considerations [11]. The increasing trend
in the use of mice in animal studies is also
linked to advancements in biochemical tech-
niques that require smaller tissue samples and
the availability of a wide array of analytical kits
and reagents to study mouse models [12].
However, the small size of the mouse eye
demands a more significant number of animals
per experiment than analogous experiments
involving rat eyes [12]. Likewise, considering
that the mouse eye measures one-fifth of an
average human eye, surgical manipulations
harbour the risk of unintended injury and per-
foration [13]. Moreover, the handling of tissue
specimens for histopathological examinations
may be equally challenging. A significant dis-
parity between murine models and humans is
that they lack a comparable anatomical struc-
ture akin to the palisades of Vogt, along with
niche-like attributes responsible for the accom-
modation and safeguarding of corneal stem
cells, a characteristic inherent to the human
cornea [14, 15]. Unlike human corneas, research
has also revealed that the entire mouse cornea is
home to epithelial stem/progenitor cells in
addition to the limbus, an essential considera-
tion in determining the method for LSCD
induction [15, 16]. It is also noteworthy that
different strains of mice exhibit varied wound-
healing responses; however, the overall severity
of scarring in mice is comparatively milder
when contrasted with rats and rabbits [12, 17].

Rats

The most frequently employed strain is the
Sprague Dawley rat, characterised by an average
corneal diameter ranging from 5 to 6 mm
[12, 18]. Akin to the mouse limbal niche, the rat
limbal niche is characteristic in that its full
maturation potentially extends into the post-
natal life, with some corneal basal epithelial
cells maintaining their stem cell function before
becoming exclusively localised within the lim-
bal area [19]. Intriguingly, while side popula-
tion (SP) cells are reportedly absent in the
central corneas of human and rabbits, an
interesting study demonstrated a higher

abundance of SP cells in the central corneal
epithelium of rats in comparison to their limbal
region [20]. Despite these observations, the
precise origin of SP cells, specifically whether
they exclusively possess epithelial stem cell
attributes, remains unclear [19, 21].

Rats are particularly favored in research due
to their cost-effectiveness and ease of breeding,
making them exceptionally suitable for a wide
range of wound healing investigations. In con-
trast to mice and rabbits, which require
injectable anaesthesia, rats can be given
inhalational anaesthesia, conferring a higher
degree of control over the anaesthesia process,
with reduced mortality [12].

Rabbits

Rabbits have been widely used as a model for
various ocular diseases due to the structural
similarity between their eyes and those of
humans. They have a corneal thickness of
300–400 lm and a slightly larger corneal
diameter measuring 13.5–14 mm and 15 mm in
the vertical and horizontal meridians, respec-
tively [22]. Among rabbit strains, New Zealand
White rabbits (Oryctolagus cuniculus) are the
most commonly used, and the optimal age for
acquisition typically falls within the range of
6–12 weeks [22]. Since the size of the rabbit
cornea mirrors that of humans, diagnostic tools
developed for human use, such as anterior seg-
ment optical coherence tomography and
in vivo confocal microscopy, can be readily
applied in studying rabbit corneas [9]. Further-
more, surgical procedures intended for inducing
LSCD or for therapeutic purposes can be more
readily performed. Rabbit eyes have also been
shown to respond to injuries similarly to
humans, albeit with a more severe and less
predictable inflammatory response [12, 23].
Despite the many similarities, however, rabbit
eyes differ from human eyes in their slower
blink rate and the presence of a nictating
membrane that exerts extra frictional force onto
the nasal aspect of the ocular surface, often
leading to asymmetrical development of the
pannus [24]. Arguably, the nictating membrane
in the rabbit eye can also provide some degree
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of protection against ocular surface injury,
mainly when the chemical agent is adminis-
tered without the animal being anaesthetised,
such as in the case of whole-body or topical
exposure [25]. Hence, the nictating membrane
may need to be removed or sutured to its origin
for wider exposure during chemical adminis-
tration. In contrast to other mammalian spe-
cies, where the corneal epithelium undergoes a
continuous turnover process approximately
every 1–2 weeks, the central epithelium in rab-
bit eyes can persist for extended durations in
limbus-deficient models [26]. This phe-
nomenon underscores the remarkable self-
maintenance capability of rabbit cornea con-
ferred by its central corneal epithelium.

Other disadvantages pertaining to the use of
rabbit models are their higher procurement and
maintenance costs in comparison to rats and
mice, the limited availability of polyclonal
antibodies against proteins of interest, and the
reduced availability of genetically engineered
strains [12]. Moreover, the respiratory centre in
rabbits is reportedly more susceptible to anaes-
thetics, increasing the risk of respiratory sup-
pression when anaesthesia is administered [27].
This phenomenon in rabbits is frequently asso-
ciated with a heightened risk of mortality, par-
ticularly when surgical procedures are
performed on sick animals using anaesthetics
with a narrow safe-dose range [28]. Another
crucial aspect of using New Zealand White rab-
bits, and hence an albino strain, is the lack of
stromal melanocytes [23]. On a positive note,
albino strains offer improved imaging of whole
flat mounts of the cornea owing to the lack of
iris pigmentation, which would typically adhere
to the inner surface of the cornea and impede
the imaging process. However, these strains
reportedly have significant disparities in their
biological response to wound healing, drug
effects, and drug distribution compared to their
pigmented counterparts [23]. Since melanocytes
constitute a pivotal cellular component of the
limbal niche, the extent to which LSCD models
in pigmented or non-pigmented strains may

diverge in their similarity to human LSCD
remains uncertain.

Other Animals

Frog (Xenopus) models of LSCD have also been
proposed, partly due to the similarity in corneal
development and morphology when compared
with humans [29]. However, the minute size of
their corneas makes it challenging to monitor
LSCD clinically. An additional limitation asso-
ciated with using Xenopus species as an experi-
mental model is the protracted maturation
period required for the development of the
tadpole cornea, spanning several months [12].
Moreover, small-scale tissue sizes also limit the
handleability of tissues for histopathological
examination, posing a challenge during tissue
dissection and excision.

The zebrafish is another potential model that
can be exploited in LSCD research. These ani-
mals are relatively cheap and are amenable to
live imaging due to their physical transparency
[12]. As in mice, they can be genetically
manipulated, providing the opportunity to
study the effects of altered genes [30]. Moreover,
their post-fertilisation maturation into adult-
hood is rapid. However, these models are con-
strained by their minute tissue sizes, leading to
potential issues like those with small and lim-
ited specimens encountered in other small
animals.

Other studies have employed larger animal
models for LSCD research such as the Boer or
Guanzhong dairy goats [31–34]. In these stud-
ies, LSCD was achieved mainly through surgical
removal of the limbus, which was occasionally
supplemented with the application of NaOH
[31, 34]. Nonetheless, as with other large ani-
mals, these models have significant limitations
including the lack of inbred strains, substantial
costs associated with procurement and mainte-
nance, the difficulty with handling larger ani-
mals, and the lack of a wide range of analytical
reagents for comprehensive evaluations that are
more readily available in murine models [35].
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METHODS OF LSCD INDUCTION

Physical/Surgical Trauma

Surgical approaches for creating LSCD models
range from simple limbus to limbus epithelial
scraping by a blunt spatula to wide limbal dis-
section coupled with the removal of a 5-mm
segment of tissue on both sides of the limbus. A
recent systematic review indicates that surgi-
cal/physical methods may be more likely to
achieve the desired LSCD outcome in a more
reproducible and consistent manner [36]. On
the other hand, surgical techniques can indeed
be technically challenging and pose challenges
in standardising the treatment consistently
among different operators and laboratories [28].

Epithelial Debridement
This model has mainly been employed in mice
and involves the use of a blunt metal spatula
with a 0.3-mm tip for scraping the entire cor-
neal epithelium from limbus to limbus [37–40].
It is advantageous in that it limits the injury to
the epithelium, with less inflammation, neo-
vascularisation, and scarring, making it an ideal
model for ascertaining the mechanisms through
which a specific treatment influences the out-
come [37]. However, this method is limited by
its ability only to induce partial LSCD [37, 38].
Furthermore, achieving complete corneal
epithelial removal with a spatula can present
challenges when attempting to standardise and
execute the procedure in a reproducible man-
ner, due to potential variations in the surgical
handling of the tissue among different opera-
tors [38]. It is important to note that when
employing a dulled blade for debridement, the
basement membrane and the basal surface of
basal cells remain largely undisturbed [39, 40].
This preservation of structural integrity may
impose constraints on experiments intended to
evaluate myofibroblast formation [12].

Limbectomy
The conventional procedure for limbectomy
typically involves dissecting the limbus to a
depth of approximately 30% and then surgi-
cally removing a 2-mm segment from both sides

of the limbus. Following this, the peripheral
cornea and the scleral and conjunctival tissues
within the dissection boundary are excised
[41–43].

Several reports have demonstrated the
retention of intact limbal epithelium when
surgical limbectomy is performed as a stan-
dalone procedure [8, 44, 45]. In their seminal
study, Huang and Tseng observed that only
33% of their rabbits developed corneal vascu-
larisation 6 months after complete surgical
limbectomy. However, when they combined
limbal removal with corneal epithelial removal,
this figure increased dramatically, to 96% [46].
Likewise, complete thermal obliteration of the
limbus deliberately extending to the depth of
the ciliary body proved inadequate in inducing
corneal neovascularisation even 4 months after
the initial insult in a murine model [15]. These
observations provide compelling evidence for
the recent discovery of corneal-committed cells
resident within the cornea capable of dediffer-
entiating and repopulating the stem cell pool
[46, 47]. Given the possibility that the corneal
limbus might not be the sole niche housing
stem cells, approaches targeting limbus removal
should be supplemented with the removal of
the corneal epithelium [15, 16, 48]. To address
this issue, investigators have recently combined
surgical limbectomy with the application of
NaOH in addition to limbal epitheliectomy,
aiming to cause more extensive injury to stem
cells residing within the cornea and limbus
[31, 49, 50].

There may be a learning curve associated
with surgical limbectomy, which may result in
inconsistencies across the created models over
the course of the study within and between
different operators and laboratories [44]. Fur-
thermore, surgical limbectomy demands more
vigilance during and after the procedure than
other physical methods, such as physical
scraping or the use of the AlgerBrush [28]. This
heightened vigilance is crucial to alleviate the
risk of unintended perforation and entry into
the anterior chamber associated with surgical
limbectomy. It is also noteworthy that surgical
limbectomy in laboratory animals does not
evoke the customary inflammatory response
observed after chemical or thermal injury in
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humans [51]. This holds particular significance,
as the extent of the inflammatory reaction plays
a crucial role in dictating the fate of stem cells
following such injury. Notably, a comparative
study demonstrated that surgical excision leads
to less limbal hyperaemia, corneal oedema, and
neovascularisation than that with alkali expo-
sure in New Zealand rabbit eyes [45].

AlgerBrush
The AlgerBrush is a motorised instrument used
to remove corneal rust rings following removal
of a metallic foreign body and can also be used
during pterygium surgery for shaving fibrovas-
cular tissue from the corneal surface. It has
recently emerged as a valuable tool in inducing
LSCD in rabbits, rats, and mice [44, 52]. Since it
requires less force and yields a more uniform
and reproducible injury, it has been found more
advantageous for limbal and corneal epithelial
removal when compared to a blunt spatula [38].
The procedure typically entails two passes, with
the lateral side of the burr facing the limbal and
corneal region, with each pass taking approxi-
mately 5–6 s, complemented by thorough rins-
ing of the ocular surface [38].

The device offers three distinct burr types,
each featuring 0.5- and 1-mm-diameter pointed
burr and 2.5-mm-diameter rounded burr
(Table 1). The selection of burr size for Alger-
Brush usage varies depending on the animal
model under consideration. While the 0.5-mm
burr was more frequently used in mice owing to
the small size of their eyes [38, 53, 54], the 2.5-
mm rounded burr was found more effective in
removing corneolimbal epithelium in rabbits
when compared to the pointed 1-mm burr [44].
It is imperative to note, however, that factors
other than the size of the burr, such as the burr
speed, pressure exerted, angle of the burr, and
residence time, are also crucial in determining
the degree and extent of the injury [12].

The injury inflicted by the AlgerBrush pri-
marily encompasses the surface epithelium and
the basement membrane, exerting minimal
impact on the underlying stroma when com-
pared to chemical methods, thanks to a pres-
sure-sensitive clutch preventing stromal
penetration [40, 57]. Consequently, this miti-
gates the risk of excessive inflammation and

scarring, facilitating interventions targeting
LSCD and making it easier to assess post-inter-
vention outcomes [52]. However, it is worth
noting that less inflammation and scarring may
pose a limitation in replicating real-life scenar-
ios, especially when attempting to simulate
injury resulting from chemical trauma. The
LSCD model induced by a rotating burr is sus-
tainable, lasting at least 3 months after the
induction [52]. Its application is easy even in
the hands of less experienced operators; how-
ever, the learning curve can still hinder
achieving consistent and reproducible out-
comes across different operators and
laboratories.

The use of the AlgerBrush was discredited by
some authors due to its inefficiency in achiev-
ing complete removal of the limbal and corneal
epithelium [38, 54]. To avoid incomplete
epithelial removal, other authors have sug-
gested monitoring the degree of epithelial
debridement using fluorescein stain and thor-
oughly rinsing the ocular surface after the pro-
cedure [44]. This precautionary measure is
essential due to the inherent tendency of the
rotating burr to displace cells towards the
periphery of the resulting wound, potentially
resulting in the re-engraftment of dislodged
cells back onto the ocular surface when the
animal resumes blinking [12]. The ability of the
AlgerBrush to effectively remove the basement
membrane has also been a subject of debate, as

Table 1 The types of rotating burr used in limbal stem
cell deficiency animal research

References Animal Burr type

[38] C57BL/6J mice 0.5-mm burr

[53] C57BL/6J mice 0.5-mm burr

[54] C57BL/6J mice 0.5-mm burr

[55] Has2D/DCorEpi

and wild type

0.5-mm burr

[56] Wild type 0.5-mm burr

[44] NZWR 2.5-mm rounded and

1-mm pointed burr

NZWR New Zealand White rabbits
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highlighted in a study conducted by Stepp et al.
[12]. Notably, while the rotating burr was found
to completely eliminate the basement mem-
brane at the central region of the mouse cornea,
it yielded only a partial effect in the case of rat
corneas [12, 40]. In contrast, Boote et al.
observed that the basement membrane was left
intact after a single application of the rotating
burr in mouse eyes [58]. However, a second
round of the AlgerBrush coupled with the
exertion of pressure onto the cornea led to
complete denudation of the basement mem-
brane, along with minimal removal of anterior
stromal tissue [58].

Akin to other physical methods that directly
disrupt the microarchitecture of the limbal
niche, it is plausible that using a rotating burr
may limit the efficacy of cellular therapies by
potentially impeding the engraftment of trans-
planted cells within their natural microenvi-
ronment [56]. Another drawback of the
AlgerBrush is the potential for stromal injury or
perforation stemming from excessive pressure
or overtreatment and the risk of bleeding when
procedures are conducted at a very slow pace
[38, 52].

Chemical Injury

A wide array of chemicals has been employed to
induce LSCD in animal models, ranging from
sulphur mustard gas to n-heptanol, ethanol,
and sodium hydroxide (NaOH) [36]. Each
chemical has distinct properties and differs sig-
nificantly in terms of its effectiveness in
inducing LSCD. The depth and the extent of the
injury also depend not only on the specific
chemical agent but also on other factors such as
exposure time, concentration, and the mode of
application. NaOH is among the widely used
chemicals for inducing LSCD, with varying
concentrations, application methods, and
exposure times reported in the literature. Etha-
nol will not be discussed in this section owing
to its inadequacy in effectively removing limbal
epithelial cells, necessitating its combination
with limbectomy procedures or alkali burns
[44].

Sodium Hydroxide
Models of NaOH exposure to induce LSCD
generally involve the application of a pre-
soaked circular filter paper of various sizes
(Table 2) onto the ocular surface in direct con-
tact with the central cornea, the limbus, or a
combination of both. The width of the filter
paper varies depending on the ocular dimen-
sions of the experimental animal as well as the
primary area of intended injury. An alternative
method for limbal and corneal NaOH exposure
was proposed with the use of custom-size filter
papers (2 9 4 mm) that were laid onto the cor-
neal-limbal regions for a predetermined dura-
tion, a rather less-controlled exposure when
compared to the use of circular filter papers [79].
Another modification was the use of a sterile
cotton swab pre-soaked with 1 N sodium
hydroxide (NaOH), which was then applied to
the rabbit’s eye for a duration of 30 s [80].
Notably, applying flat filter papers may be
challenging with highly curved corneas of mice
[72]. Furthermore, the use of filter papers may
cause unintended injury to the fornix and
adjacent conjunctiva [81]. To overcome these
limitations, Shadmani et al. proposed the use of
punch-trephine for a well-circumscribed and
localised exposure [82]. Similarly, Schultz et al.
utilised a well with an internal diameter of 12
mm which was firmly pressed onto the cornea
and subsequently filled with 1 mL of 2 N NaOH

and left intact for 60 s [83]. More recently, _Zuk
and associates topically administered a 0.1-mL
volume of NaOH with a concentration of 10%
onto the corneal surface for 10 s [84]. Holan
et al. adopted a similar approach by instilling
ten drops of 0.25 N NaOH on the corneal sur-
face of rabbit eyes over the course of 60 s [85].
Likewise, two studies reported the use of topical
NaOH (0.1 N and 0.15 mM) for inducing LSCD
in mouse eyes [13, 86]. Despite the ease of
application with the topical eye drop method,
particularly in small animals, this method pro-
vides less control over the time of exposure,
with an increased risk of unintended injury to
adjacent conjunctiva, fornix, and eyelids [82].
Furthermore, it is presumably less likely to
induce a full-blown picture of LSCD due to
quick spread to other unrelated ocular surface
areas, drainage from the nasolacrimal duct, and
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Table 2 Examples of the concentration and exposure time of NaOH and the dimensions of the filter paper used for alkali-
induced limbal stem cell deficiency models in rabbits, rats, and mice

References Animal NaOH concentration Exposure time Filter paper dimensions

Rabbit [59] NZWR 1 N 30 s 3.5 mm C

[60] NZWR 1 N 60 s 5 mm C

[61] NZWR 2 M 40 s 5 mm C

[62] NZWR 1 M 60 s 8 mm C

[63] NZWR 0.5 N 30 s 8 mm C

[64] NZWR 1 M 60 s 10 mm C

[65] NZWR 1 N 30 s 15 mm C

[66] NZWR 0.5 M 60 s 15 mm C

[67] NZWR 1 M 25 s 15 mm C

[66] NZWR 0.5 M 60 s 15 mm C

[45] NZWR 1 M 30 s 15 mm C

[51] NZWR 1 N 30/45/60 s 15–17 mm C

[68] NZWR 0.5 m 60 s 20 mm C

[69] NZWR 1 N 30 s DS (11 mm ID, 15 mm OD)

Rat [70] SDR 0.5 M 20 s 7 mm C

[71] SDR 1 N 30 s DS (4 mm ID, 8 mm OD)

[72] SDR 0.5 N 20 s DS (4 mm ID, 8 mm OD)

[73] FR 0.5 N 20 s DS (4 mm ID, 8 mm OD)

[18] SDR 1 M 30 s DS (4 mm ID, 8 mm OD)

[74] Nude rats 1 N 20 s DS (4 mm ID, 8 mm OD)

[75] SDR 0.5 N 30 s DS (4 mm ID, 6 mm OD)

[76] SDR 1 M 20 s DS (3 mm ID, 8 mm OD)

Mice [77] C57BL/6 1 M 15 s DS (3 mm ID, 5 mm OD)

[78] BALB/c 0.5 N 30 s 5.9 mm and 7 mm C

NZWR New Zealand White rabbits, C circular shaped filter paper, DS doughnut-shaped filter paper, ID inner diameter,
OD outer diameter, SDR Sprague Dawley rats, FR Fisher rats, NaOH sodium hydroxide
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rapid dilution with the basal and reflex tear
secretion.

In numerous studies, the conventional
approach entails exposure to an extended
region encompassing the whole circumference
of the cornea in addition to the limbus using
filter papers [65, 66, 71]. Notably, however, such
an approach may result in severe consequences,
including corneal stromal scarring, corneal
ulcers, and in extreme cases, penetration of the
chemical into the anterior chamber, giving rise
to widespread, undesirable side effects such as
damage to the ciliary body, contractable uveitis,
and phthisis bulbi, which may jeopardise the
efficacy of the treatment under investigation
and/or animal dropout from the study [71]. On
the other hand, exposure solely to the central
cornea, described as central alkali burn (CAB) by
Sprogyte et al., has been shown to heal without
conjunctivalisation and, therefore, may not
necessarily lead to LSCD, making it more suit-
able for corneal wound healing research
[87–89]. Hence, limiting the contact of chemi-
cals exclusively to the limbal area (limbal alkali
burn) may be a prudent strategy, as it not only
ensures the effective depletion of stem cells in
this region but also serves to mitigate the
aforementioned complications [90]. To this
end, researchers have adopted the use of
doughnut-shaped filter papers, crafted using
punch trephines of various sizes to achieve the
desired dimensions, with the aim of preventing
exposure to the central cornea (Fig. 2)
[71–73, 75, 77, 91]. In contrast to circular-
shaped filter papers, the use of doughnut-
shaped filter papers alleviates the issue with
improper fit along the limbal circumference due
to the convexity of the central cornea poten-
tially causing fit issues along the limbal area.
Nevertheless, it is essential to acknowledge the
presence of committed corneal epithelial cells,
which may migrate to the limbus and undergo
dedifferentiation to become putative limbal
stem cells, thereby repopulating the limbal stem
cell pool [16, 47]. This may be a concern, par-
ticularly when limbal approaches are not sup-
plemented with mechanical disruption of the
limbal microarchitecture and corneal epithelial
debridement. In view of this concern, Ma et al.
advocated a standardised procedure involving

the application of 1 N NaOH for 30 s to the
albino rabbit, followed by corneal epithelial
debridement [48].

The exposure time is among the other
important determinants of the extent of injury
in an LSCD animal model. Kethiri et al. posit
that the duration of ocular surface exposure to
NaOH should be restricted to a maximum of 30
s in animal models [13]. Prolonged exposures
beyond this timeframe have been associated
with adverse outcomes such as the development
of corneal ulcers, increased susceptibility to
infections, decreased palpebral fissure height,
and the potential for subsequent perforations
[51]. Conversely, shorter exposure durations
will likely yield partial LSCD rather than total
LSCD. It should be emphasised, however, that
45 s of exposure could be closer to what a
patient would experience in a real-life situation
[13]. To investigate the effect of varying NaOH
exposure times in rabbit eyes, a group employed
different time regimes to induce chemical burns
of varying severity, specifically employing
durations of 25 s to generate a mild burn and 45

Fig. 2 A figure showing application of filter paper on a
rabbit’s eye (A). For chemical injury, a sodium hydroxide
(NaOH)-soaked filter paper may be applied over the
entirety of the corneal and limbal surface (B) or, alterna-
tively, they may be crafted to achieve a doughnut shape
(C) using punch trephines for application exclusively to
the limbal circumference. The application show in the
figure is on a rabbit’s eye
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s to generate a severe chemical burn, the latter
of which resulted in more corneal stromal dis-
ruption and diminished transparency [92].
Nonetheless, it should be noted that exposure
time is only one variable amongst a plethora of
variables affecting the final outcome with
exposure to NaOH. Other reported determi-
nants governing the efficacy of an alkali-in-
duced LSCD model are the concentration and
volume of NaOH solution, the area of exposure
(e.g., the diameter of the filter paper), mode of
delivery, clearance method, and, notably, the
ambient temperature and humidity [89, 93].

The concentration of NaOH can be titrated
depending on the depth and extent of the
desired iatrogenic injury. In their report, Vill-
abona-Martinez et al. suggest that while a 15-s
application of 0.5 N or 0.6 N NaOH may be
optimal for fibrotic damage to the epithelium
and the stroma, a concentration of 0.75 N of
NaOH applied for 15 s would be more ideal for a
full-thickness response involving Descemet’s
membrane and the endothelium without caus-
ing corneal neovascularisation (NV) [93]. How-
ever, if the objective is to provoke a full-
thickness reaction with persistent epithelial
defects and corneal NV, 1 N NaOH may be the
preferred concentration [93]. Nonetheless, one
should be aware that these recommendations
by Villabona-Martinez et al. are based upon a
standard exposure time of 15 s with 5-mm cir-
cular filter paper followed by thorough rinsing
with balanced salt solution [93].

There are numerous advantages and disad-
vantages associated with the use of NaOH in
inducing LSCD in animal models. Alkalis cause
chemical burns similar to those observed after
domestic and industrial accidents, with wide-
spread injury to the ocular surface [44]. They
also effectively remove the basement membrane
of the cornea [94]. Neovascularisation in alkali
models of LSCD tends to be more pronounced,
making it an ideal choice for studying and
developing strategies to combat corneal neo-
vascularisation. [45] However, the use of NaOH
ultimately gives rise to variable phenotypes of
LSCD, and the depth and extent of the elicited
injury are difficult to control, which is a signif-
icant challenge, particularly when dealing with
small animals such as mice [38, 94].

Complications with the use of NaOH tend to be
more pronounced and occur with greater fre-
quency, while the risk of damage beyond the
limbus to the sclera and posterior ocular struc-
ture is heightened [28, 36]. Interestingly, sig-
nificant disparities have also been observed in
the responses of rabbit and mouse eyes to ocular
surface NaOH exposure when compared with
specimens obtained from human eyes afflicted
with LSCD, with the latter showing more pro-
nounced vascularisation, inflammation, and
goblet cell formation [13]. Nonetheless, it
should be emphasised that in the aforemen-
tioned study, total LSCD could only be reliably
established in half of the experimental animals,
likely due to topical single-drop application of
NaOH on rabbit and mouse eyes, raising ques-
tions about the methodology employed for
inducing LSCD.

n-Heptanol
n-Heptanol has been widely utilised for the
purpose of removing corneal epithelial cells.
However, various studies have demonstrated
that the use of n-heptanol alone often leads to
re-epithelialisation [66]. Additionally, its effec-
tiveness in removing limbal epithelial cells is
considerably lower [44]. However, when com-
bined with surgical limbectomy, the success rate
for LSCD development increased to 96% [41]. As
a result, n-heptanol is rarely used in isolation
and is commonly employed in conjunction
with surgical limbectomy, debridement, or
AlgerBrush application [44, 95–98]. One
advantage of n-heptanol is that it selectively
removes the epithelium without affecting the
stroma, thereby preserving the stromal
microenvironment [97]. Various exposure regi-
mens have been proposed, ranging from 1–2
min to as long as 5 min [95, 97, 98]. Although n-
heptanol was reported to successfully remove
the corneal epithelium when applied for 60 and
120 s, longer durations of up to 300 s are
required to eradicate the limbal basal cells [41].

Sulphur Mustard
Sulphur mustard (SM) vapour is a reactive
alkylating agent that is a potential irritant to the
ocular surface. Its exposure is characterised by a
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biphasic tissue response, namely the acute and
the delayed phases, documented in both
humans and animal models [99]. The delayed
response, occurring as early as 2 weeks after
experimental exposure, leads to LSCD. Its
effects are likely driven by protracted inflam-
mation in the limbal stroma, impairment of
corneal sensory innervation, and trophic effects
on the limbal niche [100, 101]. Various expo-
sure methods have been defined, ranging from
topical application to whole-body exposure
[25, 99, 102]. However, due to the hazardous
nature of SM vapour and its significant envi-
ronmental risk to laboratory staff, it is a less
preferred method for inducing LSCD [36].
Additionally, the damage caused by SM vapour
extends beyond the limbus and affects the cor-
neal endothelial layer, which undermines its
validity as an appropriate LSCD model [25]. A
report also noted that limbal epithelial cells
exhibiting slow cycle characteristics may be
more resistant to SM toxicity than the more
terminally differentiated epithelial cells found
in the central cornea [103]. As a result, SM
exposure leads to a spectrum of LSCD severity,
ranging from complete healing to instances of
partial and total LSCD in both humans and
rabbits, raising doubts about its suitability for
studying total LSCD [100, 103].

Other Methods

Thermal Injury
Thermal injury has only been documented in
one study in conjunction with rotating burr
shaving of the limbal and corneal epithelium.
The authors observed a more severe LSCD phe-
notype with pronounced corneal scarring,
advocating the utility of the model in studies
where the objective is to investigate stromal
responses after thermal injury to the ocular
surface [38]. However, inherent limitations of
the proposed thermal method are the risk of
perforation, the difficulty in optimising the
temperature at the tip of the cautery, and the
lack a standard technique for delivering heat
throughout the whole circumference of the
limbus.

Psoralen AMT
Psoralen AMT (Sigma-Aldrich, St. Louis, MO,

USA), a planar tricyclic compound that forms
cross-links between thymine bases upon expo-
sure to light, has been employed as a topical
agent to deplete corneal stem cells in frog eyes
[28]. When applied topically, it interferes with
DNA replication and cell division, invoking a
state of stem cell deficiency in the cornea [104].
Although it stands out as a rapid, easily appli-
cable, controllable, and single treatment option
for inducing damage to limbal stem cells, it has
not yet been explored in larger-scale animal
models. It has also been shown to cause a delay
in eye development in the treated eye, an effect
that may confound the validity of the model
[28].

UV Light
An interesting LSCD model was proposed by
Das et al. based on repeated exposure to a
standardised UV-B light in mice to emulate the
ocular surface exposure to solar UV-B radiation
in outdoor workers [105]. Their UV-B dose in
experimental mice was equivalent to 4.5–5.2 h
of occupational or environmental sunlight
exposure for outdoor workers during summer-
time in different parts of the world [106].
Although the proposed model may be repre-
sentative of a real-life situation, it is somewhat
impractical considering that controlled expo-
sure for precisely 20 min/day during the same
daytime hours for a duration of 10 weeks was
necessary. Furthermore, their findings in UV-B-
exposed mice indicated the development of
partial LSCD with cellular and structural alter-
ations in the limbal area rather than the total
depletion of limbal epithelial stem cells.

Benzalkonium Chloride
Given its well-documented cytotoxicity, ben-
zalkonium chloride (BAC) has also been utilised
as a chemical agent to induce LSCD in mouse
eyes. In a study conducted by Lin et al., various
concentrations of BAC (0.1%, 0.25%, and 0.5%)
were applied to the mouse eyes four times a day
over a 28-day period [107]. On the 28th day, the
continuous exposure to 0.5% BAC resulted in
the development of LSCD, as evidenced by
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clinical manifestations such as corneal con-
junctivalisation and neovascularisation, the
presence of goblet cells on the cornea, and the
loss of putative stem cell markers [107].
Nonetheless, the long-term sustainability of this
model after cessation of BAC exposure, partic-
ularly in achieving total LSCD, remains
unknown. Moreover, such effects of BAC could
be specific to mouse eyes, necessitating further
studies involving other animal models.

Congenital LSCD
The majority of animal models employed in the
study of LSCD have traditionally focused on
acquired LSCD, while research into congenital
LSCD has remained relatively limited. A well-
established model for mimicking congenital
LSCD involves the utilisation of the heterozy-
gous Pax6?/- mouse, which serves as a primary
model for aniridia and the associated keratopa-
thy; however, its concordance with human
aniridia is debated [108, 109]. Notably, Wang
et al. recently proposed a novel method to
induce congenital LSCD through forced eyelid
opening immediately after birth [110]. The
authors posit that prematurely removing the
eyelid ditch at birth would impair the protective
function of the eyelids on the vulnerable and
still immature ocular surface tissues, thereby
leading to limbal stem cell loss [110]. Subse-
quent to this intervention, the animals were
followed up for 1 month, at the conclusion of
which they were euthanised to validate the
LSCD model. The methodology was reportedly
easy to perform, and the ensuing inflammation
was identified as the primary driver of the long-
term development of an LSCD-like phenotype
akin to keratitis-induced LSCD observed in
humans [110]. Nonetheless, to what extent the
proposed model may resemble the primary
cause of LSCD in practicality, namely ocular
surface chemical and thermal injury, warrants
further investigation.

METHODS OF MODEL VALIDATION

The in vivo validation of LSCD entails a wide
range of methods, ranging from slit lamp
examinations to various imaging techniques

and impression cytology. Although the latter
can be used to perform immunological and
molecular assays using cells harvested from the
corneal surface while the animal is alive,
definitive histological diagnosis requires
euthanising the animal. Subsequently, the
presence of LSCD can be confirmed through
various techniques, including biochemical
assays, immunofluorescence, immunohisto-
chemistry, enzyme-linked immunosorbent
assay (ELISA), and others, all of which fall
beyond the scope of this review [36]. Hence,
this section will only elaborate on methods
available for LSCD validation using clinical
investigations performed while the animal is
still alive.

Slit Lamp Examination

The clinical diagnosis of human LSCD relies
heavily on slit lamp examination, looking for
specific signs of conjunctivalisation of the cor-
neal surface, signs indicative of epithelial dys-
function such as persistent or recurrent
epithelial defects, neovascularisation, and ocu-
lar surface inflammation and scarring [111].
Various scoring schemes have been proposed to
grade features of LSCD in animal models that
take into account the degree of limbal involve-
ment, corneal epithelial irregularity, corneal
opacity, and corneal neovascularisation, along
with the area and the delay in fluorescein
staining [51, 70, 73, 112, 113]. These scoring
schemes serve as crucial tools for quantifying
and standardising the evaluation of LSCD fea-
tures in research settings, facilitating consis-
tency and reproducibility and ensuring
comparability across different studies. Notably,
while some of these grading schemes were
originally developed specifically for animal
studies, most were initially designed for human
LSCD evaluation and subsequently modified for
animal research. Given the inherently subjec-
tive nature of such grading systems, they are
prone to potential misinterpretation and sub-
jective variability [2]. Furthermore, subtle signs
of LSCD may be overlooked, further highlight-
ing the importance of supplementing clinical
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observations with more objective assessment
methods.

An often overlooked aspect in clinical
examination of LSCD animal models is the
assessment of the eyelids after the initial insult.
This is important, as cicatricial lid abnormali-
ties, such as entropion or ectropion, may
directly influence the outcome of a tested
treatment modality in an animal model [24].
Likewise, tear film integrity may also be com-
promised due to the destruction of glands sup-
plying all three layers of the tear film [113].
Therefore, the presence or absence of such
abnormalities should be reported and, more
ideally, graded using standardised grading
scales.

Impression Cytology

The identification of goblet cells on the corneal
surface through impression cytology is widely
regarded as the gold standard for diagnosing
LSCD. However, reports show that goblet cells
are absent in 35–65% of human cases, particu-
larly in patients with extensive ocular surface
damage associated with squamous metaplasia
and keratinisation [114]. Therefore, while the
presence of goblet cells is confirmatory for
LSCD, their absence does not imply absence of
LSCD. Alternatively, impression cytology sam-
ples can also be used to differentiate the corneal
or conjunctival origins of harvested cells via
immunostaining for biomarkers such as cytok-
eratins 3 and 12 for cornea and 7, 13, and 19 for
conjunctiva [2]. An overview regarding the
specificity of each biomarker and its reliability
in identifying LSCD is, however, beyond the
scope of this review.

Various factors are implicated in influencing
the sensitivity of impression cytology including
the amount of pressure exerted during sam-
pling, location of sampling, filter pore size, and
surfactant treatment [2, 111]. Furthermore,
impression cytology is constrained by its ability
to sample only superficial cells [115]. Notably, it
should be kept in mind that the origin of goblet
cells in murine models may be corneal stem
cells, complicating its interpretation in animal
models [16]. Overall, its limited sensitivity and

the lack of spatial resolution renders impression
cytology an impractical tool for grading disease
[8, 111]. Nevertheless, the non-invasive nature
of impression cytology, coupled with its ability
to provide valuable in vivo data, including the
ability to delineate cell origins through
immunological and molecular assays, has ren-
dered it an indispensable tool in the realm of
LSCD research [111, 116].

Anterior Segment Optical Coherence
Tomography

Anterior segment optical coherence tomogra-
phy (AS-OCT) is a non-invasive technique that
provides real-time in situ imaging of tissues.
While it boasts a lower resolution than in vivo
confocal microscopy, AS-OCT offers the advan-
tage of significantly shorter scan acquisition
times and a larger field of view. In the context of
LSCD research in animal models, it has been
used to measure corneal and limbal thickness
along with corneal epithelial thickness
[26, 74, 75]. Furthermore, AS-OCT has proven
invaluable in visualising the degree of corneal
scarring and oedema, monitoring the progres-
sion of the healing process, and confirming the
successful surgical removal of limbal tissue at an
appropriate depth in animal models
[26, 59, 64, 93].

Recently, the degree of corneal neovascular-
isation in LSCD was demonstrated using AS-
OCT angiography in humans; however, no
study to date has explored its utility in animal
models of LSCD [117]. Since corneal neovascu-
larisation is not a specific sign of LSCD, the use
of AS-OCT angiography in LSCD diagnosis may
be somewhat limited. However, it may hold
promise as a tool for quantifying the extent and
degree of corneal neovascularisation in animal
studies, thus warranting further investigation
[2].

In Vivo Confocal Microscopy

Although in vivo confocal microscopy (IVCM)
can be effectively used for the analysis of the
limbal microarchitecture, epithelial cell mor-
phology, and the integrity of corneal subbasal

Ophthalmol Ther (2024) 13:671–696 685



nerve plexus, aiding in LSCD diagnosis, it is
limited in distinguishing between various
epithelial phenotypes overlying the cornea
[114]. Additionally, the morphological features
of goblet cells as detected by IVCM are a subject
of controversy, with some reports claiming
them as having a hypo-reflective cytoplasm,
while others indicate a hyper-reflective cyto-
plasm [2]. Furthermore, there are no definitive
IVCM criteria established for the diagnosis of
LSCD in animal models, and its findings may
only be used to support the diagnosis [2].
Nonetheless, IVCM offers several advantages as
a rapid, non-invasive, and repeatable in vivo
technique. It proves beneficial in monitoring
the progression of disease and response to
therapy, and provides quantitative data that can
be instrumental in validating an LSCD model
[111, 114]. It has also been shown to aid in
visualising findings suggestive of LSCD, such as
enhanced epithelial reflectivity, corneal neo-
vascularisation, and corneal stromal inflamma-
tory cells in a rabbit animal model [67]. Thus,
while IVCM may not serve as the sole diagnostic
criterion for LSCD, it plays a valuable role as an
adjunctive clinical test in both clinical evalua-
tion and research contexts.

OTHER CONSIDERATIONS

Age of the Animals

The animal’s age may be pivotal in determining
how the local tissue responds to the iatrogenic
insult. As in humans, younger animals tend to
exhibit a more pronounced inflammatory
response, which may, in turn, affect the out-
come of the model and the success of the
intervention under investigation [22]. Notably,
older animals may be more desirable where
excessive inflammatory response to the insult is
a notable concern. Furthermore, it is essential to
acknowledge that the ageing process may also
have an impact on the structural and pheno-
typic properties of the limbal niche [36].

Gender Selection

Studies vary significantly in their selection of
gender in laboratory animal research, with a
notable trend toward a male bias, which can be
attributed in part to their increased availability
[36]. Amongst the factors to note are the
increased susceptibility to persistent epithelial
defects and the presence of fewer ocular surface
goblet cells in the female sex [118]. This raises
questions regarding the generalisability of
research findings obtained from male animals
to the female gender. Conversely, it is essential
to consider that hormonal fluctuations within
female animals may also exert a notable influ-
ence on the characteristics and magnitude of
the wound-healing response, an effect that is
not present in male animals. Another technical
consideration in gender selection is the issue
with male animals being more aggressive when
housed in groups, which carries the risk of
inflicting harm upon cage mates [93, 119].
Group housing of littermates rather than ran-
dom allocation of animals as cage mates could
be a solution to remedy this potential problem
[119].

Sample Size and Logistics

The number of animals allocated per group
depends on the chosen animal model, particu-
larly when the research entails a wide array of
analyses necessitating a substantial quantity of
tissue specimens. Due to the small size of the
mouse cornea, experiments involving mouse
eyes may require more animals per experiment
than analogous experiments performed in rat
and rabbit eyes [12]. Another pivotal consider-
ation is the logistical aspects that can poten-
tially influence the number of animals
manageable within a designated timeframe and,
consequently, the maximum number of ani-
mals that can be enrolled in a study. This is
governed not only by the time required to
establish an efficient animal model with the
chosen method but also by the amount of time
that should be dedicated to performing various
procedures, including imaging, photography,
and tear collection, among others. Indeed, Li
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et al. reported that, even in the skilled hands of
a proficient research surgeon, a maximum of
three eyes can be effectively treated in a single
day using the AlgerBrush [44]. However, even
though these considerations are noteworthy,
particularly for logistics and time management,
they should not directly influence the sample
size calculations in LSCD research.

The general recommendation is that a
minimum of six eyes should be enrolled per
group for toxicological studies and 8–12 per
group for research studies [22, 93]. Likewise, in
order to maximise uniformity and comparabil-
ity over the course of the study, the number of
animals per study should be kept within the
range of 20 and 30 [22]. However, it should be
emphasised that these figures, as rough esti-
mates, may only serve as guidance, and there-
fore a statistical sample size calculation should
be performed to ensure the validity and gener-
alisability of the results.

Post-intervention Tarsorrhaphy
and Contact Lens Placement

A tarsorrhaphy procedure may be undertaken
primarily to mitigate the risk of animals
engaging in vigorous eye-rubbing activity or
experiencing injury inflicted by their cage
mates, particularly in group-housed laboratory
animals [75, 120]. However, it must be empha-
sised that the protective function of tarsorrha-
phy may fall short of the desired levels, unlike
that observed in humans [24]. Tarsorrhaphy can
also be combined with bandage contact lenses
to safeguard the integrity and viability of sur-
gical interventions such as ocular surface
implants, explants, or grafts [95, 121]. Never-
theless, it is essential to note that the radius of
curvature of the cornea in experimental animals
may not align with the specifications of com-
mercially available contact lenses, thereby giv-
ing rise to fitting issues. While this issue is
particularly conspicuous in mice and rats, the
radius of anterior corneal curvature in the rabbit
is also smaller than that in humans (7.0–7.5 mm
vs 7.5–8.0 mm), emerging as a potential prob-
lem when contact lenses are required or rec-
ommended for post-injury interventions

[22, 122]. Although noted amongst the alter-
native approaches for graft protection and fix-
ation on the ocular surface, the use of fibrin
glue has been observed to elicit pronounced
ocular surface inflammation in rabbit eyes
[121]. Alternatively, botulinum toxin may be
used to produce iatrogenic upper eyelid ptosis
for similar purposes [120].

Temporal Interval After LSCD Induction

An adequate temporal interval should be
observed between the induction of the LSCD
model and the implementation of the proposed
intervention (e.g., stem cell therapy) as well as
between the intervention and the endpoint for
assessing treatment outcomes. While perform-
ing interventions very early after model cre-
ation may be technically and economically
more feasible, it would yield limited transla-
tional value due to the substantial ocular sur-
face inflammation typically observed during the
initial weeks following injury [36]. Likewise, it is
doubtful that a patient would undergo a surgi-
cal procedure involving any form of stem cell
transplantation immediately following a severe
ocular surface injury in a realistic clinical con-
text. Equally important is the careful consider-
ation of the timeframe between the
intervention and the trial endpoint. This deci-
sion demands a delicate equilibrium, ensuring
an adequate follow-up period for accurate
assessment of treatment outcomes while
avoiding unnecessarily prolonged follow-up
durations that could result in increased costs
and prolonged suffering.

Studies have demonstrated that signs of
LSCD in rabbits begin to develop within the first
2–3 weeks after injury, while a full-blown pic-
ture of LSCD is documented within a timeframe
spanning 1–3 months after the initial insult
[13, 50, 93, 123–126]. A total LSCD develops
slightly earlier in mice and rats, generally 1 to 2
months after the initial insult [13]. Hence, the
time point at which LSCD is fully established
should be taken into consideration for different
species of animals when terminating the
experiments for histological investigations or
when initiating treatments.
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Type of Anaesthesia

A commonly used anaesthesia combination,
specifically xylazine and ketamine, has been
demonstrated to lead to various ocular surface
conditions in rodents, including prolonged
inflammation, neovascularisation, corneal
epithelial hyperplasia, and band keratopathy
[127–130]. Notably, this occurrence has only
been reported when the two anaesthetics were
co-administered in rats and mice, and particu-
larly when the exposure was during a juvenile
period [129, 130]. The effects may be irre-
versible, and some rat species, such as Wistar,
Long-Evans, and Fischer rats, may be more
susceptible than others [131]. Although its pre-
cise mechanisms are not yet fully understood,
this relatively underappreciated phenomenon
merits attention, as certain findings bear a
resemblance to those observed in LSCD and
may, therefore, introduce artefactual complexi-
ties into the LSCD model. Potential strategies to
circumvent this complication include the
administration of yohimbine during either the
induction or recovery phase of anaesthesia,
dose titration of anaesthesia based on the age of
the animal, utilisation of each anaesthetic as a
single agent, or supplementation with 100% O2

during anaesthesia [129, 131, 132].

Reporting Adverse Events

Some of the adverse events that have been
observed in relation to LSCD induction include
corneal ulcers, infectious keratitis, endoph-
thalmitis, corneal ectasia, corneal decompensa-
tion, hyphaemia, and hypopyon, all observed
with much greater frequency in alkali LSCD
models [67, 90, 113, 125]. Notably, Ma et al. had
to exclude 29 rats out of a total sample of 80 due
to severe hyphaemia, hypopyon, or perforation
in an alkali model of LSCD [71]. However,
adverse events and the exclusion of animals
along with the reasons for exclusion have been
rather underreported, appearing in only 12% of
studies according to a recent systematic review
on LSCD animal models [36]. Proper chrono-
logical documentation and reporting of adverse
events is not only crucial for the validity and

generalisability of a study, but it is also essential
for providing guidance to other researchers in
the field.

FUTURE DIRECTIONS
AND SUGGESTIONS
FOR AN OPTIMAL ANIMAL MODEL
OF TOTAL LSCD

Unresolved questions that are key to an optimal
animal model for total LSCD include the extent
to which animal models can faithfully recapit-
ulate real-life scenarios, the level of precision
associated with current biomarkers used for
LSCD validation, and the accuracy of animal
models in assessing the effectiveness and safety
of prospective treatment modalities intended
for human application. An optimal animal
model for LSCD research should ideally priori-
tise reproducibility and controllability while
minimising damage to other anterior and pos-
terior segment structures. It should at the same
time incur sufficient damage to induce total
LSCD without leading to partial injury and
subsequent spontaneous healing. Likewise, it
should aim to cause as little unwarranted harm
and complications as possible, thereby min-
imising animal dropout and suffering. For eth-
ical considerations, it is standard practice to
incur damage in only one eye of the animal;
however, it should be kept in mind that the
contralateral untreated control eye may also
exhibit secondary pathological changes, a phe-
nomenon documented in mouse and rabbit
eyes [62, 133].

With regard to animal selection, the use of
mouse and rat animal models may be more
feasible in exploring biological mechanisms
related to LSCD, considering the availability of a
wide array of analytical reagents and kits for
these animal species (Fig. 3). In contrast, rabbit
models may be better suited to studies in which
the aim is to test a treatment modality intended
for human application, particularly those
involving biomedical devices.

In light of recent evidence regarding the
presence of corneal-committed cells on the
corneal surface, it is advisable that the inflicted
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injury in experimental models not be confined
solely to the limbus but instead involve the
entirety of the corneal epithelium as well
(Fig. 3) [46, 47]. Removal of the corneal
epithelium in addition to obliteration of the
limbal stroma ensures the induction of total
LSCD, precluding the possibility of these stem
cells dedifferentiating and repopulating the
limbal niche [109]. It is also worth noting that
methods targeting the corneal surface exclu-
sively without any impact on the limbus will
yield only partial or no LSCD, a condition that
is likely to heal spontaneously, even in the
absence of any treatment.

One should be aware that different methods
of LSCD induction may yield distinct biological
responses, an important consideration when
assessing the translational value of a study.
Specifically, methods that involve the use of
alkalis lead to a more pronounced inflammatory
response and neovascularisation, making this
method a suitable means for studies on neo-
vascularisation-related aspects of LSCD [45]. On
the other hand, mechanical removal of the
limbus inflicts minor damage to the corneal
matrix, thereby making it a valuable model for
studies focused on investigating the behaviour
of implanted stem cells on the corneal surface
along with their therapeutic efficacy [45]. Con-
versely, thermal injury may lead to more

scarring than mechanical or chemical injury,
providing an avenue for investigation of antifi-
brotic treatments (Fig. 3) [38]. Because each
method comes with its unique advantages and
disadvantages, it is of paramount importance to
consider primary research objectives when
choosing the optimal animal and method for
LSCD induction.

A precise definition for successful induction
of LSCD in animal research is essential, but a
universal definition is currently nonexistent.
Establishing a robust LSCD definition that could
be used in animal LSCD research entails the
utilisation of various adjunctive tests that are
currently in use in the clinics, such as impres-
sion cytology and imaging (e.g., IVCM). These
methods not only can assist in establishing the
diagnosis of LSCD in animal models, but also
can prove useful in staging the severity of the
damage. Notably, a recent systematic review on
the translational relevance of animal models for
LSCD demonstrated that impression cytology
and in vivo imaging have been significantly
underutilised, appearing in the study protocol
of only 13% and 5% of the indexed studies,
respectively [36]. Although these methods may
not be sensitive enough for definitive LSCD
diagnosis, they may prove instrumental in bet-
ter characterising LSCD, documenting disease

Fig. 3 A diagram showing general recommendations for
animal selection and injury types based on the intended
purpose of the limbal stem cell deficiency (LSCD) model.

NaOH sodium hydroxide, NV neovascularisation, ID
inner diameter, OD outer diameter
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evolution, and evaluating the response to ther-
apy [36].

The complex and multifaceted nature of
LSCD presents a significant challenge in the
realm of preclinical animal studies. As such, an
ideal animal model that can be applied univer-
sally for investigating every aspect of LSCD is
lacking. Furthermore, every model, whether
induced by alkali exposure, surgical techniques,
or other means, has its own set of limitations
and advantages. Consequently, the absence of a
universal and clinically relevant animal model
underscores the urgent need for further exten-
sive research in this domain to address this
unmet need.
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