
Eye (2020) 34:263–270
https://doi.org/10.1038/s41433-019-0727-1

CONFERENCE PROCEEDING

Animal models of scarring control

David L. Williams1

Received: 25 September 2019 / Accepted: 8 October 2019 / Published online: 10 December 2019
© The Royal College of Ophthalmologists 2019

Abstract
Filtration surgery has, for the past 50 years been key in the treatment of glaucoma yet a significant issue in the long-term
success of such surgery is fibrosis limiting aqueous drainage. Numerous methods have been used to reduce such scarring
after filtration surgery and animal models have been important in the development of such techniques. First animal models
have been central in understanding molecular and cellular changes occurring in fibrosis and thus which pathways might be
valuable therapeutic. Secondly animal models have been critical in determining which of these therapies is likely to be most
worthwhile. Having said that animals differ substantially from humans in the anatomy of their aqueous drainage pathways
and in the mechanisms of fibrotic change. Rodents and lagomorphs vary more markedly from humans than do primates at an
anatomic, biochemical and physiological level, and thus the latter might seem more appropriate as models for antifibrotic
techniques. However the welfare implications, and thus ethical issues, in using primates are more concerning than with
rodents or rabbits and efforts to refine, reduce and replace living animals in such model systems are crucially important. One
problem is that the animal models normally involve healthy eyes, not ones with glaucoma. In veterinary ophthalmology we
see large numbers of dogs with glaucoma, many of which have filtration implants placed. Potentially these could be a
valuable animal model where benefits of antifibrotic treatment could benefit the animals involved and the research seeking to
optimise such treatments.

Introduction

How appropriate it is to discuss animal models of ocular
scarring in 2019, a year which is the fiftieth anniversary of
Molteno’s first paper on a glaucoma implant [1]. He used the
rabbit to develop the implant although the earliest attempts
were trialled immediately on human patients given the
severity of uncontrolled glaucoma with use of a transcorneal
horse hair employed by Rollett and Moreau [2] or a trans-
limbal silk thread used by Zorab both of these more than a
century ago [3]. One year earlier than Molteno’s device, John
Cairns, working at Addenbrooke’s hospital in Cambridge
with Peter Watson who founded the Cambridge Ophthalmic
Symposium, devised the trabeculectomy [4, 5]. They did not
use an animal model but began by using the technique on
two hundred human patients comparing ab externo and ab
interno techniques directly, demonstrating that in a disease

which was bound to cause blindness, a leap straight to human
patients was acceptable, at least 50 years ago when medical
ethical review itself was in its infancy [6]! Using more
advanced implants to drain aqueous in glaucomatous eyes
necessarily require animal models to optimise their devel-
opment. Even so all implants eventually failed. Molteno
noted in his 1969 paper that ‘this failure of drainage has been
ascribed to fibrosis in the bleb wall, the fibrosis itself being
caused by a hypothetical action of the draining aqueous on
the tissues’. That quotation shows that the key question is not
so much design of the device but overcoming fibrosis around
it and indeed fibrosis when no implant is used. Animal
models help in that quest first by helping us understand what
is causing the fibrosis and secondly by proving a living
system, in which mechanisms to reduce scarring can be
tested. We might suggest that ex vivo systems such as human
Tenon’s fibroblast cultures [7] or cultured episcleral explants
[8] should be used rather than employing animal models.
And indeed these can be valuable and play a key part in
investigation of treatment regimes to limit fibrosis in filtration
surgery. Sixty years ago this year in 1959 WMS Russell and
RL Burch published their ground breaking monograph ‘The
Principles of Humane Experimental Technique’ in which
they outlined the three Rs of refinement, reduction and
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replacement of animals in research [9]. Refinement in the
studies we are discussing here involves ensuring that the
animal models are close to the human eye as possible.
Reduction means seeking where possible to limit the number
of animals used in such research. And replacement involves
the use in vitro systems rather than in vivo models using live
animals. Having said that it is important as well to use whole
animal models where the long-term changes of fibrosis can
be evaluated in a living system. We can tell much regarding
fibroblast proliferation or inflammatory processes from cell
or explant cultures but it is only by using an animal model
that we can tell how therapeutic regimes change filtration
processes.

But first we have to ask if use of animal models is
appropriate. Quite apart from ethical issues which we have
neither the time nor the space to discuss here, the question
remains first whether animals are a good model of fibrosis
in human patients at a molecular and cellular level and
second whether they reflect the effects of ocular fibrosis in
humans at an anatomical and physiological level.

Taking the second question first, the aqueous drainage
pathways of subprimate mammals are quite different from
those of humans since the former, be they rabbits, mice, rats
or dogs have the trabecular meshwork at the apex of the
iridocorneal angle rather than in the corneoscleral location
in primates including humans. This means that trabeculec-
tomies which work so well in humans are not effective in
companion animal species with glaucoma be they dogs or
rabbits. Surgical treatment to increase aqueous drainage in
these animals require gonioimplants such as the Ahmed or
Baerveldt devices rather than simple trabeculectomies
[10, 11]. The major problem with such implants in veter-
inary patients today is just what Molteno noted above 50
years ago, that peri-implant fibrosis causes relatively rapid
failure of control of intraocular pressure [12]. Here then is
the conundrum—the animal best suited as a model of sur-
gery to the human trabecular meshwork is a primate such as
a monkey or higher ape. Yes the ethical and welfare
implications of using such animals where subprimate ani-
mals are available render their use difficult to justify. If we
are looking at using a model system to limit fibrosis may be
we do not need one which is anatomically identical to the
human iridocorneal angle and trabecular meshwork. May be
having one where the molecular mechanisms of fibrosis are
similar is sufficient. Yet here we must return to the first of
the two questions outlined above. Are rabbits and mice
good models of human fibrosis at a molecular and cellular
level? Fibrosis in the animal models used is generally sig-
nificantly more severe than in the Caucasian human eye.
Indeed the fibrosis which characterises such implant failure
is reminiscent of that seen in Afro-Caribbean patients where
fibrosis giving keloid scars is also common [13, 14].
Whether the same gene signature seen in these human

patients [15, 16] is occurring in subprimate mammals such
as the mouse, rabbit or dog is unclear. We might ask, given
this difference in severity of fibrosis between different
species, whether or not we see the same pathways of
fibrosis in animal models and veterinary patients as occurs
in humans?

Pathways of fibrosis

The answer to that question would appear to be affirmative.
Indeed our understanding of the mechanisms of fibrosis has
come through a mix of in vitro models, animal experi-
mentation and evaluation of pathology in human patients, as
we shall see below. Fibrosis be considered as an aberrant
form of wound healing. The three key phases of wound
healing are first haemostasis where a fibrin clot and a pla-
telet plug form, secondly an inflammatory phase where
phagocytic neutrophils and monocytes secrete proteolytic
enzymes and proinflammatory cytokines and finally a pro-
liferative phase where granulation tissue forms beneath the
epithelium. In this phase angiogenesis forms new blood
vessels and fibrinogenesis synthesises loose connective
tissue. Growth factors and cytokines are key in this phase,
platelet-derived growth factor stimulates inflammatory cells
and fibroblasts to produce transforming growth factor beta,
perhaps the key player in the development of fibrosis. TGF-
β acts on fibroblasts turning them into myofibroblasts which
act as smooth muscle cells remodelling local extracellular
matrix by producing alpha smooth muscle actin and giving
them contractile activity. Ian Darby’s group were among the
first to evaluate cell types in fibrosis in animal models back
in the early 1990s working with experimentally induced
skin wounds in rats [17, 18] although Gabbiani et al.
had recognised modified fibroblasts in granulation tissue
20 years earlier [19]. Myofibroblasts produce excessive and
often aberrant extracellular matrix with tractional forces
producing tissue distortion in scarring.

The key features of any therapeutic regime to limit
fibrosis therefore should centre around limiting the gen-
eration and activity of myofibroblasts. Cellular damage is a
key factor in their generation, though given that any drai-
nage surgery be it trabeculectomy or drainage implant
engrafting involves some tissue damage this would appear
an inevitable part of any glaucoma surgery. Leucocyte in
filtration after surgery is a second important influence
through chemoattractants such as macrophage inflammatory
protein 1a (CCL3) and monocyte chemoattractant protein-1
(CCL2) as they stimulate influx of profibrotic mononuclear
phacyocytes which themselves produce profibrotic cyto-
kines such as IL-13. All this is part of the innate immune
system but the adaptive immune system also plays a part.
CD4+ T cells play a critical role in fibrosis in diseases such
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as scleroderma and pulmonary fibrosis. Considerable
research has been undertaken on animal models of idio-
pathic pulmonary fibrosis particularly using bleomycin-
induced fibrosis in mice [20], of renal fibrosis using
mercuric chloride, vanadate or uranyl nitrate in Sprague-
Dawley rats which are specifically more sensitive to fibrosis
than other strains [21] or hepatotoxin-induced fibrotic liver
disease in rodents Th2 cytokines such as IL-4, IL-5, IL-13
and IL-21 have been shown to be central in the fibrosis
occasioned in those diseases [22]. Is the same the case in
fibrosis after glaucoma surgery?

The immunological environment of the
ocular surface ad anterior chamber

We know that the ocular surface exhibits a predominantly
Th2-associated immunologically privileged environment in
common with other mucosal-associated lymphoid tissue as
demonstrated in several animal models [23, 24]. Indeed we
have to remember that our understanding of the helper T-cell
dichotomy comes from work done on mouse models [25] Or
does it? Tada’s work, just cited, was being undertaken con-
currently with that of Evan’s lab showing the same T-cell
subset populations in human lymphocytes [26]. The labora-
tory rodent and human work go hand in hand in order to
identify the intricacies of the immune system but also to
show how what is discovered in the mouse is relevant to the
human patient. The same is true for the immunologically
privileged status of the anterior chamber. The cells partici-
pating in immune responses within the eye participate in the
camerosplenic axis, in which the splenic microenvironment is
again predominantly Th2-based directing CD8 splenic T cells
and B cells secreting non-complement-fixing antibodies to
the eye. More importantly from a fibrosis perspective aqu-
eous humour itself is immunosuppressive, specifically
through the action of factors such as vasoactive intestinal
polypeptide, alpha-melanocyte stimulating hormone, calci-
tonin gene-related protein, cortisol and crucially also trans-
forming growth factor β [27]. This latter growth factor is
particularly important in promoting fibrosis. The movement
of aqueous through tissues which have undergone filtration
surgery will thus bathe them with TGF-β and any antigen
presenting cell or T-cell activated in the presence of TGF-β
will themselves secrete the growth factor [28]. So inflam-
mation predisposes to fibrosis wherever it occurs.

Conjunctival fibrosis

There are specific factors involved in fibrosis occurring in
the conjunctiva following filtration surgery in glaucomatous
eyes. Is conjunctiva itself predisposed to fibrosis? As we

have noted above the ocular surface is itself a Th2 envir-
onment and such an immune deviation which aims to
reduce inflammation potentially provokes fibrosis. We are
not of course talking of a normal conjunctiva but one
reacting to injury, that of filtration surgery. Surgery which
induces an inflammatory response. Chronic Th2-mediated
inflammation has been shown to induce generation of
growth factors by connective tissue in a rat model of liver
injury [29] and through release of mediators such as tumour
necrosis factor-alpha and TGF-beta involved in acute tissue
injury and later chronic fibrosis in the rat lung [30]. Having
said that one must ask how relevant hepatic or pulmonary
fibrosis is to conjunctival disease processes. Animal models
of conjunctival wound healing have been developed in
rabbits [31, 32], rats [33, 34], mice [35, 36], and owl
monkeys [37, 38]. The rabbit and primate models have the
benefit of larger globe size but the mouse models excel in
allowing advanced techniques of molecular biology to
create valuable models such as gene knockout mice on the
one hand [39] and RNA interference of gene transcription
on the other [40]. Well before these studies though animal
models were used to investigate the use of antimetabolites
such as mitomycin and 5-fluorouracil [41–43] and pro-
longed release steroids [44]. The trouble with all these
treatments is that these antimetabolites and steroids have
much more widespread results that specific directed actions
on fibroblasts; they may cause widespread cell death
through apoptosis [45] or even necrosis leading to post-
operative hypotony, bleb leakage or even endophthalmitis.

Therapeutic methods to reduce fibrosis

This is not the place for a full evaluation of agents used to
reduce periocular fibrosis and the place of animal models in
their development. Reviews undertaking that task are
readily available in the literature [46, 47]. Here we will
evaluate therapeutic regimes against two key molecules in
fibrosis.

We noted above the central role played by TGF-β in
fibrosis. Our understanding of the function and mechanism
of action of this growth factor is based initially on work by
Roberts et al. [48] on a rat kidney sarcoma from which she
derived two growth factors, TGF-α with effects similar to
epidermal growth factor and TFG-β itself with remarkable
effects on stimulating cell growth and transforming cell
phenotype [49]. TFG-β exists in three isoforms and is
secreted in an inactive homodimer the latency-associated
peptide or LAP. This is activated through proteolysis by
enzymes such as plasmin or cathepsin, activity of reactive
oxygen species and more specifically through interaction
with another molecule, thrombospondin. Studies elucidating
these pathways can be undertaken in cell-free systems.
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Although work more specifically on conjunctival and
episcleral responses to the growth factor have used cultured
human tenon’s fibroblasts [50]. But full evaluation of the
effect of TFG-β on effects such as conjunctival scarring
which involve interactions between cells and extracellular
matrix [51] and results of the use of agents to inhibit TFG-β
to reduce fibrosis in filtration surgery be they monoclonal
antibodies [52] or antisense RNA [53] do require in vivo
animal models before use in human patients. It is impressive
however to see the rapidity with which an antibody against
TFG-β was taken from evaluation in the rabbit model
published in 1999 [54] to the first randomised controlled
study in 24 human patients reported in 2002 [55]. Data from
two phase III studies was reported only 3 years later [56–
58] although with negative results, finding that the antibody
as no more efficacious than phosphate-buffered saline. How
are we to square the circle of positive results from animal
models and yet failure in human patients? Perhaps it is that
the animal models are not similar enough to human glau-
comatous eyes, do not manifest the range of pathology seen
in what we might call ‘real life’ glaucoma. Perhaps we have
not learned enough from the basic science models of what
happens in post-surgical fibrosis. It does seem, as we noted
above, that TGF-β is a key molecule in fibrosis but perhaps
targeting that molecule on its own is not sufficient. Perhaps
the time course of fibrosis is much longer than was antici-
pated with treatment with anti-TGF-β antibodies in the few
weeks after surgery. It may be that fibrosis in animal models
acts far faster than in human patients—after all rabbits live
for perhaps 6–8 years and this decreased life expectancy
from human patients is reflected in higher metabolic rates in
these smaller animals [59]. If this is the case other ther-
apeutic regimes which seem to work in animal models may
not benefit human patients. Antisense nucleotides oligonu-
cleotides against TGF-β have been shown to reduce fibrosis
in the rabbit model [53] but we do not know how this will
translate to human patients. Similarly Rho kinase inhibitors
appear to work well to reduce fibrosis in the rabbit model of
glaucoma filtration surgery [60] but we do not as yet have
evidence for a translation to human patents.

Other antifibrotic agents with activity to inhibit the
activity of TGF−β have been studied. The antifibrotic
Suramin, first developed by Bayer in the 1920s and now
seen to be a TGF-β blocker, had been used against
onchocerciasis [61] and has been trialled in filtration sur-
gery in the rabbit model with favourable effects with
regard to time to surgical failure, bleb morphology and
histopathology compared with animals in which mitomy-
cin was employed [62]. The same authors reported an
unmasked study of the drug in ten human patients 3 years
later with an 18 month follow-up period demonstrating
how quickly experimental results can translate to human
outcomes if the safety of the agent is already recognised

[63], although no further large-scale studies have been
conducted.

Another key molecule in fibrosis is vascular endothelial
growth factor (VEGF) with actions with which we are all
familiar with regard to age-related macular degeneration in
promoting angiogenesis but also stimulating fibrosis. The
first studies on VEGF involved Folkman’s identification of
an angiogenic factor from tumours from human patients [64],
while Senger was able to characterise the molecule more
from ascitic fluid in laboratory animals, in which tumours
had been implanted [65]. Final cloning of the gene for VEGF
came through its isolation from bovine pituitary extracts [66].
Experimental studies on the rabbit filtration surgery model
were published by Memarzadeb et al. [67]. But interestingly
patients had already been treated off-label with the antibody
in Avastin, this study reported in 2008 [68], before the
Memarzadeb paper we have just referenced [57] so one
might ask why an animal model is required. This sort of a
small human study—the Grewal et al. paper [68] involved 12
patients—does not allow comparison between treated and
control patients as did Memarzadeb et al.’s study [67] nor
assessment of drug safety [69] or pharmacokinetics [70]. In
all these an animal model is essential, or may be we should
say valuable and highly desirable. The issue, as with TGF-β
studies detailed above, is whether the results from laboratory
animal experiments are readily translatable to the human
patient. Pilot studies have investigated the effect of anti-
VEGF antibodies in glaucoma shunt surgery [71, 72] but side
effects have been noted [73] and these studies are not con-
trolled comparative trials. A more recent report compares the
results of sub-conjunctival injection of conbercept an anti-
VEGF antibody as an adjuvant to filtration surgery with five
fluorouracil with promising results [74] but again we have no
larger controlled studies to rely on. How can we seek to
bridge this divide between laboratory animal studies which
seem to be promising and trials in populations of human
patients which are less efficacious?

Companion animals as valuable models for
glaucoma treatment?

One of the problems with the animal models is that they do
not adequately mirror the problems of glaucoma in the
human patient. Perhaps using spontaneously occurring
disease in companion animals as models for human disease
would be helpful. Glaucoma is as common a cause of
blindness in dogs as it is in human patients, with 89 cases of
breed-related inherited glaucoma seen in every 10,000
pedigree dogs in the recent survey available (Fig. 1a) [75].
Treatment protocols range from medical therapy, through
cyclodestructive techniques such as endolaser cyclophoto-
coagulation to gonioimplants (Fig. 1b) [76]. With regard to
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the latter therapeutic option fibrosis after filtration implant
surgery is as concerning a problem in glaucomatous dogs as
it is in people (Fig. 1c). Mitomycin C was used from the
1990s to reduce fibrosis around filtration implants [77] and
still 20 years later novel systems were being developed to
optimise mitomycin delivery for canine glaucoma filtration
devices [78]. The problem here is that there is a divide
between human and canine ophthalmic medicine and sci-
ence. Veterinary ophthalmologists use techniques and
treatments developed for human patients, but there is little
translation of veterinary techniques and products to oph-
thalmology for human patients. We can see this particularly
in treatment for dry eye. Back in the late 1980s topical
cyclosporine was found to increase tear production in dogs
with keratoconjunctivitis and this as a licensed product
Optimmune has revolutionised the treatment of canine
keratoconjunctivitis sicca [79, 80]. And yet it was not for 10
years that studies confirmed that the drug had the same
effect in human patients [81] and another 10 before the drug
was licensed as Restasis in the United States [82]. Now,
truth be told, we do not have a new drug used in dogs but
not yet in people which prevents fibrosis in the same way
that topical cyclosporine was used to combat dry eye in
dogs years before it was available for human patients, so the
comparison is not exact. Even so I would like to suggest a
much closer interaction between medical and veterinary
ophthalmologists so that dogs with spontaneous inherited
glaucoma could serve as models for therapeutic regimes
used also in people. One recent example of just such a
collaboration is the transcorneal Brown drainage implant
[83] evaluated simultaneously in human and canine patients
with extremely promising results [84, 85]. This device
overcomes of the problems with peri-implant fibrosis as a
microporous filter membrane allows passage of aqueous
from the anterior chamber to the tear film giving a final
intraocular pressure of 12 mmHg. A bio-inert coating pre-
vents cellular ingrowth resulting in fibrosis, in the patent
noted above [83]. Perhaps after a paper discussing medical
methods of reducing fibrosis the best result will be an inert

coating on a trans-scleral implant avoiding fibrosis without
resort to antimetabolites or antibodies. Only time will tell.

Conclusion

Animal studies are central in identifying and developing
antifibrotic regimes to improve the results of glaucoma fil-
tration. First animal studies are needed to identify the
molecules central in the biology of fibrosis and their role in
the genesis of fibrotic responses of tissues. Secondly animal
models are needed to identify and develop methods of
delivering these novel treatments. In all these, however, it is
essential that animal use is optimised to refine, reduce and
replace work on live animals wherever possible. With
regard to fibrosis in glaucoma filtration surgery work on
rabbits and rodents has been valuable in some respects but
in others translation of success in these animal models into
treatment for glaucoma in human patients has not been
particularly successful. It may be that the experimental
models used are not as valuable as naturally occurring cases
of glaucoma in companion animals where use of novel
treatments could be valuable in resolving glaucoma in each
animal and providing useful information for the develop-
ment of new techniques to improve glaucoma surgery in
human patients.
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