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ABSTRACT

Blindness and visual disability are common following vitreoretinal pathologies such as
open globe injury, proliferative diabetic retinopathy, and rhegmatogenous retinal
detachment (RRD). These conditions often necessitate surgical intervention using
vitrectomy with a tamponading vitreous substitute. However, current tamponades are
all associated with complications such as inflammation, cataract, glaucoma, and optic
nerve atrophy. Translation of new vitreous substitutes into clinical use has proven to
be challenging, due to a lack of a comprehensive methodology and numerous
requirements; bio-compatibility and clinical.

In this thesis, we explore several novel vitreous substitutes using newly developed
methods with the ultimate goal of clinical translation.

First, in an in vitro adult rat retinal explant culture assay, polyethylene glycol, and
Bio-Alcamid® gels provoked retinal degeneration, while a cross-linked hyaluronic acid
hydrogel, Healaflow®, matched, and even surpassed the preservation of structure when
compared with medium only. Secondly, Healaflow” used as a vitreous substitute in an
in vivo rabbit vitrectomy model revealed practical usability and favorable bio-
compatibility. In a third study, vitreous substitutes with disparate biocompatibility
profiles (silicone oil, Healaflow®, Bio-Alcamid®, and BSS) elicited different patterns of
intrinsic and extrinsic retinal inflammation iz vive. Finally, a new rabbit repeat
vitrectomy RRD-model revealed excellent tamponading effect of the Healaflow” gel.

The combination of the presented in vivo and in vitro methods comprise a new
paradigm in translational development of novel vitreous substitutes. Healaflow®
stands out as a promising candidate for future clinical use as a vitreous substitute.
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INTRODUCTION

The anatomy and physiology of the eye

Introduction

Vision may be the most precious and important of our senses. Since long before
humanity’s nascent steps on the African savannah, the eyes have been highly
evolutionary prioritized and protected, clearly essential for the survival of most higher
organisms. Throughout our history, a loss of vision would have been catastrophic,
leading to the demise of the individual. The eye is a complex organ designed to enable
us to perceive light stimuli from the surroundings. It is intricately designed, with a
large number of highly specialized and complex parts working together in unison. In
order to work together, all components must fulfill their respective purpose—from
the light transducing and refractive properties of the cornea and lens; to the detection,
processing and relay of the stimuli in the retina and optic nerve.

The anterior and posterior segments

The eye is often anatomically divided into the anterior and posterior segments. The
former consists of the cornea, iris, and lens; structures with the main function of
focusing and transducing the light. It also includes the ciliary body and the anterior
chamber, a fluid-filled space between the cornea and iris. This fluid, the aqueous
humor, is produced in the ciliary body and it is vital for the maintenance of the
intraocular pressure and the transport of nutrients and other soluble molecules. The
posterior segment encompasses all the structures of the inner eye; the vitreous, retina,
choroid, and the optic nerve. It includes the structures involved in detection,
processing, and transmission of the light stimuli.
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The vitreous

The vitreous is a hydrogel, filling the space behind the crystalline lens and comprising
approximately 4 ml in humans; about 2/3 of the volume of the eye. It is a transparent,
gel-like substance, often considered a mere space-filler. It has, however, several
important and often over-looked functions. Its transparency and refractive index
allows for the unhampered passage of light to the retina. The vitreous also offers
structural support and an environment in which molecular transport is well-regulated.
With increasing age, the vitreous liquifies, a process associated with posterior vitreous
detachment; usually considered a benign phenomenon, but it is, however, associated
with several retinal pathologic conditions.

The structure of the vitreous can be pictured as a viscoelastic hydrogel, with about
98-99% water, reinforced by a network of collagen and hyaluronic acid. It also
contains a range of other compounds such as different salts, carbohydrates, and
proteins. The vitreous has a pH in the range of 7,0-7,4 and a refractive index of
1,336 [Baino 2010]. Its outer layer, the vitreous cortex, is loosely attached to the
retina in most areas, with tighter connections formed by collagen fibrils at the ora
serrata and optic disc. The vitreous cortex is often referred to as the vitreous (or

Figure 1. The path of the light through a human eye.
Abbreviations: Anterior chamber (AC), aptic nerve head (ONH). Image by Fredrik Ghosh.
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hyaloid) membrane, especially in clinical contexts, where its anterior and posterior
surfaces are important landmarks. The vitreous is largely acellular albeit with a small
number of cells present under physiological conditions, mainly in the posterior
vitreous cortex. These cells, the hyalocytes, are closely related to macrophages but
have distinctly different features, and contribute to the maintenance of the avascular
and transparent structure of the vitreous by phagocytosis and fibrinolysis. In addition,
the hyalocytes may have a role in the regulation of ocular immunity. The hyalocytes
also play a part in the pathogenesis of several pathological conditions such as
proliferative vitreoretinopathy (PVR), proliferative diabetic retinopathy (PDR),
macular pucker (also referred to as epiretinal membrane), and macular holes (MH)

[Sebag 2014].

The structure of the vitreous is non-homogenous, with increased concentration of
hyaluronic acid, and a corresponding higher viscosity, in the posterior part. The
hydrogel allows for the diffusion of nutrients and other molecules but affects the way
the solutes are transported. One instance of this kind of interplay is the upkeep of the
physiological gradient of oxygen,
ranging from high levels at the retinal
surface to very low at the posterior sur-
face of the crystalline lens. This
gradient is significantly affected by
vitrectomy [Stefinsson 2009]. It is sug-
gested that the removal of the normal
vitreous may contribute to the for-
mation of nuclear cataract in post-
vitrectomy eyes by increasing the
oxygen exposure of the crystalline lens
from its naturally low level, both acu-
tely and in long-term [Barbazetto 2004,

Figure 2. Photo of a healthy human retina, as seen
on a clinical examination.

Holekamp 2005].  Furthermore, the A) The macula lutea. B) The optic nerve head. Image
faster diffusion and convection of oxy-  courtesy of Fredrik Ghosh.

gen, along with increased clearance of

cytokines like vascular endothelial growth factor (VEGF) appears to be beneficial in
diseases like diabetic macular edema and AMD. Interestingly, there seems to be a
correlation between vitrectomy and development and progress of open-angle
glaucoma, especially in pseudophakic eyes. It is hypothesized that this may occur due
to disturbances in the physiological gradients, either of oxygen or other compounds
[Chang 20006, Stefinsson 2009, Siegfried 2010].
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The retina

The retina is responsible for the detection of light impulses and covers the entire
inner wall of the eye like a wallpaper. Its anterior boundary, the ora serrata, is located
posterior to the ciliary body. The macula lutea region is situated in the posterior pole
of the human eye. The central part of the macula, the fovea, is the only retinal
location that allows for high-resolution vision. In addition to the detection of light,
the retina converts the stimuli to electrical signals and pre-processes the information
before relaying it to the visual cortex of the brain. The retina, thereby, fills several
crucial roles in the process that creates the visual sensations.

The structure of the retina is highly organized, with a laminar configuration clearly
evident in histological sections. Eight layers are usually recognized; the outer segments
(OS), inner segments (IS), outer nuclear layer (ONL), outer plexiform layer (OPL),
inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL), and
nerve fiber layer (NFL). Additionally, there is a basal membrane sthat separates the
retina from the vitreous space, the inner limiting membrane (ILM), which is adherent
to the posterior vitreous membrane in young individuals. Bordering the retina on the
other side is the retinal pigment epithelium (RPE).

o
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NFL 7 .:f 7"
GCL = (Y LX)

"J.Jt 'o‘ SRR "m.m-‘.'u % &%’00’.*0*0 20080070 ¢ 8% 0 00t

) o ® 0 Lo,
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,.m R "gc A e .“.?&wm*?" isRGee
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gy
Figure 3. The laminar architecture of the retina.
From top to bottom: The nerve fiber layer (NFL) with retinal blood vessels, the ganglion
cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear layer (INL), the
outer plexiform layer (OPL), the outer nuclear layer (ONL), the photoreceptor inner and
outer segments (1S/0S), the retinal pigment epithelium (RPE), the choroid (Ch) with its
blood vessels, and the sclera (Sc). Image by Fredrik Ghosh.
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Apart from the retinal blood vessels, the cells of the retina belong to two classes:
neurons and glial cells. The neuronal cells are often further subdivided into subtypes:
photoreceptors, bipolar cells, ganglion cells, and the modulating cells; horizontal cells,
amacrine, and interplexiform cells.

The cell bodies of the photoreceptors are located in the ONL, with outer segments
(OS) specialized for phototransduction oriented towards the RPE, and processes
ending in synapses in the OPL. The OS are made up of membrane discs, where light
impulses are detected by photopigments (opsins). There are several different opsins,
detecting different wavelengths of light. The OS are intimately, but loosely,
connected to the microvilli of the RPE.
The human retina is equipped with two
variants of photoreceptors; cones for

highly detailed color vision and light- ﬁ,?- B
sensitive rods for poorly lit environments.

The cones are divided into three types L

with different opsin populations, and the

human retina is therefore classified as OPL
trichromate. The cones are concentrated gNL

to the macula lutea, where their density is 1S/0S

very high, while the periphery is rod- RPE

dominated with a much lower cone

density. Transduced signals elicited by Figure 4. The cellular organization of the retina.

light stimuli are synaptically transferred
to the bipolar cells in the OPL and fur-
ther relayed to ganglion cells in IPL.
Along this signaling path, the signal is
modulated by horizontal cells, amacrine
cells, and interplexiform cells, allowing
for pre-processing of the visual infor-

The cells of the neuroretina; Ganglion cells (yellow),
bipolar cells (green), horizontal cells (purple),
amacrine cells (blue), interplexiform cell (orange),
and photoreceptors (rods in pink and cones in red).

The retinal laminar architecture; the ganglion cell
layer (GCL), the inner plexiform layer (IPL), the
inner nuclear layer (INL), the outer plexiform layer
(OPL), the outer nuclear layer (ONL), and the inner

and outer segments (1S/OS). Also shown: the retinal
pigment epithelium (RPE) and retinal vasculature
(Vasc). Image by Fredrik Ghosh.

mation. The cell bodies of bipolar cells
and most modulating cells are located to
the INL. There are several subtypes of
bipolar cells, among which the rod bi-
polar cells relay their signal through the AIl amacrine cells to cone bipolar cells, which
synapse directly with ganglion cells. The cell bodies of the ganglion cells are located in
the inner part of the retina, in the GCL, with their axonal processes forming the
innermost layer of the retina, the NFL.

The primary glial cells of the retina are the Miiller cells which fulfill a variety of
functions essential for the retinal micro-milieu, such as physical, mechanical, and
metabolical support, as well as involvement in the processes of neurotransmission.
The elongated Miiller cells span vertically throughout the entire retina, encircling
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neuronal cells and blood vessels. There are two other principal types of glial cells in
the retina: the astrocytes and microglia. The microglia are the mononuclear phago-
cytes of the central nervous system, playing a regulatory role as well as acting as
sentries activated by inflammatory responses. Astrocytes have a supportive role in the
barriers surrounding blood vessels and axons.

The neurosensory retina is attached to the RPE which, in addition to retinal
adhesion, also has several important metabolic and support functions such as
supplying nutrients, phagocytosis of photoreceptor outer segments, contributing to
the blood-retina barrier, as well as to the synthesis of inter-photoreceptor matrix. Due
to its extremely high metabolic activity, the retina has the highest demand for oxygen
of all human tissue, relative to its weight. The retinal blood supply, therefore, fills a
crucial role. Human retina relies on retinal blood vessels as well as diffusion from the
choroidal circulation; this is defined as the holangiotic (full) vascularization pattern.

The immune system of the eye

In order to protect the individual from the potentially deleterious effects of vision
loss, the ocular immune system has evolved highly prioritized and specialized
mechanisms to guard the eye against infections. A large part of the ocular immune
system resides in the uvea: the choroid, iris, and the ciliary body. Clinically relevant
intraocular inflammation is therefore often referred to as uveitis. The principal
resident immune cells of the uvea are macrophages, dendritic cells, and mast cells,
together with small numbers of T-cells [McMenamin 1997]. Upon activation, these
cells can readily disperse through the highly vascularized tissues of the eye. The
resident immune cells of the retina are the phagocytic and antigen-presenting
microglia, closely related to macrophages [Yang H 2002].

Due to the potent nature of the immune system, and the risk of potentially dangerous
auto-immune reactions, the ocular immunity is highly regulated through the so-called
ocular immune privilege. This phenomenon was first described in the 1940s, after the
discovery that foreign antigen placed in the anterior chamber of the eye provoked
much fewer and milder rejection reactions compared with the rest of the body.
Immune privilege has since been found in other, mostly evolutionary critical sites
such as the brain and the reproductive organs. To achieve immune privilege while still
maintaining adequate protection from infections, several strategies are employed;
immunological ignorance, intraocular immune suppression, and peripheral tolerance
to antigens from the eye. Contributing factors to achieve this are, respectively;
physical barriers such as the blood-retina barrier, soluble (such as TGF-B) and cell-
bound immunosuppressive factors (in Miiller and RPE cells amongst others), and
specialized immune-response such as the anterior-chamber associated immune

deviation (ACAID) [Streilein 2003, Zhou 2010].

22



Vitreoretinal surgical disease

Retinal detachment

One of the most serious emergencies in any clinical ophthalmological practice is
retinal detachment (RD). The symptoms are dramatic and distressing; a dark shadow
successively envelops more and more of the visual field over the course of hours to
days. Untreated, it can ultimately lead to blindness or severe debilitation. The most
common form of this condition, rhegmatogenous retinal detachment (RRD), affects
about 1 out of every 300 individuals during their lifetime [Haimann 1982]. It has a
yearly incidence of about 14:100,000 in Sweden [Algvere 1999].

RRD usually starts with the seemingly innocuous but sudden emergence of floaters or
other mobile opacities in the visual field, frequently accompanied by photopsia:
flashes or other light sensations. These are symptoms of vitreous detachment, a
condition arising from physiological,
age-related degeneration of the vitreous
body. This process develops with
increasing age and includes posterior
vitreous detachment (PVD): the com-
plete or incomplete separation of the
posterior surface of the vitreous from
the internal limiting membrane (ILM)
of the retina. PVD causes traction
between the vitreous and retina,
especially in the periphery where the
adhesion between the ILM and the  Figure 5. Rhegmatogenous retinal detachment.
posterior vitreous membrane is firm. If  The pale area represents detached retina. Note the
the traction is strong enough’ or if retinal break in its superior part and the adjacent
there are pre-existing lesions or weak- detached vitreous. Image by Fredrik Ghosh.

nesses in the retina, this may result in

peripheral breaks through the neuroretina. If vitreous derived fluid enters these breaks
and into the sub-retinal space, the adhesion between the retina and RPE may be
broken, and the retina can thus start to detach progressively.

Risk factors for RRD include myopia (short-sightedness), earlier RRD in the fellow
eye, and genetic factors. Previous cataract surgery also increases the risk, especially
procedures complicated by posterior capsule rupture. Other underlying conditions
that may cause retinal detachment includes retinal lattice degeneration, blunt trauma,
tumors, and uveitic disease.
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The prognosis is highly dependent on early diagnosis and treatment, and the visual
function can often be at least partly restored with timely treatment. The most critical
factor for visual recovery is the status of the macula; a successfully treated patient with
macula-on detachment can often completely regain their initial visual acuity, while a
macula-off detachment usually leads to a profound, permanent loss of vision despite
anatomic reattachment. The presence of fibrotic tissue, proliferative vitreoretinopathy
(PVR) is another factor that negatively affects the prognosis and reattachment rate.

RRD treatment options are all surgical, aiming to decrease the vitreoretinal traction
and reattach the retina. A historically common surgical method for the treatment of
retinal detachment is scleral buckling, in which the vitreoretinal traction is alleviated
by placing an encircling band or a piece of silicone to the exterior of the eye, pushing
the sclera closer to the detached retina. The method does not per se require any
surgical procedures to the interior parts of the eye, and is thus less prone to cause
severe infections and cataract development than other methods that do, and is,
therefore, still routinely used in some surgical centers, especially for younger patients.
This surgical technique has largely been replaced by vitrectomy (see below) which
more fully addresses the pathophysiology of RRD by removing the vitreous, thereby
permanently treating the issue of vitreoretinal traction. These methods are often
combined with cryo- or laserpexy, where the induction of scar tissue create firm
adhesion between the retina and RPE.

Macular hole

Although vitreous detachment is a normal age-related condition that most people go
through during their lifetime, it is related to several pathological conditions. Similar
to the pathogenesis of the aforementioned retinal breaks, the pull on the retina by the
posterior hyaloid membrane may cause vitreomacular traction (VMT). This syn-
drome arises when there is persistent traction on the fovea by adherent vitreous in the
case of an incomplete PVD. This structural stress leads to deformation of the fovea
and separation of the retinal layers with the emergence of intraretinal cysts, and
resultant distortion and deterioration of the vision. The prevalence of VMT is about
22,5:100000. The condition may resolve spontaneously but can also progress further;
defects might then form in the neuroretinal layers and eventually develop into a full-
thickness macular hole (MH). The structural changes of a MH permanently damage
the fovea over time, wherefore early treatment is important for the prognosis. MH is
about two times more common in women than men, with an age-adjusted yearly
incidence around 8:100000 in the general population. Select cases of MH and VMT
might be treated with pharmacological vitreolysis, but vitrectomy with gas tamponade

is still the gold standard [Garcia-Layana 2015].
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Proliferative diabetic retinopathy

Diabetes is a common disease that causes a number of severe complications and
afflicts around 2,8% of the global population [Wild 2004]. One of the most feared
complications of diabetes is the advanced stages of proliferative diabetic retinopathy
(PDR), which can lead to blindness. According to WHO, it is the fifth most common
cause of visual impairment globally, causing 4,8% of the cases of blindness [Resnikoff
2004]. Diabetic retinopathy involves pathological changes in the retinal blood vessels
and impaired circulation, leading to hypoxia in the retinal tissue. As a response to the
ischemia, a cascade of growth factors such as vascular endothelial growth factor
(VEGF) stimulates the production of new retinal blood vessels. This proliferation
creates growth of fragile, pathological blood vessels along the retina and into the
vitreous space, prone to leakage and bleeding. Persistent vitreous hemorrhage can
severely affect the vision and hinder the crucial retinal laser treatment. PDR can also
cause severe fibrovascular proliferation, leading to tractional retinal detachment and
threatening the vision. These complications are usually treated by a combination of
retinal photocoagulation, anti-VEGF, and vitrectomy with a tamponade such as gas
or silicone oil.

Penetrating ocular trauma

Traumatic injury to the eye is one of the leading causes of blindness and visual
disability affecting young people, globally as well as in the industrialized world. Of
these, open globe injury with, or without intraocular foreign bodies (IOFB) are often
the most dramatic due to their sudden, unexpected and severe characteristic. Open
globe injuries predominantly affect young males, with as much as 92-100% of the
IOFBs treated in the USA occurring in this demographic [Loporchio 2016]. The
trauma is most often work-related, and due to activities such as hammering metal on
metal and power tool usage, but may also arise from a wide range of situations from
assault to leisure activities.

The damage to the eye is often complex, affecting multiple structures such as the
cornea, iris, lens, and the retina, all vulnerable to direct and secondary complications.
Due to this, the prognosis is often dire. The first-most priorities with an open globe
injury are treatment with antibiotics to prevent severe infections such as
endophthalmitis, and the closure of wounds and lacerations which must be addressed
as soon as possible, at the latest within the first 24-48 hours after the trauma [Kuhn
2014]. Depending on the nature of trauma and available surgical competence,
vitrectomy and lens surgery is often indicated either at the primary surgery or as a
secondary repair within 1-2 weeks. As a rule, IOFBs must be removed since they
generally increase the risk for complications such as infections and toxic reactions.
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The majority of IOFBs reside in the posterior segment and therefore require treat-
ment with vitrectomy, often accompanied with a tamponade such as gas or silicone
oil. Other complications to penetrating trauma that requires vitrectomy include
traumatic retinal detachment and proliferative vitreoretinopathy.

Figure 6. Vitrectomy.

Instrumentation from above: vitreous cutters at work, endoillumination probe, and infusion of balanced salt

solution (BSS). Image by Fredrik Ghosh.

Vitrectomy

In order to treat vitreoretinal pathology, there is often a need for an internal surgical
approach. Vitrectomy is a surgical treatment routinely used for a number of disorders
of the eye in which parts of, or the majority of the vitreous is surgically removed. The
cutting and removal of the vitreous gel with specialized equipment enable further
surgery and manipulation of the structures of the posterior segment. Vitrectomy can
be the sole treatment or used in conjunction with other procedures, such as scleral
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buckling. Although mainly practiced in larger surgical centers, it is a common and
crucial intervention in the treatment of a variety of conditions including rhegmato-
genous retinal detachment, (RRD) severe diabetic retinopathy, penetrating ocular
trauma, macular holes and epiretinal membranes (ERM), as well as complications to
cataract surgery.

Vitrectomy was pioneered by Robert Machemer in 1969, originally as a means to
remove vitreous hemorrhage and other opacities. Further developments of the
instrumentation and techniques soon allowed the treatment of an extending range of
conditions [Machemer 1995]. Modern surgical techniques utilize surgical micro-
scopes together with specialized optical setups and intraocular illumination to offer
high magnification and quality of

visualization. Miniaturization of the
equipment has successively allowed for
decreased size of the sclerotomies. Cur-
rent surgical setups are often sutureless,
using transconjunctival small-gauge

(25 G or 27 G) trocars.

As mentioned above, vitrectomy is
assuming an increasingly dominant
position in the treatment of retinal
detachments (RD). In RD surgery, the
retina is reattached by active aspiration
of subretinal fluid, sometimes accomp-  Figure 7. Vitrectomy, a surgeons view.

anied by mechanical reattachment with ~ Vitreous cutters (left) and endoillumination probe
(right). The pale area superiorly represents a retinal
detachment with retinal break. Image by Fredrik
Ghosh.

a heavy fluid such as perfluorocarbons
(PFCL). Endolaser probes enable
internal photocoagulation in order to
treat pathological retinal blood vessels
such as diabetic proliferations, as well as to seal retinal breaks and increase the
adhesion between the reattached retina and RPE in RD surgery. In addition to
extraction of the vitreous, removal of fibrotic tissue and membranes in PVR and
ERM is made possible by micro-forceps and other specialized instrumentation. At the
end of the surgery, a fluid—gas exchange is commonly used to install a gas or silicone
oil tamponade to seal retinal breaks.

Vitrectomy is considered a relatively safe procedure, but it is, like all surgical
treatments, associated with complications. In the early post-operative period, comp-
lications such as anterior uveitis, pressure spikes, and endophthalmitis might occur, as
well as RD caused by iatrogenic retinal breaks. The normal recovery after vitrectomy
is well-known to elicit inflammation, wherefore topical steroids are routinely pre-
scribed postoperatively [Ben Yahia 2016, Yasuda 2016]. This response includes
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elevated levels of cytokines such as IL-6, IL-8, MCP-1, and TGF-B1 in the aqueous
humor, but postoperative inflammatory reactions within the retina are still unclear
[Hoerster 2013]. There are also considerable changes to the physiology of the sur-
rounding tissue caused by the removal of the vitreous, and the consequent disruption
of naturally existing gradients of oxygen and cytokines such as VEGF [Stefinsson

2009].

Vitreous substitutes

Background

During vitrectomy, the vitreous is cut and aspirated and must thus be replaced to
prevent hypotony of the eye, either with saline solution or a vitreous substitute with
more specific properties. A solution such as Balanced Saline Solution (BSS) is infused
during surgery and is sometimes sufficient as a filler. In time, this BSS will be replaced
by aqueous fluid derived from the ciliary body. In most cases, such as in RD surgery,
there is, however, a need for a temporary tamponade to close retinal tears and prevent
redetachment during the healing period. Due to the permanent changes to the
physiology of post-vitrectomy eyes, an argument has been made for the need for a
permanent vitreous substitute to alleviate potential long-term complications
[Holekamp 2005]. Another potential indication for intravitreal substitution is as a
vessel for the long-term administration of intravitreal drugs such as VEGF [Duvvuri
2007, Liu 2010].

Clinical use

In clinical practice, the most common vitreous substitutes are tamponading gases such
as air, sulfur hexafluoride (SF6), hexafluoroethane (C2F6), and perfluoropropane
(C3F8). The gases are all resorbed over a period ranging from a few days to several
weeks, and there is often a requirement for strict body positioning over an extended
period postoperatively, typically days to weeks. There is also a risk of complications to
the gas treatment, such as raised intraocular pressure, cataract development, and
impaired vision [Killey 1978, Thompson 2003]. In some complicated cases such as
recurrent RDs with PVR, a longer acting tamponade is required. In these cases,
silicone oil has a long history of use. Significant disadvantages such as increased intra-
ocular pressure (IOP), inflammation, and keratopathy are common side effects which
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restrict the usefulness of such agents. In
addition, the vision is impaired due to
the non-physiological refractive index
of silicone oil. The duration of the
silicone oil treatment is often limited to
a few months due to the risk of long-
term complications such as secondary
glaucoma, proliferation of epiretinal
and subretinal membranes, optic nerve
atrophy, and retinal toxicity [Naka-
mura 1991, Asaria 2004, Wickham  Figure 8. Vitreous substitute.

2007, Papp 2007, Ghoraba 2017]. At  Representation of a vitreous substitute such as
the end of the treatment period, the oil  sulfurbexaflouride gas (SFG). Image by Fredrik Ghosh.
must be surgically removed. Heavy

perfluorocarbon liquids (PFCLs), such as perfluorooctane, have a high specific gravity
compared to the aqueous fluid. They are sometimes used as an intraoperative tool to
remove trapped subretinal fluid, and aid the reattachment of RDs.

The perfect vitreous substitute

The seemingly simple task of devising a substitute for the vitreous has proven
surprisingly difficult, which may be explained by considering the expanding
knowledge of physiological functions of the normal vitreous, and the requirements
needed for practical clinical use. The refractive index and the physiological properties
should ideally closely mirror those of the normal vitreous, and the substance should
be retained in the eye for a prolonged time or indefinitely, with no sign of toxicity or
other significant side effects [Swindle 2007, Stefénsson 2009]. Additionally, the
compound must be usable with a standard vitrectomy setup and therein be
transferred into the eye while retaining these properties. The development of such a
vitreous substitute has proven to be a daunting task, which is clearly shown by the
plethora of different compounds involved in past and current research.

Past research

Research into vitreous substitution commenced as early as 1906, when Deutschmann
injected animal vitreous into patients’ eyes, later followed by Cutler’s experiments
with fresh human vitreous transplantation in the 1940s [Deutschmann 1906, Cutler
1947]. The results of these kinds of trials were not encouraging, and this line of
research was therefore abandoned. In the 1950s investigations were focused on
naturally occurring, and semisynthetic polymers, such as collagen and hyaluronic
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acid. There were considerable problems with inflammation, increased IOP and
corneal edema, as well as short retention time, hazing and fracturing of the gels after
injection [Swindle 2007]. In the 1960s, Polygeline, a colloidal plasma expander with
viscosity close to the human vitreous was evaluated in rabbit eyes but resulted in
unacceptable inflammation [Oosterhuis 1966]. In the 1970s and early 1980s pro-
mising preclinical, and clinical tests with sodium hyaluronate (Healon®) were
performed, although further clinical testing demonstrated major complications, such
as persistent increased IOP [Balazs 1972, Kanski 1975, Gerke 1984, Koster 1986,
Vatne 1986]. Due to these drawbacks, the interest in these molecules vaned, and the
research turned more towards synthetic molecules. A number of substances such as
hydroxypropyl methylcellulose (HPMC), Adcon-L hydrogel, Pluronic polyol F-127,
Poly(2-hydroxyethyl acrylate) (PHEA), Poly(methyl 2-acrylamido-2-methoxyacetate)
were all examined preclinically but deemed unsuitable due to short retention time and
toxicity. Preformed hydrogels of Poly(1-vinyl-2-pyrrolidinone) (PVP), a blood plasma
expander, were used in animal experiments, but again had short retention time and
tended to be fragmented upon injection. Fragmentation was also a problem that
limited the usability of injectable Poly(glyceryl methacrylate) (PGMA). In-situ poly-
merized silicone gels were tested in monkey long-term trials, with favorable bio-
compatibility, but practical issues still prevented its further development [reviewed by

Swindle 2007].

Current research

Poly (vinyl alcohol) (PVA) hydrogels share important properties with the natural
vitreous and have therefore been studied in several variants. Initial trials with these
gels nevertheless presented several problems such as aggregation of the gel, short
retention time, increased intraocular pressure, and inflammation. Further purification
and cross-linking produced more promising results and seemingly acceptable
biocompatibility in primates, but no follow-up studies were published [Swindle
2007]. Another relatively recently studied compound is chitosan, a derivate of the
ubiquitous protein chitin found in crustacean shells, insect exoskeletons, and many
other organisms. Chitosan inhibits fibroblast growth and has therefore been
extensively used in surgical wound healing. It displayed optical and physical
properties close to those of the natural vitreous when evaluated as a vitreous substitute
in rabbit eyes, and the compound was therefore suggested as a long-term tamponade
with potential PVR-limiting properties [Yang H 2008].

Acrylamide, the infamous substance of several public health scandals, is a toxic and
carcinogenic compound in itself but has well-documented biocompatibility in its
polymerized state. A number of experiments have been performed on different
polyacrylamide derivatives, with another relatively recent preclinical study showing
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promising results using an iz situ forming hydrogel of a thiol cross-linked copolymer
with good biocompatibility, physical and clinical properties [Swindle-Reilly 2009].

Several other recent studies have focused on the concept of in situ gelation to alleviate
the issue of gel fragmentation upon injection and potentially achieve longer retention
time. Over ten years ago, gellan, a derivative of an exocellular microbial hetero-
polysaccharide used in the food industry, was studied iz vitzro as a potential in situ
gelling vitreous substitute in combination with hyaluronic acid. The gel was not
stable enough for further development [Suri 2006]. Ravi’s group have presented
several preclinical studies, including preliminary rabbit trials, evaluating different
thiol-containing in sizu forming polymers. These studies were seen as promising, but
no long-term animal trials have so far been published [Swindle-Reilly 2009,
Santhanam 2016]. Short- and long-term studies of two different in sizu cross-linked
poly(ethylene glycol) (PEG) hydrogels in rabbit eyes showed favorable gel-properties
and biocompatibility, but follow-up studies are yet to be presented [Annaka 2011,
Tao 2013]. The aforementioned substance chitosan has also been developed into an
in situ forming hydrogel. In long-term rabbit studies, there were, contrary to earlier
trials with chitosan, biocompatibility issues such as decreased rod- and cone density,
and pathological electrophysiological responses [Jiang 2018].

A conceptually completely different strategy for vitreous substitution is the use of a
synthetic capsule of silicone elastomer, surgically implanted through a 1,5 mm
incision and filled with fluid through an adjustable tube-valve system. Animal trials
with saline solution, as well as preliminary clinical trials with silicone oil, were made
with some promise [Gao 2008, Lin 2016]. Perfluorohexyloctane combined with
silicone oil is currently being evaluated in randomized trials for use as a long-term
tamponading agent for patients with complicated, inferior retinal detachments. Early
reports showed were encouraging, but mounting evidence suggests abundant side
effects including intraocular inflammation, which may limit its use [Kirchhof 2002,
Vote 2003, Schatz 2004, Morescalchi 2014].

Cross-linked hyaluronic acid hydrogels

In recent years, there has been a renewed interest in hyaluronic acid (HA). The
substance is one of the main building blocks of the vitreous and is well-known for its
biocompatibility, with a long history of extensive use in cataract surgery. As
mentioned, early studies displayed multiple issues such as elevated intraocular
pressure and short retention time. These problems have been attributed to enzymatic
degradation by the enzyme hyaluronidase, native to the vitreous humor, and thereby
fragmentation of the hydrogel which can lead to increased IOP by occluding the
trabecular meshwork. To decrease the rate of degradation, the use of cross-linked
hyaluronic acid hydrogels has been proposed. Cross-linking may also increase the
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tamponading effect of the hydrogel, thereby making it more suitable for clinical
demands. This concept was first suggested by Su 2011, who presented promising
results using a hydrogel of oxidated HA cross-linked with adipic dihydrazide in vitro
as well as in rabbit experiments. No follow-up experiments were, however, published.
Later, another group published primary results with a similar hydrogel, as well as a
UV cross-linked HA hydrogel, where the latter was found to be more biocompatible
in a cytotoxicity assay, and well tolerated in rabbit trials [Schramm 2012]. Recently,
the same group presented follow-up results including a rabbit study with reattached
retina. Therein, two other, thiol cross-linked, HA gels were favorably compared to
silicone oil, regarding redetachment as well as cataract development and with
otherwise comparable findings [Schnichels 2017].

Inflammation

Inflammatory reactions are, as discussed above, one of the key limiting side-effects in
the development of clinically relevant vitreous substitutes [Chirila 1994, Versura
2001, Swindle 2007]. Adverse effects of artificial vitreous substitutes includes inflam-
mation evident on testing with standard cytotoxic assays such as those using cultures
of endothelial- or RPE cells. In other cases the cytoxicity may be secondary to more
complex events such as inflammatory reactions, necessitating testing in retinal explant
or in vivo models [Matteucci 2007]. An example of these interactions is the foreign
body reaction: a type of cellular inflammation characterized by macrophages,
aggregation of giant cells, and fibrosis [Anderson]. Intravitreal biomaterials, such as
experimentally injected PLGA polymer microspheres and -rods, are known to be able
to elicit this kind of response [Thackaberry 2017]. Similar reactions have been
reported after treatment with vitreous substitutes such as perfluoro-n-octane (PFO)
[Elsing 2001, Schatz 2004], perfluorohexyloctane [Sigler 2014], and silicone oil
[Parmley 1986].

Retinal cultures

Retinal cell culture models are valuable tools for detailed studies of different
physiological and pathological processes of the retina. These models consist of either
dissociated cells or full-thickness sheets of explanted retina. Single-cell cultures offer
more detailed control of the culture environment and more straightforward methods
for quantitative data regarding cell numbers and types, and the expression of specific
antigen. The mechanical and enzymatic disruption process does, on the other hand,
potentially damage, or alter the behavior of, the dissociated retinal cells. Using full-

32



thickness retinal explants, with its complete architecture and microenvironment of
different cell-types, offer a higher level of physiological similarity to the normal retina
[Lucas 1958, Cafté 2001, Engelsberg 2004].

Recreating the physiological environment sufficiently to allow for successful culturing
puts a high demand on the culture processes. Different species and degrees of tissue
maturity put different demands on these routines. One of the most critical factors is
the culturing medium, which must meet a number of demands, such as the correct
pH-levels and concentrations of different nutrients including salts, carbohydrates,
vitamins, amino acids, and lipids. Modern culture mediums are synthetically pro-
duced, but animal serum is frequently added to optimize the culture conditions and
promote cell-growth. Serum includes a number of nutritional substances, as well as a
several proteins able to actively affect the retina and micro-environment, such as
growth factors, enzymes, and carrier-proteins. By manipulating the culture-
conditions, the impact of a wide range of different physiological and pathophysio-
logical factors can be studied.

Figure 9. Retinal explant culture.
Neuroretinal explant on a 4 pm culture plate insert with the photoreceptor layer facing down. Culture
medium (red) is seen surrounding the culture plate. Image by Fredrik Ghosh.
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Electrophysiology

Electroretinography (ERG) is a widely used clinical method for studies of the retinal
function. The basis for ERG, as well as electrophysiology in other organs, is the ionic
gradients across cell-membranes in all living cells. The activity of these gradients
creates externally measurable currents that reflect the physiological functions of the
cells. Specifically, ERGs measure the neuronally derived electrical response to light
stimuli. By altering the character of the stimuli, the response from different cell types
can be elicited. Modulations of the stimuli include the wavelength, intensity,
frequency, and duration of the light impulse, as well as prior dark adaption. The rod
function is elicited by dim flashes after at least 20 minutes of dark adaption (scotopic
conditions), whereas the mixed rod-cone function is measured during the same
conditions, but with brighter stimuli. The cone response is achieved by adaption to
bright light for at least 10 minutes (photopic conditions), thereby desensitizing the
rods, and then stimulating the retina with bright flashes of light. Alternatively, fast
flickering light can be used to separate the rod and cone responses.

In full-field ERGs, the entire retina is stimulated evenly by a diffused light source, a
so-called ganzfeld sphere [Marmor 2009]. The electrophysiological responses are then
measured by way of a contact lens with electrodes placed on the cornea. The shape of
the detected electrical patterns can then be analyzed for abnormal or pathological
responses. Full-field ERGs exhibit two major components, the negative a-wave and
the positive b-wave, and reflects the responses of the photoreceptors and second order
neurons respectively. Detailed analysis ERGs derived from different stimulations
reveals further insight into the function of the various retinal neurons.

Animal models in vitreoretinal research

Background & history.

Animal models have been an integral part throughout the history of vitreoretinal
research. In the early 20th century, pioneering studies into vitreous replacement were
made directly on patients, but preceding animal studies were soon introduced—
almost all of the plethora of potential vitreous substitutes evaluated throughout
modern history were first tested in animals [Stenzel 1969, Shafer 1976, Denlinger
1980, Mackiewicz 2007, Su 2011]. Aside from initial testing in cell-based cytoxicity
assays, these studies have almost exclusively explored the practical usability and
biocompatibility in healthy, young animal eyes [Heimann 2008, Kanski 1975]. Trials
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of this kind provide valuable information about the responses elicited in the living
tissue and the physiological results thereof. By using macroscopic evaluation together
with functional methods such as electrophysiology (ERG) and morphological studies
with immunohistochemistry, a comprehensive appraisal can be made of the examined
substances potential as candidates for clinical trials.

Animal studies have been extensively used in order to elucidate the pathophysiology
of retinal detachments. Early models utilized mechanical dislocation of the retina. In
the late 1960s, Machemer and Kroll supplemented this approach with a prior
injection of intravitreal hyaluronidase to break down the vitreous before the mani-
pulations [Machemer 1968]. The introduction of subretinal microinjections of saline
solution allowed for a more controlled detachment of the retina [Marmor 1980].
Further refinements included vitrectomy combined with lens removal and, crucially,
dilute viscoelastic as an adjunct in the subretinally injected fluid to prevent premature
spontaneous reattachment of the retina [Anderson 1981, Anderson 1983]. Over the
years, the models have involved a number of disparate species such as cat, ground
squirrel, rabbit, pig, and mouse [Sakai 2001, Iribarne 2007, Sun 2007, Diederen

Figure 10. Creation of an experimental vitreous substitute.
Subretinal microinjection of a dilute viscoelastic solution. Endoillumination probe shown right. Image by

Fredrik Ghosh.
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2008, Verardo 2008, Mandal 2015]. In order to better emulate the typical clinical
presentation of RRD, Jackson ez al. further refined the methodology to include
vitrectomy with PVD and retinal breaks in phakic, porcine eyes [Jackson 2003].

Only a few studies have combined these two lines of research i.e., evaluating vitreous
substitutes and other surgical methods together with experimental retinal
detachments. These cases most often include induction of RDs immediately before
treatment with vitreous substitutes [Yamana 2000, Teruya 2009, Hirata 2013,
Yamamoto 2013, Schnichels 2017]. The treatment of RDs in a secondary procedure
has very rarely been studied. The few studies that do have been performed in a feline
model, involving lensectomy and vitrectomy, before the creation of a RD, followed
by a reattachment surgery with fluid-air exchange and injection of SF6 after an
interval ranging from 1 hour up to 42 days [Anderson 1986, Lewis 2002, Lewis
2005].

The rabbit eye in surgically related research

The rabbit is one of the most common species for ophthalmological surgical research.
One of the main reasons for this is the comparatively large size of the eye despite the
animal’s relatively small overall size. Due to this, the logistics of the trials are usually
easier with more straightforward and cost-effective handling compared with larger
animals, while still offering the possibility to adapt clinical surgical techniques with
minor modifications.

The considerably smaller phakic rabbit eye is 16,66 mm long (anterior to posterior)
compared to 24,96 mm in humans, and their equatorial diameter 18,65 mm, and
24,50 mm, respectively. The anterior segment makes up a much larger part of the
rabbit eye than its human counterpart; while the anterior chamber depth is roughly
the same, the crystalline lens is significantly thicker at 6,36 mm vs. 4,24 mm [Werner
2006]. These anatomical features mean that the vitreous space is considerably smaller
with a volume of 1,15 ml compared to 4 ml [Del Amo 2015], making posterior
segment surgery more technically demanding and with a higher risk of complications
such as inadvertent touching of the lens and retina compared to clinical conditions in
humans.

There are also major differences in the configuration of the blood vessels supplying
the retina with oxygen and nutrients, with a less developed retinal vasculature system
in rabbits eyes, the so-called merangiotic pattern, compared to the holangiotic human
retina. Thus the rabbit retina mainly relies on choroidal diffusion, and only to a lesser
degree on the supply from the retinal vasculature. Further, the rabbit retina is rod-rich
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with comparably fewer cones [Strettoi 1995]. Instead of a true macula, the rabbit
retina contains a so-called “visual streak,” a horizontal band localized just beneath the
optic nerve head (ONH), with a higher density of cones and ganglion cells compared
with other parts of the retina. The rabbit retina is also dichromatic, in contrast to the
trichromatic human retina. The ONH is located above the posterior pole of the
eye,and has horizontally oriented bands of myelinated nerve fibers nasally and
temporally, as well as accompanying retinal blood vessels. The morphology and
lamination of the retina itself, however, closely resembles human counterparts and
other mammals, and the electrophysiological response of the ERG is also comparable

[Gjorloff 2004].
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AIMS OF THE STUDY

General aim

* To develop a biocompatible synthetic vitreous substitute with suitable
mechanical and biochemical properties for vitreoretinal surgery
applications

Specific aims

*  To develop new preclinical models for evaluating the biocompatibility,
practical usability, and efficacy of vitreous substitutes iz vitro as well as in
vivo

*  To investigate retinal morphology, function, and inflammatory responses
after treatment with current and experimental vitreous substitutes 77 vivo

*  To develop a new model of rhegmatogenous retinal detachment, in which
novel vitreous substitutes can be tested in a manner resembling clinical
conditions

*  To develop and test novel vitreous substitutes in these models, with the
ultimate goal of translation to clinical use as tamponades in vitreoretinal
surgery

39



40



MATERIALS AND
METHODS

Animals

Ethics

The animals in these studies were treated in accordance with the guidelines and
requirements of the ARVO (The Association for Research in Vision and
Ophthalmology) statement on the use of animals in ophthalmic and vision research.
All procedures were approved by the government committee on animal
experimentation at Lund University.

Species

The in vitro study (paper I) utilized retinal explants from female adult Sprague-
Dawley rats. All in vivo experiments (paper II-IV) were performed with 4 month-old
pigmented rabbits derived from a local breeder.
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Tamponades and experimental vitreous
substitutes

Healaflow®

Healaflow® (Anteis S.A., Plan Les Ouates, Switzerland) is a transparent cross-linked
hydrogel consisting of 97% water and sodium hyaluronic acid (22,5 mg/ml) of non-
animal origin cross-linked with BDDE (1,4-Butanediol diglycidyl ether). It is
supplemented with phosphate- and NaCl-salts to maintain physiological pH (7,0)
and osmolarity (305 mOsm/kg). Its estimated specific gravity is circa 1,03, and
refractive index i = 1,341. The hydrogel is clinically used in glaucoma filtering
surgery, where its purpose is to maintain the bleb and limit postoperative fibrosis.
[Schariot 2010, Roy 2012, Bettin 2016].

PEG

Polyethylene glycol (PEG) is a well-established synthetic polymer for use in different
biomedical applications. The gel used here (paper I) was custom made as a two-
component cross-linked hydrogel with 20 wt.% polyethylene glycol, prepared by
mixing PEGDA in phosphate buffered saline (PBS) into ETTMP-1300 in PBS. It
was incubated for 20 minutes before use, allowing for some gelation. Prior
experimental reports of PEG gels include use as a vehicle for drug delivery, and for
sealing scleral incisions as well as retinal breaks in retinal detachment surgery.
[Wathier 2006, Duvvuri 2007, Pritchard 2010]

Bio-Alcamid®

Bio-Alcamid® (Polymekon, Brindisi, Italy) is a transparent hydrogel consisting of 96%
water and a meshwork of approximately 4% polyalkylimide with no free monomers.
It has a pH of 6,9 and is considered to be structurally and chemically stable. The gel
was developed for use in plastic and reconstructive surgery as a filler for tissue defects.
When it is injected into biological tissues, a collagen capsule develops around the
substance. After a period of clinical use, several reports described long-term
complications such as chronic inflammation, fibrosis, and foreign body reaction. The
product is now withdrawn from the market. [Claoue 2004, Lahiri 2007, Nelson
2011, Crafoord 2011]
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Silicone Oil

Silicone oil, 1000 ¢St (FCI S.A.S., Paris, France) is a tamponade for vitreoretinal
surgery. It has been in clinical use for many years and is mainly used in complicated
cases of retinal detachment and severe diabetic retinopathy where a long-term

tamponade is needed. [Kanski 1973, Stappler 2011]

SF6

Sulfur hexafluoride (SF6) (Arceole®, Arcadophta, Toulouse, France) is one of the
most commonly used tamponades in vitreoretinal surgery and has a long history of
clinical use. It is an inert colorless gas that expands about two times when used in the
human eye. It has an effective tamponading time of about one week, and a retention

time of 2-3 weeks when diluted with air to the most common clinically used
concentration of 20%. [Vaziri 2016, Neffendorf 2017]

Retinal explants and cultures (paper )

Various vitreous substitutes in vitro (paper I)

After euthanization of the rats with CO; and subsequent decapitation, the eyes were
enucleated and immediately immersed in ice-cold COz-independent medium (Gibco,
Paisley, UK). The anterior segment and vitreous were removed, and the neuroretinas
were carefully dissected from the retinal pigment epithelium (RPE). Either the half of
or the entire neuroretinas were explanted and placed on culture plate inserts (Millicell
Isopore-PCF 0,4 pm, 30 mm; Millipore, Billerica, ME) with the photoreceptor layer
against the membrane. The explants were covered with 50—100 pl gel (Healaflow”,
PEG, or Bio-Alcamid®). Thereafter, 1,2 ml Dulbecco’s modified Eagle’s medium
(DMEM)-F12 medium (Gibco) supplemented with 10% fetal calf serum was added
to allow for culture, and a drop of enriched medium applied directly onto the gels to
ensure saturation. Additionally, 2 mM L-glutamine, 100 U/ml penicillin, and 100
ng/ml streptomycin (Sigma-Aldrich, St Louis, MO) were added to the cultures,
which were kept at 37°C with 95% humidity and 5% CO2. Four groups of explants
were created: culturing medium only, Healaflow®, PEG, and Bio-Alcamid®. For each
group, 4 explants were cultured for 2 days, and 6 explants in each group were kept in
culture for 5, and 10 days, respectively. The culture medium was changed every other
day, but the gel was not changed or altered in any way during the change of medium.
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Surgical procedures (papers lI-1V)

General vitrectomy procedures

All surgical procedures on the rabbits were performed by experienced surgeons (HB
and SC). Treatment was performed on the right eyes, with unoperated left eyes
serving as controls. General anesthesia was induced with intramuscular ketamine (35
mg/kg) and xylazine (5 mg/kg), and additional topical tetracaine (0,5%) was adminis-
tered immediately preoperatively. The pupils were dilated with cyclopentolate (1%)
and phenylephrine (10%) 30 minutes prior to the procedure, and the eyelids and the
nictitating membrane were retracted with a blepharostat.

All sclerotomies were made 1 mm posterior to the limbus, with the infusion at 12
o’clock and two sclerotomies for the illumination and vitrectomy probes at 2 and 10
o’clock, respectively. The sclerotomies were made with 25G trocars (Alcon, Fort
Worth, TX, USA or D.O.R.C., VC Zuidland, Netherlands) except in paper I, where
the 2 o’clock incision was made with a conjunctival incision and subsequent 20G
sclerotomy due to use of a larger vitrectomy probe. A continuous infusion of balanced
salt solution (BSS) (Endosol®, Abbott Medical Optics or BSS plus, Alcon, Fort
Worth, TX, USA) was used throughout the procedures. For visualization, a BIOM
90-D lens (Oculus Optikgerite GmbH, Wetzlar, Germany) and standard endo-
illuminating probes were used.

Accurus Surgical System® Alcon, Fort Worth, TX, USA) and a vitreous cutter
(Innovit® or Accurus 2500, Alcon, Fort Worth, TX, USA) was used for the vitrec-
tomy. Core vitrectomy with posterior vitreous detachment (PVD) was performed,
and as much peripheral vitreous removed as possible, considering the comparatively
large lens of the rabbit eye. At the end of surgery, sclerotomies and conjunctiva were
sutured if larger incisions were used. In paper II, 25 mg gentamicin and 2 mg
betamethasone were administered subconjunctivally. Chloramphenicol ointment
(Chloromycetin, Pfizer Inc., New York, USA) was applied at the end of all opera-

tions. No other treatment was administered postoperatively.

Healaflow® in vivo (paper II)

For paper II, a fluid-air exchange was made after the core vitrectomy. Thereafter,
Healaflow” was injected through a 25G needle.



Various tamponades in vivo (paper I11)

For paper 111, a fluid-air exchange was followed by injection of BSS, Healaflow®, or
1000 cSt silicone oil. Since Bio-Alcamid® was not injectable through the 25G system
due to its high viscosity, the 2 o’clock trocar was for this purpose removed, and the
sclerotomy widened to fit a 19G cannula.

Retinal detachment in vivo (paper IV)

For paper 1V, the basic vitrectomy procedure described above was followed by the
creation of a retinal break and subsequent detachment (RD). For this purpose, six
different kinds of cannulas (including 2 subretinal micro-cannulas) were used to make
a retinal break in the inferior mid-periphery of all operated eyes. The retinal break
was created by forceful injection of dilute viscoelastic solution (0,85 ml sodium
hyaluronate [Healon®, Johnson & Johnson Vision, Santa Ana, California, USA] and
BSS to 3 ml) against the retina, or by mechanical manipulation of the retina with the
tip of the cannula, keeping the size at a minimum. A subretinal injection of the
viscoelastic fluid was then slowly made, aiming to create an RD of at least 2 disc
diameters. The size of the existing retinal break was then slightly increased to mimic
pathophysiological conditions.

Repeat surgery was performed the day after the initial surgery, using the same
vitrectomy setup, with aspiration above the retinal break to remove subretinal fluid.
After a fluid-air exchange, a tamponade (Healaflow” or 20% SF6) was injected into
the posterior segment of the eyes. No laser or cryo retinopexy was performed. Eyes
with significant perioperative complications, such as RD secondary to subretinally
displaced infusion, significant iatrogenic retinal break, and significant lens touches
were filled with BSS and analyzed separately. To validate the model and to obtain
surgically treated controls, additional eyes were kept without reoperation.

Postoperative handling

All surgically treated eyes were examined on the first postoperative day, weekly or
monthly, and at the end of the treatment period. The clinical evaluation included
binocular ophthalmoscopy and intraocular pressure (IOP) measurement (Tono-Pen®,
Reichert, Buffalo, NY or TonoVet®, Icare Finland Oy, Vantaa, Finland). In paper II
and IV, the eyes were photographed during the follow up (Retcam®, Clarity Medical
System, Pleasanton, CA, USA or Smartscope Pro®, Optomed Oy, Oulu, Finland).

45



Eyes with repeat surgery (paper IV) were examined the first postoperative day after
each procedure. The rabbits were sacrificed at the end of the planned treatment
period (42-105 days in paper II; 1 day, 1 week, and 1 month in paper III; and 1
month in paper IV). The treated eyes were enucleated, dissected and photographed
along with a number of unoperated left eyes.

Electrophysiology

In paper II, the treated eyes were examined with full-field electroretinography (ERG)
preoperatively, at 1 and 3 months postoperatively. During the recordings, the rabbits
were under sedation with an intramuscular injection of Hypnorm® (fentanylcitrate
0,315 mg/ml and fluanisone 10 mg/ml). The pupils were dilated with cyclopentolate
(1%). After 30 minutes of dark adaptation, topical anesthesia was administered, and a
Burian-Allen bipolar ERG contact lens electrode applied to the corneas with 2%
methyl-cellulose. A subcutaneous ground electrode was attached to the neck. The
ERGs were obtained with a Nicolet Viking® analysis (Nicolet Biomedical Instru-
ments, Madison Wisconsin) using a wide-band filter (-3 dB at 1 Hz and 500 Hz).
The stimulations used were: single full-field flashes (30 ps) and dim blue light
(Wratten filters # 47, 47A and 47B) [rod function], white light (0,8 c¢d-s/m2) without
background [combined rod-cone function], and 30 Hz flickering white light (0,8
cd-s/m2) averaged from 20 sweeps without a background light [cone function].

Microscopical analyzes

Tissue handling

The explants (paper I) and the enucleated eyes (paper I1I-IV) were fixed for 4 h with
4% paraformaldehyde pH 7.3 in a 0.1 M Serensen’s phosphate buffer (PB). They
were then repeatedly washed with 0.1 M Serensen’s PB using the same solution
containing sucrose of rising concentrations (5-25%). The eyes of paper II-IV were
dissected between the ora serrata regions, including the optic nerve head and visual
streak. After sectioning at 12 pm on a cryostat, every 10th slide was stained with
hematoxylin and eosin (H&E) according to standard procedures.
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Immunohistochemistry

After a rinse with phosphate buffered saline (PBS) for 5 minutes, the retinal sections
were incubated with PBS containing 0.1% Triton X and 1% bovine serum albumin
for 20 minutes at room temperature. Thereafter, they were incubated overnight at
4°C together with antibodies. The slides were then rinsed and incubated with Texas
Red- or FITC-conjugated antibodies for 45 minutes. After rinsing, they were
mounted in anti-fading mounting media (Vectashield, Vector Laboratories, Inc.,
Burlingame, CA, USA). For double-labeling, the same procedures were followed but
with both of the primary and secondary antibodies added at the same time in their
respective steps. Negative controls were obtained by following the same procedure but
without primary antibodies. The antibodies are summarized in Table I.

TUNEL

Apoptotic cells were studied using a commercial terminal transferase-mediated dUTP
nick-end labeling (TUNEL) assay system with fluorescein-conjugated dUTP
(Boehringer Mannheim, Mannheim, Germany), used according to the manufacturer’s
instructions [Table 2].
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Table 1: Antigen/antibody specifications

conjugate

Antigen Antibody name |Target Species | Dilution| Source
structure
GFAP Anti-glial fibrillary | Astrocytes, Mouse 1:200 Chemicon
acidic protein (G- | activated Miiller| monoclonal International,
A-5) cells Temecula, CA, USA
Neurofilament | Anti-neuro-filament| Ganglion and | Mouse 1:500 Sigma, St. Louis, MO,
160 kDa 160 clone NN18 horizontal cells | monoclonal USA
(NF160)
PKC Phospho-PKC Rod bipolar Rabbit 1:200 Cell Signaling, Beverly,
(pan) cells polyclonal MA, USA
Rhodopsin Rho4D2 Rod Mouse 1:100 Courtesy of Prof. RS
photoreceptor | monoclonal Molday, Vancouver,
Canada
Vimentin Mouse anti- Miiller cells Mouse 1:500 Chemicon
vimentin monoclonal International,
Temecula, CA, USA
CD45 L12/201 Pan leukocyte | Mouse 1:100 Bio-Rad, Oxford, UK
monoclonal
Galactein-3 Galactein-3 Mainly Chicken 1:100 Courtesy of Prof. H
antibody microglia Leffler, Lund, Sweden
CD68 EBM11 Macrophages | Mouse 1:200 Agilent DAKO, Santa
monoclonal Clara, CA, USA
CD20cy 126 B-lymphocytes | Mouse 1:200 Agilent DAKO, Santa
monoclonal Clara, CA, USA
Secondary |Antibody name |Target Species | Dilution| Source
antibody
FITC Anti-mouse IgG Anti-mouse Goat 1:200 Sigma, St Louis, MO,
FITC conjugate USA
FITC Goat Anti-Rabbit | Anti-rabbit Goat 1:200 Southern
IgM+IgG (H+L Biotechnology
chain specific) Associates, AL, USA
Texas red Anti-IgY Texas Red | Anti-chicken Rabbit 1:200 Abcam, Cambridge,

UK
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RESULTS

Vitreous substitutes in vitro (paper )

For paper I, retinal explants were kept in culture with different potential vitreous
substitutes for up to 10 Days in vitro (DIV). These gels (Healaflow®, PEG and Bio-
Alcamid®) were compared to standard culturing conditions, i.e. medium only. Upon
application to retinal explants, Healaflow® and PEG formed even films, whereas Bio-
Alcamid® retained a lumpy, uneven texture and did not allow for complete coverage
of the explant. The gels were saturated with medium, and their integrity and structure
did not change during the study.

The standard retinal culture conditions imposed pathological morphological changes
readily visible in hematoxylin and eosin (H&E) stained sections as early as after 2
DIV, progressing at later time-points. These changes in the cytoarchitecture included
abnormal lamination, variability in thickness, and pyknosis in the outer and inner
nuclear layers (ONL and INL). These
changes increased at later time points
with all groups. Retinas treated with
Healaflow® was similarly or less affected
by these degenerative changes compa-
red to those kept under standard
conditions at all time-points, whereas
those kept with PEG, and especially,
Bio-Alcamid® exhibited more severe
degeneration. TUNEL labeling of
retinas with medium only showed a
progressive increase in apoptotic cells
with time. Healaflow® showed similar :
ﬁndings at 2 DIV, but deddedly less Figure 11. Retinal xplant culture with
TUNEL labeling at 5 and 10 DIV. Healaflow"

PEG also displayed similar findings as — Adult rat retinal explant in cell culture plate, kept in
control retinas at 2 DIV, as well as at 5 culture with Healaflow".
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DIV but very low labeling intensity at 10 DIV. Bio-Alcamid® showed higher levels of
TUNEL- labeling at 2 and 5 DIV, and almost no labeling at 10 DIV.

Rhodopsin labeling in explants treated with medium only revealed a high number of
labeled rod photoreceptors in the outer segments (OS) and the outer plexiform layer
(OPL), with a low number of labeled photoreceptors in the ONL at 2 and 5 DIV.
After 10 DIV, the labeling in the ONL was increased. Similar labeling patterns were
seen with Healaflow® and PEG treatment, while Bio-Alcamid® exposure resulted in an
earlier increase in pathological labeling in the ONL.

PKC labeling for rod bipolar cells revealed variable labeling in explants cultured with
medium only, decreasing over time with no remaining labeled cells after 10 DIV.
This decrease in labeling was faster in Healaflow® treated specimens, with only a few
remaining labeled cells after 2 DIV, whereas PEG and Bio-Alcamid® treated explants
did not display PKC labeling at any time-point. Neurofilament 160 labeled ganglion
cells were seen both with and without gels, with no apparent differences between the
different treatments or exposure time.

GFAP labeling of activated Miiller cells in the inner retina was found to increase from
2 DIV and onwards in control cultures, with a peak in the labeling intensity at 5
DIV. Healaflow® treatment elicited a similar response at all time-points. In contrast to
this pattern, PEG and Bio-Alcamid® exposed retinas exhibited high Miiller reactivity
already at 2 DIV, tapering off at later time-points especially with Bio-Alcamid® treat-
ment. Vimentin labeling of Miiller cell cytoskeletons was found in the inner parts of
the retina to a similar extent in all groups, with increasing hypertrophy and dis-
organization over time.

Healaflow® in vivo (paper II)

The previously tested experimental vitreous substitute Healaflow® was tested in an iz
vitro rabbit model with follow up times of 1 to 3 months. The gel was found to be
well suited for use with a standard vitrectomy setup, and it retained its structure after
injection through a small gauge needle. There were no signs of uveitis or increased
macroscopic inflammation during the follow-up period. The postoperative IOP was
slightly elevated compared to earlier studies by our group, with transient peaks in the
range of 21-27 mmHg in a minority of the cases. In four eyes, iatrogenic retinal
breaks occurred during the surgery, in two cases along with limited RDs. These
lesions did not progress during the follow-up. No distinct remnants of the gel could
be identified upon dissection. Cataract development was seen exclusively in eyes with
perioperative lens-touches.
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Postoperative full-field ERGs at 1 month and 3 months did not reveal any changes in
the amplitudes either of the isolated rod (Dim blue light stimulation), mixed rod and
cone (White light), or isolated cone (Flickering light) responses compared to pre-
operative ERGs.

The morphology of the postoperative retinas was normal as demonstrated by
hematoxylin and eosin staining of cryosections, compared to unoperated left eyes.
The jatrogenic retinal lesions were,
however, visible on microscopy. Limi-
ted retinal detachments were also seen
in two cases where the retina had been
considered to be attached during the
macroscopical examinations. Compared
to control eyes, GFAP labeling revealed
a minimal postoperative increase in
activated Miiller cells, although a more
distinct increase was seen in eyes with
peri-operative complications such as
fatrogenic cataracts and retinal detach-

ments. The TUNEL—assay revealed no Figure 12. Extl view f the 25 G vitrectomy
setup.

significant labeling of apoptotic cells. .
. . Blepharostat and 25 G trocar at the 12 o'clock position
No postoperative changes in PKC (rod I :
) . (for infusion) are already in place, and the trocar for
bipolar cells) and Rhodopsin (photo- ;. vitrectomy probe is in the process of installation.
receptor cells) labeling occurred compa-

red with unoperated control retinas.

Inflammatory responses in vivo (paper lll)

In this study, rabbit eyes were vitrectomized and filled with various current and
potential vitreous substitutes (BSS, silicone oil, Healaflow®, and Bio-Alcamid®). One
eye filled with BSS sustained suspect endophthalmitis and was excluded from further
analysis. Eyes treated with BSS, as well as those treated with Healaflow® and silicone
oil exhibited mild to moderate signs of inflammation, such as conjunctival swelling
and injection, at the first postoperative day but not at later time-points. The eyes
treated with Bio-Alcamid® displayed increased macroscopic signs of inflammation in
the anterior segment, as well as cloudiness and suspect infiltrates in the vitreous. Eyes
which sustained significant perioperative retinal complications such as retinal breaks
(n=13) or subretinal infusion with subsequent retinal detachment (n=2) were
analyzed separately. These eyes were macroscopically comparable to the BSS and
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Healaflow® groups. Cataract was common, mostly caused by known intraoperative
lens-touches, and in some cases obscuring the vitreous and retina during the follow-
up. Most of the eyes with significant perioperative retinal complications developed
cataract during the study, and all eyes filled with Bio-Alcamid® developed cataract
within 1 week.

The unoperated 7 vivo controls displayed normal morphology in H&E stained
sections, with preserved structure, lamination, and no pyknosis. Treatment with BSS,
Healaflow®, and silicone oil did not induce any notable changes in the overall
morphology. There were, however, frequent cell clusters on the inner surface of the
retina, particularly in silicone oil-filled eyes. Bio-Alcamid® exposure resulted in
progressive, severe degenerative changes including regions of profound thinning,
disturbed lamination, and degeneration already at 1 week after surgery, progressing at
the 1-month time point. These eyes also revealed a higher amount of cells on the
inner retinal surface. In the 13 eyes with perioperative retinal complications, corre-
sponding lesions such as retinal ruptures and retinal detachments were seen with
concurrent disturbances in the retinal lamination and severe degeneration in the
affected areas.

Unoperated control eyes displayed very low Miiller cell reactivity as demonstrated
with GFAP labeling. Eyes filled with BSS or Healaflow® displayed low levels of
labeling, peaking at 1 week, and then subsiding again to minimal levels. A similar
pattern, but peaking at higher levels of labeling, was seen with silicone oil treatment.
Conversely, exposure to Bio-Alcamid® resulted in very high and sustained GFAP
labeling from 1 week and onwards. BSS treated eyes with significant perioperative
retinal complications showed a comparably higher rate of labeling at all time points
compared with BSS and Healaflow® treatments, increasing from the first post-
operative control with persistent high labeling present from 1 week. No labeling of
Galectin-3, a marker for neuroinflammation, was present in unoperated eyes. In
contrast to this, all surgically treated eyes exhibited general diffuse labeling, especially
in the inner retinal layers. There were no distinct differences between groups or
different length of exposure.

Labeling for the pan-leukocyte marker CD45 revealed expression in all eyes, with and
without surgery. In unoperated eyes, weak labeling of dendritic cells was present in
the inner retina (GCL and IPL). All unoperated left eyes from surgically treated
animals exhibited CD45 labeling in the inner retina and a low number of cells on the
ILM. Post-operative retinas displayed increased labeling, frequently with additional
labeled cells in the vitreous space. Treatment with BSS and Healaflow” elicited similar
low to moderate responses at all time-points, whereas silicone oil provoked a
comparably stronger response peaking at one week, with a higher number of cells on
the ILM especially adjacent to the optic nerve head (ONH). Exposure to Bio-
Alcamid® caused a very robust response of dendritic and round CD45+ cells often
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Figure 13. Immunobhistochemistry of rabbit retina.

Examples of cryosections of rabbit retina co-labeled with CD45 [pan leukocyte] (green) and Galactein-3
[mainly microglia] (red);

A) Unoperated left eye 1 day after routine vitrectomy with BSS, arrow indicates infiltrating CD45+ cell. B)
Silicone oil treatment after 1 day, clustering of CD45+ cells at the aptic nerve head. C) Routine vitrectomy
with BSS after 1 month, localized infiltration of CD45+ cells at a retinal break right. D) Bio-Alcamid®
treatment after 1 month, arrow indicates multi-nucleated giant cell.

Abbreviations: ganglion cell layer (GCL) inner nuclear layer (INL), outer nuclear layer (ONL), inner and
outer segments (IS/0S). Scale bar is 50 um

throughout the entire retina, together with enlarged multi-nucleated giant cells in the
vitreous. Eyes subjected to significant perioperative retinal complications displayed a
heterogeneous, moderate response with higher rates of labeling in the vicinity of
retinal lesions. Some of these eyes also displayed occasional clusters of cells on the
ILM with a tendency to form giant cells.

Contrary to unoperated controls, most operated eyes displayed scattered CD68
positive cells in the inner retina, and in the vitreous. The responses elicited by BSS,
Healaflow®, and silicone oil were all similar, no clear trends could be discerned over
time. Bio-Alcamid exposure provoked extensive CDG68 labeling at all time-points,
especially in the most structurally degenerated areas. In eyes with significant
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perioperative retinal complications, such as retinal breaks and RD, there were often
regions with elevated CD68 expression, especially in the vitreous space and on the

ILM.

Upon labeling for CD20, present in B-lymphocytes, no labeling was found in
unoperated eyes. Occasional labeling was found in the vitreous space or GCL of some
eyes treated with either BSS, Healaflow®, or silicone oil. The detected cells were
almost exclusively found on the first postoperative day. Bio-Alcamid® exposed eyes
displayed extensive CD20 labeling after a week, but only scarce labeling remained
after a month. A few eyes with significant perioperative retinal complications exhi-
bited CD20 expression early in the time-course, mainly in cases with a manifest RD.

Retinal detachment in vivo (paper V)

In this study, a new repeat surgery model for studying the treatment of RDs with
vitreous substitutes in rabbit eyes was developed. A number of different cannulas were
tested for the purpose of creating retinal breaks and RDs, whereby subretinal micro-
cannulas were found to offer the best control and precision. The repeat surgery was at
times technically demanding due to conjunctival edema and reduced visualization
caused by opacities in the crystalline lens and vitreous secondary to the prior
operation. Vitreous hemorrhage was often present during repeat surgery, and a mild
to moderate fibrinous reaction was seen in 7 of the 16 repeat surgery cases. As much
as possible of the fibrinous membranes and hemorrhages in the vitreous were removed
during the surgery. Two cases with repeat surgery developed endophthalmitis during
the follow-up and were excluded from further analysis. Cataract development was
common, especially with repeat surgery, where 9 of 16 eyes developed posterior
subcapsular cataract related to known lens touches. One week after reoperation, 2
eyes treated with Healaflow® and 1 eye treated with SF6 developed slightly elevated
intraocular pressure (IOP) in the range of 25-35 mmHg, returning to normal levels
after a month.

Macroscopic examination of eyes without reoperation at 1 month revealed 2 out 8
eyes with bullous RDs and 2 more eyes with limited shallow detachments. Of the eyes
treated with repeat surgery, 11 of 14 eyes had attached retinas at the end of the study.
Upon treatment with SFG6, there was progress to giant rupture with attached peri-
pheral retina in 4 cases. The SF6 group also contained 1 case with a partial low RD,
and 1 case with a retained a substantial intraoperative RD secondary to subretinal
infusion. With Healaflow®, no cases displayed persisting RDs, but 1 eye developed a
giant tear, similar to those presented after SFG treatment, but significantly less
extensive.
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Dissection of the enucleated eyes confirmed an attached retina in 4 of 8 eyes without,
and 11 of 14 eyes with repeat surgery. The non-repeat surgery eyes displayed 4 RDs
(2 limited and 2 extensive), as well as 4 cases of retinas with limited retinal breaks.
The eyes treated with SF6 included 3 cases of RD (1 limited and 2 extensive), 4 cases
of giant ruptures, and 1 case of limited retinal break. All eyes treated with Healaflow®
had attached retina, with 1 case of giant rupture, and limited retinal breaks in 5 cases.

The morphology of all eyes was largely normal in H&E sections, except in areas with
RDs and retinal breaks. Detached retinas exhibited disturbed lamination and severe
degeneration, frequently with immune cells in the retina, subretinal space, and in the
vitreous in the vicinity of the RDs. Areas next to retinal breaks displayed similar, but
less pronounced degenerative changes, whereas reattached areas were unaffected.
Occasional inflammatory cells were present on the ILM in all surgically treated
groups. Treatment with Healaflow® and SF6 elicited similar results, and repeat
surgery did not induce any further degenerative changes or inflammatory cell in-
filtration.

The pan-leukocyte CD45-labeling was sporadically present in all unoperated eyes;
either dendritic cells in the inner retina (GCL and IPL) or round cells on the ILM.
All surgically treated eyes showed increased labeling in these locations, with
accumulations of labeled cells in the areas of retinal lesions such as retinal breaks or
RDs. No additional labeling was seen with repeat surgery, nor with any of the
vitreous substitutes. Miiller cell activation as demonstrated with GFAP labeling was
present at low levels in unoperated controls, whereas surgery elicited a generally
increased labeling in the inner retinal layers, sometimes reaching the OPL and ONL.
RDs and retinal breaks provoked further increases in labeling, although repeat surgery
did not. No differences were seen between SF6- or Healaflow®-treated eyes. TUNEL
assay did not reveal significant DNA fragmentation in any of the studied eyes.

Figure 14. Surgical view of an experimental vitreous detachment.
Lefi: Creation of the retinal detachment (RD) with a subretinal micro-cannula.
Right: Repeat surgery of the same eye.
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DISCUSSION

A search of the ideal vitreous substitute

To help us save and preserve the vision of patients suffering from vitreoretinal
ailments such as retinal detachments (RDs), trauma, and proliferative diabetic
retinopathy we need the right tools. The vitreous substitutes are key surgical aids in
vitreoretinal surgery, ubiquitously used for tamponading retinal breaks and pre-
venting the recurrence of RDs. The tamponades currently in clinical use are relatively
effective in terms of anatomical results; however, they all have side effects and draw-
backs, which affects the final visual outcome. In this project, we have embarked upon
a quest, aiming to ultimately develop a more optimal vitreous substitute.

Although vitreoretinal surgery generally has a relatively high success rate, there is still
significant room for improvement. A perfect vitreous substitute with more effective
tamponading properties could potentially further increase the success rate of surgery
while minimizing complications and patient discomfort during the healing period. In
addition to improving the prognosis, and reducing suffering, socio-economical bene-
fits may also be gained. By decreasing the need for prone positioning and reducing
postoperative refractive errors, the rehabilitation process could be shortened, leading
to speedier recovery and swifter return to work.

Studies into vitreous substitution have been ongoing since the early 20th century, and
despite longstanding efforts, this task has proven to be challenging as evident by the
impressive number of explored substances [Swindle 2007]. At first, the vitreous might
look deceptively simple, but its composition and physiology are more intricate than
what first meets the eye. Its interplay with other tissue is intimate, exemplified by the
upkeep of physiological gradients of oxygen, nutrients and other substances vital for
normal function [Stéfansson 1982, Stéfansson 2009]. Vitrectomy inevitably changes
these interactions, and the addition of a foreign compound further affects the micro-
environment. The often desired tamponading effect requires close contact with the
retina and other delicate structures, placing high demands on the biocompatibility of
the compound replacing the natural vitreous. These requirements, along with desired
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physical and practical properties such as optical clarity, physiological refraction, and
injectability are evidently not easily fulfilled.

In addition to the challenging physiological and practical demands on a candidate
substance, the methodology for the translational process in the development of
vitreous substitutes has been somewhat lacking. To alleviate this issue, we have
devised and applied a number of new models for evaluating novel vitreous substitutes.
We have also validated these models by comparing several previously studied experi-
mental vitreous substitutes along with those in clinical use. Finally, we have during
this process introduced and evaluated a very promising candidate for use as a novel
vitreous substitute, Healaflow®.

The young and healthy vitreous is composed of a hyaluronic acid hydrogel reticulated
by a meshwork of collagen fibers, thus reinforcing the gel. Theoretically, the physio-
logical and physical properties of the natural vitreous would be optimally emulated by
constructing a similarly composed gel. Such a compound is, however, not yet
available. Cross-linked hyaluronic acid hydrogels are, however, a group of substances
with the potential to fill this niche. Healaflow®, which has been extensively studied
within this thesis, is one representative of these compounds with a previous track-
record of favorable biocompatibility within its current use in glaucoma surgery
[Schariot 2010, Roy 2012].

A new model for in vitro testing of vitreous
substitutes

Several important steps in translation from bench-to-bedside need to be taken in
order to introduce novel vitreous substitutes clinically, from physical property-testing
and basic cytotoxicity assays to iz vive, and finally clinical trials.

Initial bench tests are essential to finding promising candidate compounds with focus
on optical properties such as transparency and refractive index, and physical
properties such as specific gravity and viscoelasticity. Current cytotoxicity assays often
use RPE or endothelial cells which may provide useful information on the in vitro
toxicity of the substances [Lloyd 1999, Malchiodi-Albedi 2005, Yang C-S 2008]. In
this preliminary screen, unsuitable compounds can thereby be eliminated. However,
clinical translation requires more certain proof of true biocompatibility which
traditionally mandates the use of iz vivo animal models [Coco 2018]. /7 vivo animal
testing is, by its nature, often time-consuming and expensive, demanding considera-
ble financial and personnel resources. For ethical reasons, it is also important to
reduce, replace, and refine the severity of animaltesting. Thus, a more efficient initial
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process to faster identify and eliminate unsuitable substances before the more costly
and cumbersome 77 vivo animal trials is undoubtedly beneficial.

To bridge this gap in translation, and to further enhance the biocompatibility testing
of candidate substances, we devised a new in vitro model based on adult rat retinal
explants, described in paper 1. This assay offers the possibility of relatively straight-
forward testing of the impact of vitreous substitutes on full-thickness neuroretinal
sheets. These explants have a preserved cytoarchitecture which resembles the in vivo
conditions more closely compared with existing cell-based assays, allowing for more
precise predictions of biocompatibility [Bae 2012, Su 2011, Matteucci 2007, Lloyd
1999].

However, the adult retinal explant culture system paradigm involves several well-
characterized degenerative changes, readily observable as early as 3 or 4 days in vitro
(DIV), including gliosis and neuroretinal degeneration typified by GFAP
upregulation, disruption of cell layers, and apoptosis [Kaempf 2008, Kobuch 2008,
Taylor 2013]. By comparing these characteristics in retinal explants kept under stan-
dard conditions with those found in explants kept with vitreous substitute candidates,
the in vivo biocompatibility can be inferred, and even beneficial effects evaluated by
any attenuation of pathology.

In our newly developed in vitro model, explants kept with the two earlier studied
potential vitreous substitutes displaying different biocompatibility profiles (PEG and
Bio-Alcamid®), and a promising new compound (Healaflow®) were evaluated and
compared to explants kept under standard culturing conditions [Pritchard 2010,
Crafoord 2011]. Considerable differences in biocompatibility between the various
groups were revealed, correlating well with the previous iz vivo research. Among the
evaluated substances, the most striking results were seen in cultures exposed to Bio-
Alcamid®, displaying severe changes including gliosis, neuronal degeneration, and loss
of structure—highlighting previous biocompatibility concerns [Crafoord 2011,
Karim 2006, Nelson 2011]. On the other end of the spectrum, retinas cultured with
Healaflow® matched, and sometimes even surpassed the preservation of structure of
those kept with medium only. The third substance, PEG exhibited mild degenerative
findings. Thus, a good correlation exists between the results of the presented in vitro
explant culture system and 7z vivo findings, validating the model as a suitable pre-in
vivo testing environment.
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A new vitreous substitute tested in vivo

After successful in vitro trials, the logical next step in translation is iz vive trials, often
with initial tests in rodents such as the iconic lab rats and guinea pigs. In surgical
ophthalmic research, the animal of choice has often been the rabbit, for practical
reasons as well as the anatomical and physiological similarities.

To further test the biocompatibility of Healaflow® we utilized the rabbit iz vivo model
previously described [Pritchard 2010, Crafoord 2011]. The results from this study are
presented in paper II, wherein the gel was found to be easily incorporated into
standard vitrectomy protocols. No clinical signs of toxic reactions, uveitis or secon-
dary glaucoma were found during the follow-up time of up to 3 months. After this
time, the retinal morphology and function were unchanged, highlighting the excellent
biocompatibility of Healaflow®. The gel, furthermore, maintained its integrity for at
least a couple of weeks after injection, indicating a potential use for at least short-term
tamponade. A few iatrogenic retinal detachments were produced at surgery, but were
self-limiting, giving credence to the notion of the tamponading properties of the gel.

Healaflow®, therefore, remained highly relevant for further work in the translational
process to develop a clinically useful novel vitreous substitute.

An exploration into inflammatory responses
elicited by vitreous substitutes

Several studies have highlighted inflammation as a commonly occurring phenomenon
in the development of vitreous substitutes, often limiting their practical use
[Oosterhuis 1966, Vote 2003, Liu 2017]. It is also well-established clinically that
vitrectomy by itself elicits inflammation, necessitating the routine postoperative
topical steroid regime to avoid uveitis [Yasuda 2016, Ben Yahida 2016]. Levels of
cytokines such as IL-6, IL-8, MCP-1, and TGF-B1 are known to increase in the
aqueous humor after vitrectomy, but the pathophysiology, however, is incompletely
known [Hoerster 2013]. To further elucidate the underlying factors to these
complications, we employed the previously described rabbit vitrectomy model to
explore inflammatory responses elicited by current and experimental vitreous
substitutes, and those of vitrectomy itself (paper III). Concurrent with this, we further
validated the biocompatibility of Healaflow”.
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Five immunohistochemical markers were chosen to reflect different aspects of the
immunological response; GFAP and galactein-3 are representative of intrinsic retinal
factors, while leucocytes positive for CD45, CD68, and CD20 indicate responses
from the external immune system. The vitreous substitutes were selected according to
their previously known, distinctly different biocompatibility profiles. The polyalkyl-
imide hydrogel Bio-Alcamid® caused severe degenerative morphological changes and
gliosis in our earlier studies [Crafoord 2011, paper I], and has been proven to cause
chronic inflammation in clinical use as a tissue filler within plastic surgery [Karim
2006, Nelson 2011]. Silicone oil is currently in routine clinical use but has known
biocompatibility issues in the long-term such as inflammation, retinal toxicity, and
optic nerve atrophy [Asaria 2004, Papp 2007, Wickham 2007]. The commercially
available cross-linked hyaluronic acid hydrogel Healaflow® exhibits, as we have pre-
viously shown, good biocompatibility [papers I and II]. These compounds were com-
pared to balanced salt solution (BSS), the standard "minimal” treatment in a clinical
setting.

Immunohistochemistry with these immune markers revealed immune activation
detectable for at least a month after surgery in all groups. The intensity of the inflam-
matory reaction correlated well with the previously known biocompatibility profiles
of the different vitreous substitutes—Healaflow®, similarly to BSS, elicited minimal
inflammation, whereas a potent immune response was induced by exposure to
silicone oil, and especially Bio-Alcamid®. These inflammatory markers also correlated

well with the degree of injury found in the group with iatrogenic retinal lesions such
as breaks and RDs.

The intrinsic retinal response included a diffuse upregulation of Galectin-3, a marker
for neuroinflammation, but was predominantly characterized by an early gliotic
response evident by the upregulation of GFAP. This response was transient and
modest in eyes with Healaflow” and BSS, with the most prominent activation 7 days
after surgery, while Silicone oil elicited a stronger, likewise transient reaction. Bio-
Alcamid®, on the other hand, provoked even stronger, sustained inflammation.
Miiller cell activation and gliosis are common responses to retinal tissue injury, and
has previously been described after vitrectomy as well as in experimental RDs
[Anderson 1986, Durlu 1990, Guizzo 2008], while Galectin-3 has not, to our know-
ledge been described after vitrectomy, suggesting a neuroinflammatory response sepa-
rate from gliosis [Ghosh 2018].

There was also an increased presence of cellular inflammation in all vitrectomized
eyes, accompanying the retina-intrinsic response. This presence was readily detected
with the pan-leukocyte antigen CD45, but also with the macrophage-linage antigen
CD68, while significant CD20 labeling was present exclusively after exposure to Bio-
Alcamid®. The expression of CD-antigen was congruent with GFAP-labeling, show-
ing potent cellular immune responses in silicone oil, and Bio-Alcamid® filled eyes. A
vigorous phagocytic response, together with the presence of multi-nucleated giant
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cells indicates that the inflammation is, at least partly, due to a foreign body reaction.
This pattern is in accordance with previously observed foreign body reactions and
giant cell granulomas associated with silicone oil [Budde 2001, Srinivasan 2003,
Wickham 2007]. Contrasting to this pattern, but similar to the GFAP-results, was the
minimal presence of labeled immune cells in Healaflow® and BSS filled eyes. The
structural and physiological similarities between Healaflow® and the natural vitreous
may very well explain the absence of elevated immune activation when used as a
vitreous substitute. To conclude, GFAP, CD45, and CDGS are relevant biomarkers
for inflammation after vitrectomy and may be valuable in the search for novel vitreous
substitutes.

A new in vivo model for treatment of retinal
detachments

Ideally, the next step towards clinical translation involves iz vivo testing in a relevant
disease model which, in the case of vitreous substitutes has not been extensively
explored so far. Research animals are generally young, healthy with eyes featuring an
intact adhesion between the retina and the posterior vitreous membrane. In contrast,
the pathophysiology of rhegmatogenous retinal detachment (RRD) includes posterior
vitreous detachment (PVD) and retinal break. The pathophysiological process in the
detached retina also involves progressive morphological changes such as neuronal
degeneration, gliosis and proliferative vitreoretinopathy (PVR) affecting interactions
with a tamponading agent [Lewis 2002, Khoroshilova-Maslova 2015].

A surprisingly small number of studies have evaluated the effects of potential vitreous
substitutes on detached retinas. Among them, most have utilized retinal detachments
created immediately prior to the application of the treatment [Yamana 2000, Teruya
2009, Hirata 2013, Yamamoto 2013, Schnichels 2017]. These protocols allow for
practical testing of the tamponading effect but do not truly affect the interactions be-
tween the substances and a detached retina. To accomplish this, the retina must be
detached over a period, allowing for the pathophysiological responses to form before
the reattachment surgery.

The few studies that have been published using vitreous substitutes in retinal detach-
ment models have primarily been designed to explore the pathophysiology of retinal
detachment and reattachment, rather than to study vitreous substitutes. They have all
been conducted in the same feline model, including vitrectomy and lensectomy
before the creation of a retinal detachment with a microinjection of either BSS, or
viscoelastic solution (Healon®). Reattachment surgery including fluid-air exchange
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and injection with SF6 has been performed after time periods ranging from 1 hour up
to 42 days [Anderson 1986, Lewis 2002, Lewis 2005]. Compared to the clinical
situation, there are several major dissimilarities. For example, most clinical cases of
RD present with a PVD and retinal breaks, and the lens is usually either intact or
replaced with an intraocular lens after cataract surgery.

Our goal was to create a more relevant preclinical setting for the development of
vitreous substitutes than those currently available i.e., a RRD treatment model with
the retina detached using PVD and a break, and with a retained lens. The repeat
surgery model presented in paper IV includes vitrectomy with PVD and creation of
retinal detachments with a microinjection of dilute viscoelastic solution and retinal
breaks, similar to the RRD model for porcine eyes described by Jackson [Jackson
2003]. After a period of detachment, in this study 24 hours, redetachment surgery
with vitreous substitutes is performed. For reasons expanded upon previously, we
used rabbits, but the principles can readily be applied in other species.

The method proved feasible, although not entirely without technical challenges due
to the presence of conjunctival edema, vitreous hemorrhage, and cataract. These
factors may be alleviated by further experience and refinement of the model. Eyes
with repeat surgery displayed a higher number of attached retinas than eyes without,
confirming the effect of the redetachment surgery in this setting. Due to a relatively
low number of comparable cases, no definite conclusion can be made concerning the
comparison between the evaluated vitreous substitutes, SF6 and Healaflow®. There
was, however at least as high reattachment rate in the Healaflow® group as with the
currently used SF6, implying a beneficial potential clinical effect. The SF6 group
included a high rate of progression of retinal breaks to giant ruptures, possibly due to
mechanical stress and the lack of retinopexy in the thin and avascular rabbit retina.
The repeat surgery model in the rabbit eye may therefore be more suitable for gels
than tamponading gases such as SF6.

Morphology and immunohistochemistry with GFAP and CD45 demonstrated
similar retinal findings in eyes with, and without repeat surgery, as well as treatment
with either of the two tamponades (SF6 and Healaflow®). The surgically treated
retinas displayed a generally normal overall morphology with expected degenerative
changes in, and in the vicinity of, the retinal detachments and lesions. Immunohisto-
chemistry revealed general, and localized upregulation of GFAP as well as infiltration

with CD45 labeled cells.

The repeat surgery model thus provides a more clinically relevant method for
evaluating potential vitreous substitutes prior to the translation to clinical trials
compared to models involving normal eyes. Healaflow® still remains a promising
candidate for development into clinical use, but further studies are needed—
potentially by using the repeat surgery model in porcine eyes, which are even more
similar to the human counterpart.
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A project with future implications

Recent medical research scandals have reiterated the need for prudent animal testing
before new invasive therapies are introduced into human trials [Lancet 2018]. Despite
rigorous testing, ethical guidelines and government regulations, some side effects and
adverse reactions are still discovered after a long period of clinical use. One of the
substances used in this thesis, Bio-Alcamid®, has a particularly illustrative history. It
was enthusiastically received on its introduction as a synthetic tissue filler in plastic
and reconstructive surgery, generally considered a safe and valuable device [Protopapa
2003, Claoue 2004, Ramires 2005, Lahiri 2007]. After several years of clinical use,
reports of long-term complications such as chronic inflammation and excessive
capsular formation surfaced, and the product was subsequently withdrawn [Karim
2006, Nelson 2011]. Before these concerns were evident, our group had initiated pri-
mary preclinical studies in order to test Bio-Alcamid® as tamponade for vitreoretinal
surgery. The results in our in vivo rabbit vitrectomy model were disappointing,
showing a surprising but significant lack of biocompatibility with inflammation and
severe degeneration, and further development was therefore obviously discontinued
[Crafoord 2011]. From these beginnings, our desire to characterize and predict these
adverse events were born, along with a resolve to find better and more suitable
substances.

During the course of this project, several new methods have been pioneered to
increase the rigor of biocompatibility testing and to smoothen the translational
process; from the iz vitro retinal explant culture assay to the potential clinical impact
of the in vivo repeat surgery model. Each step along this path contributes to a better
understanding of the physiological and morphology impact of vitreous substitutes and
furthermore offers potential economic and ethical benefits. Together these new
methods represent our new paradigm for the translational development of future
vitreous substitutes: sequential testing with a) in vitro retinal explant culture bio-
compatibility screening; b) in vivo biocompatibility trials in the rabbit vitrectomy
model, evaluated with morphology, immunohistochemistry, and ERG); ¢) efficacy
testing with the repeat surgery model in rabbit and/or porcine eyes; and d) human
trials.

Through these stages of translation, a promising novel vitreous substitute, Healaflow®
has proven its potential and excellent biocompatibility. With further research into its
effect, it could potentially be a valuable addition as a short-term tamponade in clinical
use in the near future.
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CONCLUSIONS

*  The herein presented in vitro retinal explant culture assay offers an
innovative alternative to traditional cell-culture based toxicological testing
wherein the bio-compatibility, and retinal impact of different vitreous
substitutes can be tested in a more physiologically relevant environment.
The bio-compatibility and retinal impact of previously evaluated sub-
stances (Bio-Alcamid® and PEG) correlate well with iz vive findings,
whereas explants subjected to Healaflow® display similar or less degene-
ration than those kept under standard tissue culture conditions.

* In the previously established iz vivo rabbit vitrectomy model, the cross-
linked hyaluronic acid hydrogel Healaflow® exhibits excellent biocompa-
tibility regarding retinal function and morphology.

*  The use of vitreous substitutes and vitrectomy itself elicits intrinsic as well
as extrinsic inflammatory tissue responses in the form of galectin-3 and
GFAP upregulation in concert with infiltration of CD45 and CDG68
positive cells. Retinas exposed to Healaflow® display inflammation com-
parable to BSS exposed counterparts, while Bio-Alcamid® and silicone oil
elicit a response characterized by higher levels of gliosis and inflammatory
cells.

*  The in vivo repeat surgery model offers a new, clinically relevant way to
study the practical use and effects of potential tamponades in the
treatment of retinal detachment precluding clinical trials.

*  The in vitro and in vivo biocompatibility profile of Healaflow® correlate
well, suggesting that this compound is a promising candidate for
translational development into clinical use as a vitreous substitute.

*  The combination of the presented 7 vivo and in vitro methods comprise a
new paradigm in the development of novel vitreous substitutes,
potentially offering efficient and thorough evaluation before translation to
clinical trials.
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SVENSK
SAMMANFATTNING

Blixtar. Svarta prickar, spindelben och dimmoln. Rorliga grumlingar framfor ogat och
liknade symptom drabbar varje dag méinga svenskar. Oftast dr symptomen helt ofarliga
men de kan ocksd tyda pd begynnande nithinneavlossning, vilket i vérsta fall kan leda till
blindhet.

Nithinneavlossning bérjar i de flesta fall med en s.k glaskroppsavlossning. Detta
tillstdind innebir att glaskroppen, den geléartade massa som fyller det inre av dgat,
borjar skrumpna och sldppa fran nithinnan. Det ir en éldersrelaterad process som kan
vara orovickande men oftast dr helt ofarlig. Glaskroppen sitter normalt sett relativt
16st fist vid ndthinnan, men om dragningen mot nithinnan blir for kraftig eller om
det finns svagheter i denna, kan det uppsta hél eller stérre revor. Genom dessa kan
vitska tringa in som i sin tur kan l6sgora nithinnan frin underlaget, en nithinne-
avlossning. Om detta uppstar, fir man i regel innu mera framtridande och oroande
symptom 4n vid enbart glaskroppsavlossning; synbortfall i form av morka skuggor
som gradvis blir storre och dill slut suddig syn. Normalt sett dr det enda sittet att bota
nithinneavlossning operation, vilken méste utforas relativt snabbt f6r att forhindra
allvarliga synhandikapp eller t.o.m. blindhet.

Vitrektomi 4r en av de vanligaste operationsmetoderna vid nithinneavlossning och
andra tillstind som t.ex efter allvarligt trauma och diabeteskomplikationer. Denna
operationsmetod innebir att man klipper och suger ut glaskroppen med sma instru-
ment, varvid draget mot nithinnan kan avligsnas. For att tippa till, tamponera,
eventuella hal i nithinnan och underlitta likningsprocessen anvinds oftast special-
utvecklade gaser som si smaningom férsvinner av sig sjilv och ersitts av kroppsegen
vitska. I svara fall kan dven silikonolja anvindas, vilken maste avldgsnas efter en tid.
Bide gaserna och oljan har avsevirda nackdelar; under behandlingstiden #r synen
alltid kraftigt nedsatt och behandlingen 4r férenad med biverkningar i form av
inflammation, gra starr, tryckstegringar, toxisk pavekan pd nithinnan och fortvining
av synnerven. Dessutom méste man med dessa tamponader ofta for att fi optimal
effekt halla huvudet i obekvima ldgen under en viss del av behandlingstiden.
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For att forbittra bade likning och minska biverkningarna har man under ling tid
forsoke utveckla nya, bdttre sitt att ersdtta glaskroppen pa, men hittills har inget
alternativ lyckats. Man skulle kunna tro att glaskroppen, som dven 6gonlikare ofta
brukar se som en okomplicerad gelé, borde vara relativt enkel att efterlikna, men sa
tycks inte vara fallet. I sjdlva verket dr glaskroppens struktur mycket specifik och dess
fysiologiska paverkan pi 6gats 6vriga vivnader komplex. Studier har visat att glas-
kroppen ir viktig for ett flertal normala funktioner, bland annat genom att upp-
ritthalla den viktiga mikromiljén i 6gat. Exempelvis okar risken for grastarr om denna
miljo rubbas, sisom efter en vitrektomi. Glaskroppens struktur 4r en si kallad
hydrogel som huvudsakligen bestdr av vatten, hyaluronsyra och ett nitverk av
kollagenfibrer som likt armeringsjirn skapar stadga. Hyaluronsyra ir kint for att vara
skonsamt mot kroppen; t.ex. har preparat i gel-form, ursprungligen utvunna ur tupp-
kammar, linge anvints inom grastarr-kirurgi och for att lindra artros i leder.

Svarigheten med att hitta en vilfungerande ersittning for dgats naturliga glaskropp,
ett glaskroppssubstitut, hirrér fran glaskroppens komplexa samspel med &gats inre i
kombination med den linga lista av andra 6nskvirda egenskaper som man kan upp-
ritta; till exempel maste preparatet vara skonsamt mot nithinnan, vara méjligt att
fora in i 6gat under operationen och inte stéra synen med grumligheter eller besvi-
rande brytningsindex. For att efterlikna den naturliga glaskroppen har vi dérfér under
hela det projekt som ligger till grund f6r denna avhandling utvirderat ett preparat,
Healaflow®, som bestar av hyaluronsyra dir molekylerna pa artificiell vig samman-
linkats, korsbundits.

Férutom ovan nimnda svarigheter, har det tidigare funnits luckor i processen for att
utveckla och fora Gver nya lovande glaskroppssubstitut fran laboratoriet till kliniken —
den si kallat translationella processen. Traditionellt sett har man f6rst analyserat nya
substanser kemiskt och fysikaliskt samt utfort toxikologiska forsok péa enskilda celler.
Direfter har man 6vergitt till f6rsok pa friska, unga f6rsoksdjur och si sminingom till
kliniska studier pd patienter. De stora hopp i den translationella processen som dessa
steg inneburit, har gjort att viktig information om ogats reaktioner pd den undersokta
substansen missats. Detta kan vara en av forklaringarna till att vi dnnu inte har nigon
bittre tamponad att tillgd 4n gas och olja.

Den viktigaste vivnad som glaskroppen interagerar med 4r nithinnan. Denna
struktur liknar pi minga sitt hjirnan i sin uppbyggnad och ir dirmed komplex i sin
struktur. Dess samspel med frimmande substanser dterspeglas inte fullt ut i metoder
som baseras pi enstaka celler. Av detta skil utvecklade vi i artikel I en metod fr att
sikrare bedoma hur skonsamt, biokompatibelz, ett glaskroppssubstitut ar for nit-
hinnan. Metoden baserar sig pd att isolerad vuxen nithinna fran ritta exponeras for
gelartade substanser i en odlingsmiljo. Nithinnorna kan sedan analyseras mikro-
skopiskt och med sk. immunohistokemi. Resultatet frin detta forsok visade sig
stimma vil dverens med tidigare fynd som vér grupp gjort i en vitrektomimodell pa
kanin dir péverkan av polvetylenglykol (PEG) och Bio-Alcamid® studerades. I det
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aktuella experimentet undersoktes dven den korsbundna gelen Healaflow® som be-
fanns paverka nithinnan minst och t.o.m skyddade den frin patologisk paverkan.

Som ett led i den translationella utvecklingen provade vi ocksi Healaflow® i den
tidigare nimnda kanin-vitrektomi modellen, presenterad i artikel II. Gelen kunde
litt anvindas med sedvanliga kirurgiska metoder och den verkade vare sig piverka
nithinnans elektrofysiologi (funktion) eller struktur negativt.

For att gé dnnu mer pa djupet i hur olika glaskroppssubstitut och vitrektomi i sig sjilv
paverkar nithinnan gick vi sedan vidare med ytterligare forsok i kanin-modellen,
vilket redogérs for i artikel ITI. Hir ville vi ndrmare utreda det inflammatoriska svaret
i ndthinnan efter paverkan av glaskroppssubstitut som tidigare visat olika biokom-
patibilitetsprofiler. I detta experiment jimforde vi Healaflow® och Bio-Alcamid® med
tvd av de substanser som idag anvinds i klinisk praxis — saldlosning (BSS) och silikon-
olja. Vid immunohistokemiska analyser av ett antal olika inflammatoriska markorer,
for sivil nithinnans interna som det cell-baserade externa svaret, fann vi att
Healaflow® utléser ungefir lika lindrig inflammation som vitrektomi dir BSS an-
vinds, medan bdide silikonolja och Bio-Alcamid® frammanar ett betydligt kraftigare
inflammatoriskt svar i nithinnan.

Som tidigare nidmnts brukar man oftast i utvecklingsprocessen av potentiella
glaskroppssubstitut g direkt frin forsok i friska djurdgon till kliniska prévningar.
Detta tillvigagingssitt tar t.ex. inte hidnsyn till att en avlossad nithinna sannolikt dr
kinsligare och samspelar annorlunda med frimmande substanser jimf6rt med en frisk
motsvarighet. Dessutom kan man givetvis inte heller utvirdera nigon behandlings-
effekt. For att bittre virdera detta samspel och kunna bedoma substansens behand-
lingspotential utvecklade vi en ny nithinneavlossningsmodel i kanin, beskriven i
artikel IV. I denna skapar vi i samband med vitrektomi forst en glaskroppsavlossning,
sedan ett hal i ndthinnan och till sist en avlossning genom att utféra en mikro-
injektion under densamma. Efter minst ett dygn gors en ny vitrektomi da nithinnan
laggs pé plats och glaskroppssubstitut injiceras. Vi jimforde i denna studie Healaflow®
med en av de vanligaste behandlingsmetoderna i kliniken, SF6-gas. Metoden visade
sig vara tekniske ndgot krivande, men klart genomforbart. Studien ir av relativt
preliminir karaktir, men Healaflow® visade sig i dessa forsok ha minst lika god effekt
som SF6.

Sammanfattningsvis presenteras hir metoder som tillsammans utgdr ett nytt
translationellt tillvigagingssitt for att utveckla nya glaskroppssubstitut. Vi har med
hjilp av detta utvirderat bl.a Healaflow” som visat sig ha stor potential f6r framtida
klinisk anvindning vid kirurgisk behandling av avancerad nithinnesjukdom.
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Abstract

Purpose To describe a new model for in vitro assessment of
novel vitreous substitute candidates.

Methods The biological impact of three vitreous substitute
candidates was explored in a retinal explant culture model; a
polyalkylimide hydrogel (Bio-Alcamid®), a two component
hydrogel of 20 wt.% poly (ethylene glycol) in phosphate
buffered saline (PEG) and a cross-linked sodium hyaluronic
acid hydrogel (Healaflow®). The gels where applied to
explanted adult rat retinas and then kept in culture for 2, 5
and 10 days. Gel-exposed explants were compared with ex-
plants incubated under standard tissue culture conditions.
Cryosections of the specimens were stained with hematoxylin
and eosin, immunohistochemical markers (GFAP, Vimentin,
Neurofilament 160, PKC, Rhodopsin) and TUNEL.

Results Explants kept under standard conditions as well as
PEG-exposed explants displayed disruption of retinal layers
with moderate pyknosis of all neurons. They also displayed
moderate labeling of apoptotic cells. Bio-Alcamid®-exposed
explants displayed severe thinning and disruption of retinal
layers with massive cell death. Healaflow®-treated explants
displayed normal retinal lamination with significantly better
preservation of retinal neurons compared with control
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specimens, and almost no signs of apoptosis. Retinas exposed
to Healaflow® and retinas kept under standard conditions
showed variable labeling of GFAP with generally low expres-
sion and some areas of upregulation. PEG-exposed retinas
showed increased GFAP labeling and Bio-Alcamid®-exposed
retinas showed sparse labeling of GFAP.

Conclusions Research into novel vitreous substitutes has im-
portant implications for both medical and surgical vitreoretinal
disease. The in vitro model presented here provides a method
of biocompatibility testing prior to more costly and cumber-
some in vivo experiments. The explant culture system im-
poses reactions within the retina including disruption of
layers, cell death and gliosis, and the progression of these
reactions can be used for comparison of vitreous substitute
candidates. Bio-Alcamid® had strong adverse effects on the
retina which is consistent with results of prior in vivo trials.
PEG gel elicits reactions similar to the control retinas whereas
Healaflow® shows protection from culture-induced trauma
indicating favorable biocompatibility.

Keywords Vitreous substitute - Immunohistochemistry -
Retinal culture - Vitreoretinal surgery - Hyaluronic acid -
Polyethylene oxide - Polyal kylimide

Introduction

Vitrectomy is a common procedure for several eye disorders
capable of severely impacting the vision of affected patients
and has an important role in the treatment of conditions such
as rhegmatogenous retinal detachment, severe diabetic reti-
nopathy, penetrating ocular trauma, macular holes and
epiretinal membranes. The removal of vitreous tissue during
vitreoretinal surgery mandates its replacement, either in the
form of water or various tamponading agents. The compounds
currently in widespread clinical use such as balanced salt
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solutions, gases, silicon oils and perflourocarbon liquids all
have considerable disadvantages, with complications such as
cataract formation, uveitis, increased intraocular pressure [1]
and cytotoxicity [2, 3]. Further, current tamponading agents
are either resorbed spontaneously after a few weeks or are not
suitable for long-term use [4-9], and may require strict body
positioning postoperatively.

The search for improved vitreous substitutes has been
ongoing since the early days of the 20th century [10]. Early
attempts were made to transplant animal and human vitreous
[11] and investigations have been made into numerous semi-
synthetic [12—14] and synthetic [15] molecules, although few
of them have reached a clinical setting and none have fulfilled
the requirements for long-term biocompatibility.

Traditionally the interactions of vitreous substitutes with
eye tissues have been studied in various animal models in
vivo. Such trials are, however, costly, time consuming and
might be considered ethically problematic. In some cases
in vivo experiments have been precluded by preclinical
toxicological assays, mainly targeting apoptosis in cultures
of cells from tissues outside the eye [16, 17], isolated retinal
pigment epithelium (RPE) cells [18, 19] or dissociated cells
from embryonal retinas [20]. The validity of these findings in
relation to a clinical setting is, however, unclear since they
represent a large transitional step regarding the impact on the
adult neuroretinal sheet [21]. Therefore, a means to investigate
the biological impact of vitreous substitutes more similar to
the in vivo situation is desirable.

For this paper we wanted to explore a novel in vitro model
for investigating the biological impact of vitreous substitutes
on the neuroretina. To this end we have used the well-
established retinal explant model to study three polymer
hydrogels of different chemical composition that theoretically
may be considered as potential vitreous substitutes; 1) Cross-
linked hyaluronic acid (Healaflow®), clinically used in glau-
coma surgery [22, 23]; 2) Poly (ethylene glycol) (PEG),
widely used in different biochemical applications [24, 25];
and, 3) Polyalkylimide (Bio-Alcamid®), clinically used in
reconstructive surgery [26-29].

Materials and methods

Three vitreous substitute candidates were investigated in the
retinal explant culture model: a cross-linked sodium
hyaluronic acid (22,5 mg/ml) hydrogel (Healaflow®); a two
component hydrogel of 20 wt.% poly (ethylene glycol) in
phosphate buffered saline (PEG) and a polyalkylimide hydro-
gel (Bio-Alcamid®). The gels where applied to explanted
adult rat retinas and then kept in culture for 2, 5, and 10 days
in vitro (DIV). Gel-exposed explants were compared with
explants incubated under standard conditions (medium only).
Cryosections of the specimens were stained with hematoxylin
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and eosin, immunohistochemical markers (GFAP, Vimentin,
PKC, NF160, Rhodopsin) and TUNEL.

Animals

Retinas from adult Sprague-Dawley rats were used. All pro-
ceedings and animal treatment were in accordance with the
guidelines and requirements of the government committee on
animal experimentation at Lund University and with the As-
sociation for Research in Vision and Ophthalmology (ARVO)
statement on the use of animals in ophthalmic and vision
research.

Gels

Healaflow® (Anteis S.A., Plan Les Ouates, Switzerland) is a
commercially available translucent hydrogel, clinically used
in glaucoma filtering surgery as a space-filler and to limit
postoperative fibrosis [22, 23]. The hydrogel consists of over
97% water, sodium hyaluronic acid (22.5 mg/ml) of non-
animal origin cross-linked with BDDE (1.4-Butanediol
diglycidyl ether), and phosphate- and NaCl-salts to maintain
a physiological pH (7.0) and osmolarity (305 mOsm/kg). The
estimated specific gravity is circa 1.03, and the refractive
index i=1.341.

A custom made two component cross-linked hydrogel
(PEG) consisting of 20 wt.% poly (ethylene glycol) in phos-
phate buffered saline (PBS) was prepared by mixing PEGDA
in PBS into ETTMP-1300 in PBS [30]. PEG is a synthetic
water-soluble polymer approved by the FDA for biomedical
use in different applications including injectable hydrogels. It
has been investigated for use in intravitreal drug delivery,
repair of scleral incisions and the sealing of retinal breaks in
retinal detachment surgery [24, 25].

Bio-Alcamid® (Polymekon, Brindisi, Italy) is a commer-
cially available clear hydrogel in clinical use as tissue filler for
plastic and reconstructive surgery, mainly for lipoatrophic and
posttraumatic conditions. The hydrogel consists of approxi-
mately 4% reticulated polyalkylimide and approximately 96%
non-pyrogenic water (pH 6.9), it contains no free monomers
and is considered physically and chemically stable [29]. In
vivo a collagen capsule surrounding the implanted Bio-
Alcamid® is formed.

Tissue handling and culture procedure (Fig. 1)

The rats were euthanized with CO, with subsequent de-
capitation, enucleation and immediate immersion of the eyes
in an ice-cold CO2-independent medium (Gibco, Paisley,
UK). The neuroretinas were dissected from the retinal pigment
epithelium (RPE) and the vitreous with fine forceps, and either
half or the entire neuroretinas were subsequently explanted on
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Fig.1 Schematic overview of the
retinal explant culture system
with the vitreous substitute
candidate

PETRI DISH

CULTURE PLATE INSERT

to culture plate inserts (Millicell Isopore-PCF 0.4 um, 30 mm;
Millipore, Billerica, ME) with the photoreceptor layer against
the membrane, and covered by 50-100 pl gel (Healaflow®,
PEG, or Bio-Alcamid®) depending on the size of the explant.
The explants were cultured in 2 ml of Dulbecco’s modified
Eagle’s medium (DMEM)/F12 medium-I-glutamine (Gibco)
supplemented with 10% fetal calf serum, with a drop of
enriched medium applied directly onto the gels to ensure
saturation. The cultures were also supplemented with
2 mM l-glutamine, 100 U/ml penicillin and 100 ng/ml strep-
tomycin (Sigma-Aldrich, St Louis, MO), and the retinas were
kept at 37 °C at 95% humidity and 5% CO2. Four explants in
each group (standard conditions, Healaflow®, PEG, and Bio-
Alcamid®) were kept in culture for 2 days and six explants in
each group were kept for 5 or 10 days, with exchange of half
the culture medium after 3, 5, 7 and 9 days. No exchange of
gel was made during the change of medium.

Immunohisto chemistry

In preparation for further histological studies the explants
were fixed for 1 h in 4% formalin (pH 7.3) in 0.1 M Serensen
phosphate buffer (PB). The specimens were then washed with
0.1 M Serensen PB; this was repeated with the same solution
containing sucrose of increasing concentrations (5-25 %).
Specimens were sectioned to 12 pm on a cryostat and every
tenth slide was stained with hematoxylin and eosin according
to standard procedures.

For immunohistochemical staining sections were washed
at room temperature with 0.1 M of sodium PBS (pH 7.2) with
0.1% Triton X—100 (PBS/Triton), and thereafter incubated
overnight at 4 °C with antibodies against the following anti-
gens; Rhodopsin [rod photoreceptors] (Rho4D2, a kind gift

EXPLANTED RAT RETINA

(=
 —

from Prof. R.S. Molday, Vancouver, Canada; monoclonal,
diluted 1:100), phospho-protein kinase C [PKC, rod bipolar
cells] (KO1107M; Cell Signaling, USA; diluted 1:200), Neu-
rofilament 160 KDa [NF1 60, ganglion and horizontal cells]
(clone NN18; Sigma, St. Louis, MO, USA; diluted 1:500),
glial fibrillary acidic protein [GFAP, activated Miiller cells]
(clone G-A-5; Millipore, Sundbyberg, Sweden; diluted 1:200
with PBS/Triton with 1% bovine serum albumin) and
vimentin [Miiller cells] (Chemicon, USA; 1: 500). After incu-
bation with the antibodies and rinse with PBS/Triton the slides
were incubated with fluorescein isothiocyanate (FITC)-conju-
gated antibodies (Sigma-Aldrich, St. Louis, MO, USA) for
45 min, rinsed and mounted in an anti-fading mounting media
(Vectashield, Vector laboratories, Inc., Burlingame, CA,
USA). Negative controls were obtained by performing the
same procedure as above but without any primary antibodies.
Antibodies are summarized in Table I. For identification of
apoptotic cells a commercial terminal transferase-mediated
dUTP nick-end labeling (TUNEL) assay system with
fluorescein-conjugated dUTP (Boehringer Mannheim, Mann-
heim, Germany) was used on the retinal sections according to
the manufacturers instruction.

Results

Retinal explant cultures

All gels (Healaflow®, PEG and Bio-Alcamid®) could suc-
cessfully be applied to the explanted retinal tissue.

Healaflow® and PEG formed even films over the retinal
explants whereas Bio-Alcamid® retained a thick, uneven
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Table I Specification of immounohistochemical markers

Antigen Antibody name

GFAP Anti-glial fibrillary acidic protein

Neurofilament 160

KDa (NF160) Anti-Neurofilament 160 clone NN18

PKC Phospho-PKC (pan)
Rho4D2 Rod photoreceptor
Vimentin Mouse anti-vimentin

Secondary antibody Antibody name

FITC Anti-mouse IgG FITC conjugate

FITC Goat Anti-Rabbit IgM + IgG (H

Target structure Species Dilution Source
Astrocytes, activated Mouse 1200 Chemicon International, CA,
Miiller cells monoclonal USA
Ganglion and Mouse N .
huri;uma.l cells monoclonal 1500 Sigma, St. Louis, MO, USA

P, Rabbit Cell Signaling, Beverly, MA,
Rod bipolar cells polyclonal 1200 USA ©
Mouse . Kind gift of Prof. RS Molday,
Rod photoreceptor monoclonal 1:100 Vancouver, Canada

. Mouse . Chemicon International, CA,
Miiller cells monoclonal 1:500 USA
Target Species Dilution  Source
Anti-mouse Goat 1:200 Sigma, St Louis, MO, USA
Anti-rabbit Goat 1200 Southem Biotechnology

+ L chain specific

texture that did not cover the explants completely even after a
prolonged time. The PEG gel was found to benefit from a
20 min incubation time prior to administration of the medium,
allowing for some gelation and preventing dissolution. The
gels remained translucent and could be visualized at every
exchange of the medium and were confirmed to be macro-
scopically saturated with the colored medium by means of
visual inspection. Two of the explant-cultures suffered infec-
tion and were excluded from further analysis.

Cytoarchitecture and cell death (Fig. 2)

After two DIV hematoxylin- and eosin-stained sec-
tions of explants kept under control conditions as well
as PEG-exposed explants displayed an abnormal retinal
lamination with a wavy appearance of the outer nuclear
layer (ONL). The ONL also displayed variable thickness,
displacement towards the inner retina and moderate
pyknosis. Inner retinal layers displayed some variability
in total thickness and moderate pyknosis. Healaflow®-
treated explants showed almost normal retinal lamination
with significantly better preservation of retinal neurons
compared with control specimens, whereas Bio-
Alcamid®-exposed explants displayed a highly variable
cytoarchitecture with severe thinning and disruption of all
retinal layers in most parts, and a less disrupted structure in
minor areas. TUNEL labeling at 2 DIV demonstrated no or
almost no apoptotic cells with explants kept under control
conditions, with Healaflow® and with PEG, and some apo-
ptosis with explants cultured with Bio-Alcamid®. After 5 and
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10 DIV a progressive increase in pyknosis and laminar dis-
ruption was seen in all groups. Retinas kept under standard
conditions, and especially with Healaflow®, exhibited less
pyknosis and laminar disruption than those treated with PEG
and Bio-Alcamid®. TUNEL labeling of 5 DIV explants kept
under control conditions and those subjected to PEG
displayed moderate signs of apoptosis. Healaflow®-treated
retinas showed almost no TUNEL labeling whereas explants
treated with Bio-Alcamid® displayed massive cell death. At
10 DIV intense TUNEL labeling was observed in explants
cultured under standard conditions, low labeling with
Healaflow®-treatment and very low labeling in the PEG-
and Bio-Alcamid®-treated cultures.

Rod photoreceptors (Fig. 3)

Rhodopsin-labeled photoreceptor cells in standard cultures
displayed high intensity labeling of the outer segments (OS)
and in the outer plexiform layer (OPL), with mild intensity
labeling present in the ONL. Similar patterns of labeling were
seen at 2 and 5 DIV. At 10 DIV stronger labeling was seen in
the ONL. The Rhodopsin labeling pattern of Healaflow®- and
PEG-exposed explants was comparable to the standard

Fig. 2 Cryosections of rat retina explants at 2, 5 or 10 days in vitro P
(DIV) cultured with standard conditions (CTRL), Healaflow® (HF),
PEG-gel (PEG) and Bio-Alcamid® (BA). Hematoxylin and eosin
staining (top rows), and TUNEL staining (bottom rows). Abbreviations:
inner nuclear layer (INL), outer nuclear layer (ONL). Scale bar=25 pm
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Fig. 3 Cryosections of rat retina explants at 2, 5 or 10 days in vitro
(DIV) cultured with: standard conditions (CTRL), Healaflow® (HF),
PEG-gel (PEG) and Bio-Alcamid® (BA). Immunohistochemical staining

control. Bio-Alcamid® explants displayed intense labeling of
the entire ONL already at 2 DIV.

Inner retinal cells (Fig. 4)

PKC labeling for rod bipolar cells at 2 DIV displayed a
high variability with the most intense labeling towards the
peripheral edge of the control explants. In 5 DIV specimens
only a few PKC-labeled cell bodies were found whereas 10
DIV specimens did not show any remaining rod bipolar cells.
In Healaflow®-treated specimens at 2 DIV a few PKC-labeled
rod bipolar cells were found, but in older explants no such
cells were found. PEG and Bio-Alcamid® explants did not
display any PKC-labeled rod bipolar cells.

Neurofilament 160-labeled ganglion cells were seen in all
retinal cultures with no clear differences between the different
tested gels. No difference was observed between different
incubation times.
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for Rhodopsin. Abbreviations: inner nuclear layer (INL), outer nuclear
layer (ONL). Scale bar=25 pm

Miiller cells (Fig. 5)

GFAP labeling, indicative of Miiller cell activation,
showed very low intensity in most parts of the control retinas
at 2 DIV but intense labeling was present in astrocytes located
in the innermost retina. A generally low labeling intensity was
seen at 5 DIV with some areas of moderate to high labeling of
Miiller cells (shown in Fig. 4). At 10 DIV some areas of
moderate labeling was seen with mostly fragmentary labeling
having a tortuous appearance of the Miiller cell fibers.
Healaflow®-subjected retinas displayed patterns similar to
those of the control retinas at all timepoints, although there

Fig. 4 Cryosections of rat retina explants at 2, 5 or 10 days in vitro P
(DIV) cultured with: standard conditions (CTRL), Healaflow® (HF),
PEG-gel (PEG) and Bio-Alcamid® (BA). Immunohistochemical
staining: a PKCpan; b Neurofilament 160. Abbreviations: inner nuclear
layer (INL), outer nuclear layer (ONL). Scale bar=12.5 pm
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was a tendency towards a slightly lower labeling intensity at 5
DIV.

The retinas exposed to PEG and Bio-Alcamid® displayed a
high labeling intensity in the inner retina with labeled Miiller
cell fibers occasionally reaching the ONL at 2 DIV. After 5
DIV moderate, variable expression both in the inner retina and
in fibrils was exhibited on the PEG exposure. Bio-Alcamid®-
exposed retinas exhibited low labeling intensity, almost ex-
clusively in the inner retina. At 10 DIV cultures with PEG
showed moderate, variable expression and those cultured with
Bio-Alcamid® displayed only weak labeling present in the
inner retina.

Vimentin labeling of Miiller cell cytoskeletons was present
in fibers through the inner parts of the retina, in some areas
through to the ONL, with some labeling in the innermost
retina. No significant differences were seen between the dif-
ferent groups but increased hypertrophy and disorganization
of Miiller cell fibers was seen over time with the labeling
pattern appearing almost granular at later time points.

Discussion
Summary

In this study a new in vitro model for evaluating the
effect of potential vitreous substitutes on adult
neuroretinal sheets was explored. Three potential candi-
dates were evaluated and compared to retinal explants
cultured under standard conditions. Clear differences
were seen between the groups with similar effects ob-
served in explants cultured under standard conditions and
with Healaflow®, and more degenerative findings in
cultures with PEG and, particularly, Bio-Alcamid®. The
relative degenerative morphological and immunohisto-
chemical changes for the different gels compared to
standard conditions are summarized as qualitative com-
pound scores in Table 2.

The in vitro model

Research into novel vitreous substitutes has important impli-
cations for both medical and surgical vitreoretinal disease. An
in vitro assay analysed using immunohistochemistry and
morphological stainings can determine the biocompatibility
and safety of potential vitreous substitutes. This may provide
better predictions of the effects of novel substances on the
retina than the traditional, more simplistic in vitro assays
currently in use [16-19, 21, 31].

The in vitro model presented here provides a method of
biocompatibility testing prior to more costly and cumbersome
in vivo experiments [20]. In retinal explant cultures under
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Fig. 5 Cryosections of rat retina explants at 2, 5 or 10 days in vitro P
(DIV) cultured with: standard conditions (CTRL), Healaflow® (HF),
PEG-gel (PEG) and Bio-Alcamid® (BA). Immunohistochemical
staining: a GFAP; b Vimentin. Abbreviations: inner nuclear layer (/NL),
outer nuclear layer (ONL). Scale bar=12,5

standard conditions there are several well-characterized reac-
tions easily observable as early as 3 or 4 DIV [32-34]. These
reactions include gliosis and neuroretinal degeneration and
can be visualized by GFAP upregulation, disruption of the
cell layers and the labeling of apoptotic cells. Using these
reactions elicited by the explant culture system under standard
conditions and comparing them to different vitreous substitute
candidates indicates the biocompatibility of the substances
in vivo.

Our previous results and our hypothesis

The vitreous is often simplistically seen as a mere space filler
inside the eye bulb. There is, however, evidence of a more
intricate and purposeful composition [10] with important
physiological implications on the micro-milieu of the retina
including the upkeep of salt and nutrient gradients, physical
support and more [35, 36]. An ideal vitreous substitute would
replicate these influences on the neuroretina and surrounding
tissues as well as provide a tamponading effect after vitrecto-
my [10].

In two recent papers our group investigated two promising
potential intravitreal substitutes in an in vivo rabbit model:
Polyalkylimide (Bio-Alcamid®) [37] and a poly (ethylene
glycol) (PEG) hydrogel [38].

Bio-Alcamid® is a translucent hydrogel with high biocom-
patibility [26, 27] used in plastic surgery and in clinical use
forms a surrounding collagen capsule giving it a degree of
isolation from the surrounding tissue [28]. The synthetic poly-
mer hydrogel PEG is used in different biomedical application,
has been tested for intravitreal administration of drugs [24, 39]
and is FDA approved for use intravitreally. The in vivo trials
showed favorable biocompatibility but inadequate stability
in vivo using PEG where the substance was largely tolerated
with minor changes in retinal cytoarchitecture and GFAP-
upregulation, and minor electrophysiological changes [38].
On the other hand, Bio-Alcamid® displayed suitable physical
properties but caused severe functional and morphological
retinal damage with increased GFAP expression and cell death
(TUNEL) [37].

The use of derivates of sodium hyaluronic acid in
vitreoretinal surgery predates their ubiquitous use in cata-
ract and anterior segment surgery [12, 14, 40-42], but their
use in a clinical setting has been limited mainly due to
concern about short term side effects and retention time
[41, 43]. Healaflow® is a commercially available com-
pound consisting of a cross-linked sodium hyaluronic acid
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Table 2 Relative compound score for the degenerative retinal changes for the different gels compared to standard conditions ranging from — to ++

Gels Cytoarchitecture and cell death Rod photoreceptors Inner retinal cells Miiller cell activation
Healaflow® _ 0 + B

PEG + 0 T+ +

Bio-Alcamid® ++ —+ T+ -+

hydrogel and is FDA approved for use in glaucoma surgery
[22, 23]. The composition of Healaflow® is akin to natural
vitreous: a reinforced hydrogel of hyaluronic acid with
similar physical properties and thus considered a plausible
candidate for vitreous substitution.

In vivo vs. in vitro: our earlier results and others

It seems to us that a good correlation exists between the results
ofthis in vitro explant culture system and earlier results for all
the tested substances.

In this setting retinal explants cultured with Healaflow®
compare very well to specimens cultured under standard
conditions and even seem to lessen the trauma caused by the
culture process. This is consistent with the excellent biocom-
patibility of hyaluronic acid seen in other studies [18, 19].
Hyaluronic acid is one of the main constituents of natural
vitreous and is consistently well-tolerated in different biomed-
ical applications. Healaflow® may exert a protective effect
from culture-induced trauma on the retinal explants by pro-
viding a more physiologically similar microenvironment
in vitro. Additionally, the positive effect on the retina could
be due to biomechanical factors via physical interaction from
the gel that might prevent retinal folds and keep the explants
under tension. This is a factor that previously has been showed
to favorably affect retinas in vitro [44].

PEG gel elicits reactions similar to the control retinas with
comparable changes in the cytoarchitecture but with earlier,
more intense TUNEL labeling, consistent with previous
in vivo findings [38]. In the retinal explant cultures with the
longest duration (10 DIV) there was a decrease in the amount
of apoptotic cells observed at earlier time points. This may be
due to a loss of viable cells as cell death occurred earlier than
for Healaflow® and standard conditions, indicating a stronger
adverse reaction to these gels than what is caused by the
culture procedure.

Bio-Alcamid® caused severe retinal damage in vivo [37]
and negatively affected the morphology of cells and cell
layers, induced cell death and induced GFAP upregulation
very early in vitro. Some of the variability in cytoarchitecture
for retinas treated with Bio-Alcamid® might have been due to
uneven coverage of the gel. The adverse effects may in part be
influenced by uneven exposure to the medium, but cytotoxic
effects from the gel itself are likely to play a part in this
process. The explanted retinas were less affected in minor
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areas that may not have been in direct contact with the gel,
although this is difficult to discern due to the loss of gel in the
preparation and sectioning procedures. This is in accordance
with previous studies that demonstrated pathological changes
in the retina in vivo, primarily in parts more likely to have
been in direct contact with the gel [37], suggesting at least in
part a toxic or immunological response. Recently, clinical use
of Bio-Alcamid® in reconstructive surgery has become in-
creasingly controversial due to late complications such as
inflammation, infection and excessive capsule formation
[45-48].

Conclusion

The retinal explant assay described in this paper has the
potential to be a useful tool for preliminary study of vitreous
substitute candidates prior to more costly andtime-
consumingin vivo testing. In addition, it may reduce the need
for laboratory animals and limit the severity of the experi-
ments from an ethical standpoint by excluding unfit sub-
stances from further testing, thereby providing refinement of
the tests. In vivo tests will still be essential before testing on
human subjects but this assay may minimize the translational
step which would prove valuable and beneficent in vetting out
unsuitable biomaterials.

A need for better vitreous substitutes still remains and more
suitable substances would be highly valuable. Healaflow®
and, to a lesser extent, PEG seem to be promising candidates
for further development and further in vivo testing of these
and similar substances is clearly indicated.
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Abstract

Purpose Vitrectomy requires the substitution of the natural
vitreous, as well as tamponading of retinal breaks. Clinically
available alternatives such as gas and silicone oil have side
effects such as inflammation, secondary glaucoma, cataract,
and a need for head posturing. In this study, a hydrogel of
cross-linked sodium hyaluronic acid (Healaflow") is evaluat-
ed for use as a novel vitreous substitute.

Methods A combined 25-20-gauge pars plana vitrectomy
with posterior vitreous detachment was performed in the right
eye of twelve pigmented rabbits, with subsequent injection of
approximately 1 ml Healaflow". Clinical evaluation, measure-
ment of intraocular pressure (IOP), and full-field ERG were
performed postoperatively. The rabbits were sacrificed at dif-
ferent time-points between 42 and 105 days. After enucle-
ation, the eyes were examined macroscopically,
photographed, and prepared for histological examination with
routine microscopy and immunohistochemistry.

Results Healaflow” was successfully used with standard sur-
gical procedures and remained translucent but did lose most of
its viscosity during the postoperative period. One rabbit was
lost due to unrelated causes. In two eyes iatrogenic partial
retinal detachments were seen, and in two eyes significant
cataract developed due to intra-operative complications.
ERG-recordings revealed no toxic effect on rod or cone
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function. Routine microscopy and immunohistochemistry
demonstrated normal morphology with some Miiller cell acti-
vation (up-regulation of glial acidic fibrillary protein, GFAP)
compared to unoperated eyes and no significant DNA-
fragmentation (TUNEL-assay).

Conclusions Healaflow® did not affect retinal morphology or
function negatively during long-term use as a vitreous substitute,
making it highly interesting in this setting. An estimated reten-
tion time of a few weeks suggests potential for use as a short-
term tamponade. Future work will include an increased ratio of
cross-linking to prolong the structural integrity of the gel.

Keywords Vitreous substitute - Vitreoretinal surgery -
Hyaluronic acid - Immunohistochemistry

Introduction

Vision threatening disorders such as rhegmatogenous retinal
detachment, severe diabetic retinopathy, penetrating ocular
trauma, macular holes, and epiretinal membranes often require
surgical intervention such as vitrectomy. An infusion of
Balanced Saline Solution (BSS) is used during the surgery,
but it is often necessary to replace the BSS with a
tamponading agent to prevent fluid from re-entering retinal
breaks during the healing process. The clinically used sub-
stances, such as gases and silicone oils, have several unwanted
side effects. Among them are complications such as low vi-
sion, cataract formation, uveitis [1], increased intraocular pres-
sure [2], and cytotoxicity [3—5]. These substances are either
resorbed by the body after a relatively short time, or are oth-
erwise unsuited for long-term use and therefore removed
[6-9], and may require strict posturing of the head for an
extended period of time postoperatively. Additionally, there
is evidence that physiological changes in the vitreous could
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play a role in different pathological processes such as post-
vitrectomy cataract formation [10], and glaucoma [11]. These
changes include altered diffusion gradients of nutrients and
other biologically important substances [12], and could feasi-
bly be alleviated by improved vitreous substitutes.

Clearly, there is a need for more suitable vitreous substitutes,
both to enhance the biocompatibility and lessen the side effects,
and possibly to allow for safe long-term substitution. This is
especially true in complex cases that require silicone oils, which
are considerably more prone to induce side effects than the more
extensively used gases, although a vitreous substitute that would
permit faster visual rehabilitation and less patient discomfort
than the gases would also be highly beneficial. The task to
devise an optimal vitreous substitute is demanding, requiring
consideration of a variety of parameters such as clinical usability,
physical properties, biomechanics, and the biochemical micro-
milieu. Studies in vitreous substitution have been ongoing since
the early 20th century, with experimental use of substances rang-
ing from transplanted animal and human vitreous to more recent
semi-synthetic [13—15], and synthetic [16] substances. So far,
none of these substances have proved more useful than the
clinically available alternatives.

A potentially fruitful way to devise a substance able to
fulfill these requirements is to mimic the healthy vitreous.
The natural vitreous is a hydrogel consisting of hyaluronic
acid reticulated with collagen fibers, thus reinforcing the gel.
A similarly structured synthetic gel, such as a cross-linked
hyaluronic acid hydrogel, could provide beneficial physiolog-
ical properties [17]. Healaflow” is a commercially available
substance of this type, developed for glaucoma surgery. In a
previous in vitro study it was tolerated well by retinal explant
cultures [18], and it seems to harbor potential for use as a
novel vitreous substitute. In this in vivo study, we explore
Healaflow” as a novel vitreous substitute in a previously
established rabbit vitrectomy model [19, 20].

Materials and methods
Animals

Twelve pigmented rabbits, aged 4 months, were used in the
experiments. All proceedings and animal treatment were in
accordance with the guidelines and requirements of the gov-
ernment committee on animal experimentation at Lund
University and with the ARVO (The Association for
Research in Vision and Ophthalmology) statement on the
use of animals in ophthalmic and vision research.

Gel properties

Healaflow® (Anteis S.A., Plan Les Ouates, Switzerland) is a
commercially available transparent hydrogel, clinically used
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in glaucoma filtering surgery as a space-filler, and to limit
postoperative fibrosis [21, 22]. The hydrogel consists of over
97 % water, sodium hyaluronic acid (22.5 mg/ml) of non-
animal origin cross-linked with BDDE (1.4-Butanediol
diglycidyl ether), and phosphate- and NaCl-salts to maintain
physiological pH (7.0) and osmolarity (305 mOsm/kg).
Estimated specific gravity is circa 1.03, and refractive index
i=1.341.

Surgery

Experienced surgeons performed all surgical procedures un-
der general anesthesia, where a combination of ketamine
(35 mg/kg) and xylazine (5 mg/kg) was given intramuscularly.
The right eyes of the rabbits were vitrectomized, while the left
eyes served as controls. The pupils of the right eyes were
dilated with cyclopentolate (1 %) and phenylephrine (10 %),
and anesthetized with topical tetracaine (0,5 %) just before
surgery. Sclerotomies were made 1 mm posterior to limbus
with two transconjunctival 25 G trocars for infusion and
illumination purposes, and either a transconjunctival 25 G tro-
car or a conjunctival incision and subsequent 20 G sclerotomy
for the main instrument. Balanced salt solution (BSS,
Endosol”, Abbott Medical Optics) was used as a continuous
infusion. A BIOM 90-D lens (Oculus) and a standard endo-
illuminating probe were used for visualization. With the
Accurus Surgical System” (Alcon, Fort Worth, TX, USA)
and a vitreous cutter (Innovit", Alcon) posterior vitreous de-
tachment (PVD) was initiated by positioning the vitrectomy
probe at the margin of the disk, and applying suction and
traction with the vitrectomy probe. PVD was, if possible, vi-
sually confirmed, and a central vitrectomy performed, leaving
peripheral parts of the vitreous intact due to the increased risk
of traumatic cataract with the comparatively large lens of the
rabbit. After fluid-air exchange, approximately 1 ml
Healaflow” was injected through a 25 G needle. The
sclerotomies and conjunctiva were sutured if needed, and
25 mg gentamicin and 2 mg betamethasone were administered
subconjunctivally. No other postoperative treatment was
given.

Postoperative handling

Clinical evaluation with ophthalmoscopy, Retcam” photog-
raphy, intraocular pressure (IOP) measurement (Tono-
Pen”), and full-field ERG was performed postoperatively
at intervals up to 105 days. The rabbits were sacrificed at
different time-points between 42 and 105 days. After enu-
cleation, the eyes were examined macroscopically,
photographed, and prepared for histological examination
and immunohistochemistry.
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Electrophysiology

Full-field electroretinograms (ERG) from the right eyes were
obtained preoperatively, at 1 and 3 months after surgery for six
of'the rabbits, and at 1 month postoperatively for the rest of the
rabbits. A Nicolet Viking” analysis system (Nicolet
Biomedical Instruments, Madison, Wisconsin) was used for
the recordings as described previously [23, 24]. The rabbits
were sedated with an intramuscular injection of Hypnorm”
(fentanylcitrate 0.315 mg/ml and fluanisone 10 mg/ml).
Pupil dilation was performed with cyclopentolate (1 %), and
topical anesthesia applied. After 30 minutes of dark adapta-
tion, a Burian-Allen bipolar ERG contact lens electrode was
applied on the cornea with 2 % methylcellulose lubrication,
and a subcutaneous ground electrode attached to the neck.
Responses were obtained with a wide band filter (=3 dB at
1 Hz and 500 Hz). Stimulations were performed with single
full-field flashes (30 ps), with dim blue light (Wratten filters #
47, 47A and 47B), and white light (0.8 cd.s/m2) without a
background. Cone responses were obtained using 30 Hz flick-
ering white light (0.8 cd s/m2) averaged from 20 sweeps with-
out a background light. The luminances of the different light
stimuli refer to the light reflected from the Ganzfeld sphere.

Tissue handling and immunohistochemistry (Table 1)

The rabbits were euthanized at different time-points between
42 and 105 days and the eyes were enucleated, dissected, and
fixation performed for 1 h in 4 % formalin, pH 7.3 ina 0.1 M
Serensen’s phosphate buffer (PB). The specimens were washed
with 0.1 M Serensen’s PB, and then washed again using the
same solution containing increasing concentrations of sucrose
(525 %). The specimens were cryosectioned with a section
thickness of 12 um, and every 10th slide was stained with
hematoxylin and eosin according to standard procedures. For
immunohistochemistry, sections were washed three times in
room temperature with 0.1 M of sodium phosphate-buffered

saline pH 7.2 (PBS) with 0.1 % Triton X-100 (PBS/Triton), and
incubated with PBS/Triton with 1 % bovine serum albumin
(BSA). The sections were thereafter incubated overnight at +
4 °C with antibodies (diluted in PBS/Triton with 1 % BSA)
against the following antigens; Rhodopsin [rod photoreceptors]
(Rho4D2, a kind gift from Prof. R.S. Molday, Vancouver,
Canada; monoclonal, diluted 1:100), phospho-protein kinase
C [PKC, rod bipolar cells] (KO1107M; Cell Signaling, USA,
diluted 1:200), and glial fibrillary acidic protein [GFAP, acti-
vated Miiller cells] (clone G-A-5; Millipore, Sundbyberg,
Sweden, diluted 1:200). The slides were rinsed with PBS/
Triton, and incubated with fluorescein isothiocyanate (FITC)-
conjugated antibodies (Sigma-Aldrich, St.Louis, MO, USA,
diluted 1:200) for 45 min, rinsed again, and mounted in anti-
fading mounting media (Vectashield, Vector laboratories, Inc.,
Burlingame, CA, USA). Negative controls were obtained by
performing the same procedure without primary antibodies.
The antibodies are summarized in Table 1. For identification
of apoptotic cells, a commercial terminal transferase-mediated
dUTP nick-end labeling (TUNEL) assay system with
fluorescein-conjugated dUTP (Boehringer Mannheim,
Mannheim, Germany) was used according to the manufac-
turer’s instructions.

Results

Macroscopic findings (Fig. 1 and Tables 2 and 3)

Healaflow" was easily incorporated in the standard surgical
procedure and could successfully be injected through small
gauge needles. During the surgeries, iatrogenic retinal breaks
occurred in four cases and the lens was accidentally touched in
two cases. One rabbit was lost due to unrelated causes.

No signs of excessive conjunctival swelling or uveitis were
seen. Postoperative IOP (15-25 mmHg, see Table 3) was
slightly elevated compared to earlier results [19]. In the two

Table 1  Specification of immunohistochemical markers

Antigen Antibody name Target structure Species Dilution  Source

GFAP Anti-glial fibrillary acidic protein Astrocytes, activated  Mouse monoclonal  1:200 Chemicon International,

Miiller cells CA, USA

PKC Phospho-PKC (pan) Rod bipolar cells Rabbit polyclonal 1:200 Cell Signaling, Beverly,
MA, USA

Rhodopsin Rho4D2 Rod photoreceptor Mouse monoclonal  1:100 Kind gift of Prof. RS Molday,
Vancouver, Canada

Secondary antibody ~ Antibody name Target Species Dilution ~ Source

FITC Anti-mouse IgG FITC conjugate Anti-mouse Goat 1:200 Sigma, St Louis, MO, USA

FITC Goat Anti-Rabbit Anti-rabbit Goat 1:200 Southern Biotechnology

IgM +1gG (H + L chain specific)

Associates, AL, USA
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Fig. 1 Postoperative results after
3 months of Healaflow”
treatment. (a) Retcam image of
the central retina, the retina
remained attached despite
iatrogenic retinal ruptures. (b)
The retina and vitreous cavity
after dissection

eyes with traumatic cataracts, lens material was observed in
the vitreous cavity, and iatrogenic partial retinal detachments
were seen. These retinal detachments stayed partial for the
duration of the follow-up. None of the other cases of operative

Table 2 Summary of operative and postoperative data

complications developed retinal detachment. The untreated
lesions were seen to heal with pigmented scar formation. No
intact gels were visible after dissection, although some gel
remnants more viscous than water were seen.

Case Follow-up time (days) Preoperative complications Cataract Postop status (macro- and microscopically)

1 105 Two retinal lesions No Pigmented lesions. Normal histology, no upregulation of
GFAP. PKC and Rhodopsin normal. TUNEL negative.

2 3 (deceased) None No N/a

3 105 One retinal lesion Slight Pigmented lesions. Normal histology, minimal upregulation
of GFAP. PKC and Rhodopsin normal. TUNEL negative.

4 105 None No Normal histology, no upregulation of GFAP. PKC and
Rhodopsin normal. TUNEL negative.

5 105 None No Macroscopically normal. Small RD in histology, upregulation
of GFAP in some areas. PKC and Rhodopsin normal.
TUNEL negative.

6 105 One retinal lesion Slight Macroscopically normal. Small RD in histology, upregulation
of GFAP in some areas. PKC and Rhodopsin normal.
TUNEL negative.

7 56 None No Normal histology, minimal upregulation of GFAP. PKC and
Rhodopsin normal. TUNEL negative.

8 42 Traumatic cataract Severe Cataract, lens material in vitreous cavity. Limited retinal
detachment (RD) with retinal degeneration. Moderate
upregulation of GFAP. PKC and Rhodopsin normal.
TUNEL negative.

9 56 One retinal lesion No Normal histology, minimal upregulation of GFAP. PKC
and Rhodopsin normal. TUNEL negative.

10 56 None No Normal histology, minimal upregulation of GFAP. PKC
and Rhodopsin normal. TUNEL negative.

11 56 None No Normal histology, minimal upregulation of GFAP. PKC
and Rhodopsin normal. TUNEL negative.

12 43 Traumatic cataract Severe Cataract, lens material in vitreous cavity. Limited retinal

detachment (RD) with retinal degeneration. Moderate
upregulation of GFAP PKC and Rhodopsin normal.
TUNEL negative.

@ Springer



Graefes Arch Clin Exp Ophthalmol

Table 3  Postoperative intraocular pressure (mmHg)

Case 35 days in 68 days in 105 days in
vivo (DIV) vivo (DIV) vivo (DIV)

1 27 18 16

2 N/a N/a N/a

3 19 16 15

4 21 17 16

5 18 16 20

6 18 26 12

7 25 N/a N/a

8 15 N/a N/a

9 16 N/a N/a

10 16 N/a N/a

11 18 N/a N/a

12 N/a N/a N/a

Electrophysiology (Fig. 2)

Full-field ERG-recordings from the vitrectomized rabbits
were reproducible and easily detected. There were no ob-
served changes in the amplitudes either of the isolated rod
(Dim blue light stimulation), mixed rod and cone (White
light), or isolated cone (Flickering light) responses 1 and
3 months after surgery compared to preoperative ERGs.

Histology and immunohistochemistry (Fig. 3 and Table 2)

Routine microscopy with hematoxylin and eosin staining
demonstrated normal morphology. The previously seen iatro-
genic retinal detachment and retinal lesions were also observ-
able during light microscopy. In two cases, signs of limited
retinal detachments were seen although the retina had been

Before 1 month 3 months

1

1
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I 1

White light |M Wl 1

I ml
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Fig. 2 Electrophysiology on rabbit eyes treated with Healaflow".

Compounded image of electroretinograms (ERG) before surgery,
1 month after surgery, and 3 months after surgery

deemed attached during the gross examination of the enucle-
ated eyes.

GFAP (glial acidic fibrillary protein) labeling showed min-
imal signs of Miller cell up-regulation compared to
unoperated eyes. In the eyes with traumatic cataracts and ma-
jor retinal detachments, the GFAP expression was more prom-
inent. No apoptotic cell labeling was observed in any of the
eyes using the TUNEL-assay. Labeling with PKC (rod bipolar
cells) and Rhodopsin (photoreceptor cells) revealed no differ-
ences compared to unoperated eyes.

Discussion

The search for an ideal vitreous substitute has been constantly
ongoing since the early days of ophthalmology. Many differ-
ent approaches have been tried with varying success, but due
to the demanding task of combining a clinically usable sub-
stance with the correct physical and biochemical properties,
there has been no definitive breakthrough so far. The clinically
available substances all have considerable drawbacks, includ-
ing side effects such as retinal toxicity, cataract, secondary
glaucoma, and uveitis.

One of the reasons for the difficulties in devising a well-
tolerated vitreous substitute is the complex and highly organized
environment inside the eye globe. The vitreous cavity has tradi-
tionally been viewed in a highly simplified manner, as a space
merely filled with a homogenous and inert gel, the vitreous. This
simplistic view has gradually changed, and evidence now sug-
gests that the vitreous is highly organized and more physiolog-
ically active than previously thought [25, 26]. One of the main
functions of the vitreous is to uphold gradients of important
nutrients such as oxygen [27], and other substances such as
VEGEF [10]. After vitrectomy, this environment is inevitably
changed, and the addition of a vitreous substitute will further
change the properties of the physiological milieu [10]. To pre-
vent fluid from entering retinal breaks a tamponading effect is
desirable, mandating close contact with the retina and other
sensitive structures. Naturally, this places high demands on the
biocompatibility of the substances used as vitreous substitutes.

In two previous papers, we have presented our experience
with two potential vitreous substitutes in an in vivo vitrectomy
rabbit model, Polyalkylimide (Bio-Alcamid”™ and a poly(eth-
ylene glycol) (PEG) hydrogel. In our study Bio-Alcamid”
proved to have many suitable properties but caused severe
retinal damage [19]. The PEG hydrogel, on the other hand,
displayed an acceptable biocompatibility but had an impracti-
cally short retention time [20].

Hyaluronic acid is one of the main constituents of the nat-
ural vitreous, and related substances have a long history as
candidates for vitreous substitutes, predating their routine us-
age in anterior segment surgery [13, 15, 28]. Due to limited
retention time and short-term side effects [29, 30], none of

@ Springer
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Fig. 3 Cryosections of rabbit
retina after treatment with
Healaflow” for 2-3 months.
Labeled with; Hematoxylin and
eosin (a), glial fibrillary acidic
protein [GFAP, activated Miiller
cells] (b), terminal transferase-
mediated dUTP nick-end labeling
(TUNEL) assay [DNA
fragmentation] (¢), phospho-
protein kinase C [PKC, rod
bipolar cells] (d), and Rhodopsin
[rod photoreceptors] (e).
Abbreviations: inner nuclear layer
(INL), outer nuclear layer
(ONL). Scale bar is 50 pm

these substances have found their way into routine surgery.
Healaflow” is a cross-linked sodium hyaluronic acid hydrogel
developed and FDA approved for use in glaucoma surgery
[21, 22]. The cross-linking provides the compound with phys-
ical properties and structure similar to the collagen and
hyaluronic acid meshwork of the natural vitreous [26].

In a recent paper, we described a novel model for in vitro
testing of vitreous substitutes, wherein explanted rat retinas
kept with Bio-Alcamid”, the PEG-hydrogel, and
Healaflow™ respectively, were compared to retinas kept with
culture medium only. The results were consistent with earlier
in vivo trials for the former two substances, which displayed
varying degrees of retinal damage, whereas retinas kept with
Healaflow” exhibited less culture-induced trauma such as
gliosis, loss of structure, and apoptosis compared to those kept
with medium only [18]. This suggests excellent biocompati-
bility, a result confirmed in the current in vivo study. These
findings are consistent with other recent animal studies using

@ Springer

cross-linked hyaluronic acid hydrogels [17, 31], making this
group of substances highly relevant for the development of
vitreous substitutes.

In this study, we evaluated Healaflow" for use as a potential
vitreous substitute in the rabbit model. The gel was easily incor-
porated with standard surgical procedures, and well tolerated
with no signs of uveitis. Healaflow” was not seen to cause any
long-term change in the intraocular pressure, although further
studies are required to completely evaluate its effect.

Healaflow” did not affect retinal morphology or function
negatively, making it highly interesting in this setting. The gel
appeared to maintain its viscous structure in the vitreous cavity
for at least a couple of weeks, potentially allowing for an effec-
tive short-term tamponade. The fact that the iatrogenic retinal
detachments were self-limiting on long-term follow up may
support the notion of a tamponading effect, although further
studies are clearly warranted to confirm this phenomenon.
Future work will include an increased ratio of cross-linking of
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the gel to prolong the time of structural integrity even further,
potentially allowing for a longer retention time in vivo.
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