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ABSTRACT
Birth asphyxia (i.e., insufficient delivery of oxygen and blood to the organs around the time of
birth) is a leading cause of childhood visual impairments and blindness in developed countries.
Visual impairments following birth asphyxia have been attributed primarily to injury to the
visual pathways within the brain. Much like the brain, adequate oxygen and blood supply is
critical for the development and maintenance of the retinal function and structure. Despite this,
potential retinal contribution to visual impairments remains understudied in term asphyxiated
newborns. The purpose of my thesis was to investigate the effects of neonatal hypoxia-ischemia
on the function and structure of the retina in rats at term-equivalent age. Hypoxia-ischemia was
induced in postnatal day 10 (P10) male Long-Evans rats by a unilateral ligation of the left
common carotid artery followed by a 2-hour exposure to 8% oxygen. Retinal function was
assessed using the flash electroretinogram (ERG) at P30 and P60, while the structure was
assessed by retinal histology at P60. Retinocortical function and brain structure were evaluated
by flash visual evoked potential (VEP) and histology, respectively, at P60. Hypoxia-ischemia
induced a retinopathy, which manifested mainly in the inner retina (attenuated ERG b-wave
amplitude and decreased inner retinal thickness) while sparing the outer retina (no change in the
ERG a-wave and slightly increased outer nuclear layer thickness). The VEP P100 amplitude was
also found to be attenuated; however, there was no correlation between the severity of retinal
injury and brain injury at the level of function and structure, suggesting a potential independent
contribution of retina and brain injury to the development of visual impairments following birth
asphyxia.

The second purpose of my thesis was to determine if sildenafil could rescue retinal

changes resulting from neonatal hypoxia-ischemia as described above. Sildenafil is a
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phosphodiesterase type-5 inhibitor that has been shown to have a neuroprotective and
neurorestorative role in animal models of neurologic diseases, such as ischemic stroke,
Alzheimer’s disease and multiple sclerosis. Vehicle or sildenafil (2, 10 or 50 mg/kg) was
administered by oral gavage twice daily for 7 consecutive days, with a 12-hour delay following
the induction of hypoxia-ischemia in P10 male Long-Evans rats. Flash ERG recordings at P29
revealed a dose-dependent improvement of the affected ERG amplitudes (scotopic a- and b-
wave, photopic b-wave and photopic negative response) in rats subjected to hypoxia-ischemia.
Retinal histology from these rats also showed corroborating normalization of retinal layer
thicknesses with increasing doses of sildenafil at P30. Sildenafil did not have an effect on the
normal retinal function as assessed in the sham control as well as the fellow eyes of the rats
subjected to hypoxia-ischemia.

In conclusion, using a rat model of term neonatal hypoxic-ischemic encephalopathy, |
demonstrate that function and structure of the retina are susceptible to hypoxic-ischemic injury
and that the outcome of injury can be improved by oral sildenafil. These findings suggest a role
of retinal injury as opposed to brain injury alone in the development of visual impairments
following birth asphyxia and a potential therapeutic role of sildenafil in treating this disease.
Cellular and molecular mechanisms underlying the pathophysiology of retinopathy as well as the

beneficial effects of sildenafil remain to be elucidated.



RESUME

L'asphyxie a la naissance (c.-a-d. l'apport insuffisant d'oxygéne et de sang aux organes au
moment de la naissance) est une des principales causes de déficience visuelle et de cécité chez
les enfants dans les pays développés. Les déficiences visuelles a la suite de l'asphyxie a la
naissance ont été attribuées principalement & une Iésion des voies visuelles dans le cerveau. Tout
comme le cerveau, l'apport adéquat d'oxygéne et de sang est essentiel au développement et au
maintien de la fonction et des structures rétiniennes. Malgré cela, la contribution rétinienne
potentielle aux déficiences visuelles reste sous étudiée chez les nouveau-nés asphyxiés a terme.
Le but de ma thése était d'étudier les effets de I'nypoxie-ischémie néonatale sur la fonction et la
structure de la rétine chez des rats d’age equivalent a terme. L hypoxie-ischémie a été induite 10
jours apres la naissance (P10) chez des rats males Long-Evans par une ligature unilatérale de
I'artére carotide commune gauche, suivie d'une exposition de 2 heures a 8% d'oxygéne. La
fonction rétinienne a été évaluée en utilisant I'électrorétinogramme flash (ERG) a P30 et P60,
alors que la structure a été évaluée par histologie rétinienne a P60. La fonction rétinocorticale et
la structure cérébrale ont été évaluées par des potentiels évoqués visuels par flash (PEV) et par
histologie, respectivement, a P60. L’hypoxie-ischémie a induit une rétinopathie qui se manifeste
principalement dans la rétine interne (I’amplitude de I'onde-b de ’ERG est atténuée et I'épaisseur
rétinienne interne est diminuée), tout en épargnant la rétine externe (pas de changement de
I'onde-a de I’ERG et I’épaisseur de la couche nucléaire externe légerement augmentée).
L’atténuation de l'amplitude du P100 du PEV a aussi été constatée; Cependant, il n'y avait
aucune corrélation entre la gravité des lésions rétiniennes et des Iésions cérébrales au niveau de

la fonction et de la structure, suggérant une contribution indépendante potentielle de la rétine et



des lésions cérébrales au développement d'une déficience visuelle suite a l'asphyxie a la
naissance.

Le second objectif de ma these était de déterminer si le sildenafil pouvait sauver les
changements rétiniens résultant de I'hypoxie-ischémie néonatale comme décrit ci-dessus. Le
sildénafil est un inhibiteur de la phosphodiestérase de type 5 qui a été démontré pour avoir un
réle neuroprotecteur et neurorestauratif dans les modéles animaux de maladies neurologiques,
telles que les accidents vasculaires cérébraux ischémiques, la maladie d'Alzheimer et la sclérose
en plaques. Le véhicule ou le sildénafil (2, 10 ou 50 mg/kg) a été administré par gavage oral
deux fois par jour pendant 7 jours consécutifs, avec un délai de 12 heures aprés l'induction d'une
hypoxie-ischémie chez des rats Long-Evans méales a P10. Les enregistrements d’ERG flash a P29
ont révélé une amélioration dose-dépendante des amplitudes d’ERG affectées (ondes-a et-b
scotopiques, onde-b photopique et la réponse photopique négative) chez les rats soumis a une
hypoxie-ischémie. L'histologie rétinienne de ces rats a également montré une normalisation
correspondante de I'épaisseur de la couche rétinienne avec des doses croissantes de sildénafil a
P30. Le sildénafil n'a pas eu d'effet sur la fonction rétinienne normale tel que démontré dans le
groupe placebo, ainsi que sur les yeux controlatéraux des rats soumis a une hypoxie-ischémie.

En conclusion, en utilisant un modele d'encéphalopathie hypoxigque-ischémique néonatale
chez le rat a terme, je démontre que la fonction et la structure de la rétine sont sensibles & une
Iésion hypoxique-ischémique et que les conséquences de ce traumatisme peuvent étre améliorées
par le sildénafil oral. Ces résultats suggérent un role des lésions rétiniennes par opposition aux
Iésions cérébrales seules dans le développement de déficiences visuelles a la suite d'une asphyxie

a la naissance et un role thérapeutique potentiel du sildénafil dans le traitement de cette maladie.
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Les mécanismes cellulaires et moléculaires sous-jacents a la physiopathologie de la rétinopathie

ainsi que sur les effets bénéfiques du sildénafil restent a élucider.
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PREFACE

Visual impairments following birth asphyxia of term babies have been attributed to brain injury
for the most part, and few studies exist on the impact of birth asphyxia on the retina. This thesis
aims to narrow the knowledge gap by first identifying the functional and structural consequences
of neonatal hypoxia-ischemia on the retina in a widely used rat model of term neonatal hypoxic-
ischemic encephalopathy, namely the Vannucci model. The main contribution of this thesis
includes a demonstration of retinal injury in this model and a detailed description of how the
retinopathy manifests. At short-term (up to P60), retinal injury was mostly limited to the function
and structure of the inner retina, while the outer retina appeared to be resistant to injury. We
characterized inter-individual variability in the severity of inner retinal injury, and described the
heterogenous distribution of injury with respect to retinal eccentricity; these novel findings
prompted further questions as to what regional or individual factors are at play in the
development of these injuries. The second part of this thesis explores the potential role of
sildenafil as a novel therapy to treat the retinopathy described in the first part. We showed that
oral sildenafil improved in a dose-dependent manner both the functional and the structural
outcome of the retinopathy induced following neonatal hypoxia-ischemia. We also showed that
our treatment regimen did not have an adverse effect on the development of normal retinal
function. We are the first to explore and demonstrate the beneficial effects of sildenafil on the
function and structure of the retina in a neonatal hypoxia-ischemia model. This represents a step
forward from assessing only the acute effects of sildenafil on retinal function or ocular blood
flow in the context of side effects of the drug, and a possibility of new treatment option for other
ischemic or degenerative retinopathies. This thesis also provides some preliminary evidence of

vascular anomaly and long-term degeneration of the outer retina in this animal model, as well as
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evidence of abnormal retinal function in human asphyxiated newborns treated with hypothermia,

all of which are considered as original scholarship.
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INTRODUCTION
Despite improvements in neonatal care, neonatal hypoxia-ischemia (HI), which refers to
insufficient delivery of oxygen and blood to the body’s tissues around the time of birth, remains
a serious condition that causes significant mortality and long-term morbidity, such as cerebral
palsy, mental retardation and visual impairments (AAP, 1992; Al-Macki et al., 2009). Although
neonatal HI and resulting hypoxic-ischemic encephalopathy (HIE) in term newborns have been
extensively investigated, relatively few studies have explored its impact on vision, despite birth
asphyxia being one of the major causes of pediatric visual impairments in developed countries
(Hoyt, 2003). Up to now, visual impairments in asphyxiated newborns have been attributed
primarily to brain injury along the visual pathways, especially those occurring on the posterior
pathway (i.e., optic radiations, primary visual cortex, visual associative cortical areas, and/or
visual attention pathways) (Foster, 1988; Eken et al., 1995; Hoyt, 2003, 2007; Huo et al., 1999).
However, abnormalities on the anterior pathway, such as optic nerve atrophy, optic nerve
hypoplasia and retinal atrophy, also have been reported (McCulloch et al., 1991; Multtitt et al.,
1991). Yet in these studies, ophthalmic exams were performed when patients were older, and
subsequently the authors were unable to conclude whether the abnormalities were a direct
consequence of the HI insult or were secondary to the brain HI injury through retrograde
degeneration (McCulloch et al., 1991). Ophthalmic exams as well as exams of visual function is
not part of the standard monitoring practice of asphyxiated newborns, which makes it difficult to
identify visual impairments early on as well as to determine whether retinal injury plays a role.
The retina has high metabolic demands and consumes the greatest level of oxygen per
volume of tissue in the body (Flammer et al., 2013). It is therefore reasonable to suspect that a

disruption of blood flow and oxygen would have direct negative consequences on the retina.



Evidence for retinal susceptibility to HI is well documented in ischemic retinopathy in adults and
premature infants (retinopathy of prematurity), as well as animal models of such conditions
(Osborne et al., 2004; Dorfman et al., 2008; Rey-Funes et al., 2013; Huang et al., 2012). Thus, |
hypothesized that visual impairments following term neonatal HI could be due to retinal
injury in addition to brain injury. One way we can investigate the effect of neonatal HI on the
retina is to use an animal model of term neonatal HIE, the Vannucci model (Rice et al., 1981). In
this model, postnatal day (P) 10 (i.e., the age at which the developmental stage of the central
nervous system in rats is similar to that in humans at term) rat pups are subjected to a unilateral
ligation of the common carotid artery (ischemia) followed by a 2-hour exposure to 8% oxygen
(hypoxia), which produces brain injury on the hemisphere ipsilateral to the ligation. This model
allows us to study the effect of HI also on the retina, since the common carotid artery gives rise
to the arteries that supply the retina. The first aim of my thesis, therefore, was to determine
the effects of neonatal HI on the structure and function of the retina in the rat model of
term neonatal HIE.

If my first hypothesis holds true, it would be imperative to find a treatment that could
rescue the retinal injury. Currently, hypothermia remains the sole standard therapy for newborns
with neonatal encephalopathy resulting from birth asphyxia. It is a neuroprotective strategy
aimed at preventing reperfusion injury and is shown to improve neurologic outcome when the
treatment is initiated within 6 hours of life (Azzopardi et al., 2009; Gluckman et al., 2005;
Shankaran et al., 2005). Unfortunately, hypothermia only benefits 1 in 6 treated newborns
(Edwards et al., 2010; Shah, 2010; Jacobs et al., 2013). In addition, the requirement of a tertiary
care setting and relatively short treatment window further limit those who can potentially benefit

from the treatment. Taken together, a novel therapy is needed. Sildenafil is a potent vasodilator



that is widely used to treat erectile dysfunction and pulmonary hypertension in adults and is also
used to treat persistent pulmonary hypertension in newborns (Goldstein et al., 1998; Barnett et
al.,, 2006; Shah et al., 2011). Interestingly, it is emerging as a neuroprotective and/or
neurorestorative agent based on studies done in animal models of neurologic diseases, such as
stroke, Alzheimer’s disease and multiple sclerosis (Bednar et al., 2008; Chen et al., 2014; Nunes
etal., 2012; Zhang et al., 2005; Zhang et al., 2012; Zhang et al., 2013). In these studies, sildenafil
promoted neuronal survival as well as neurogenesis, synaptogenesis and angiogenesis, and
decreased neuroinflammation, leading to improved outcome. Whether the benefits of such
effects extend to injured neurons in immature brain and retina in neonatal HI has not been widely
tested. Sildenafil acts by inhibiting phosphodiesterase type-5 (PDES), thereby increasing the
level of cyclic guanosine monophosphate (cGMP). Based on the above findings in the brain and
given the expression of PDES5 in several retinal layers and blood vessels (Foresta et al., 2008), |
hypothesized that sildenafil would have therapeutic effects on retinal neuronal injury
following neonatal HI. Hence, the second aim of my thesis was to assess the ability of
sildenafil to alleviate the effects of neonatal HI on retinal function and structure (if any) in
the rat model of term neonatal HIE. In the following section, | will provide a literature review

of the relevant topics.

REVIEW OF THE RELEVANT LITERATURE

1. The Primary Visual Pathway

The primary visual pathways begin at the retina, where the photoreceptors transduce light into
electrical signals, which are relayed to the bipolar cells, and subsequently to the retinal ganglion

cells (RGCs) (Figure 1). Furthermore, the horizontal cells make contacts with the photoreceptors



and bipolar cells while the amacrine cells make contacts with the bipolar cells and the RGCs; the
horizontal and amacrine cells contribute to the lateral flow of information (Tessier-Lavigne,
2000). The RGCs generate action potentials that are transmitted along their axons that form the
optic nerve. The optic nerve synapses onto the neurons at the lateral geniculate nucleus (LGN) in
the thalamus. These neurons send signals to the primary visual cortex in the occipital lobe via the

optic radiations (Wurtz and Kandel, 2000).

PRIMARY VISUAL PATHWAYS

Retina - LGN (Thalamus) - Primary visual cortex (V1)
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Striate and extrastriate
visual cortex
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Figure 1. The primary visual pathways and the origins of the flash electroretinogram
(FERG) and visual evoked potential (fVEP). Cartoon representation of the (1) cone and rod
photoreceptors, (2) bipolar cells, (3) retinal ganglion cells, (4) horizontal cells, and (5) amacrine
cells overlaid on retinal histology. RPE, retinal pigment epithelium; OS. outer segment; IS, inner
segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer; FL, fiber layer. The function of the retina and
the primary visual pathways can be assessed using fERG and fVEP, respectively. The origins of
the major components of fERG and fVEP of rats are illustrated. ©Anna Polosa, the figure was
reproduced with modifications with the permission of the original author.



Function of the retina and the primary visual pathways can be assessed by
electrophysiological techniques, such as electroretinograms (ERGs) and visual evoked potentials
(VEPs), respectively (Brown, 1968; Aminoff and Goodin, 1994) (Figure 1). The flash ERGs
(FERGS) represent the global electrical activity of the retina in response to flashes of light. A
typical mixed rod-cone ERG waveform of a mature rat is composed of a negative a-wave, which
originates from the photoreceptors (Granit, 1933; Granit and Riddel, 1934; Penn and Hagins,
1969; Hood and Birch, 1990), followed by a positive b-wave which is thought to originate from
the bipolar cells and Mdller cells (Miller, 1973; Stockton and Slaughter, 1989; Knapp and
Schiller, 1984). The flash VEPs (fVEPS) in turn represent the electrical activities of the visual
cortex in response to flashes of light. The origins of the fVEP components are less clear but they
are thought to be generated from the striate and extrastriate visual cortices (Siegel et al., 1996; Di

Russo et al., 2001).

2. Normal Development of the Retina and its Vasculature

2.1. Development of the retina in rats

The eye forms from an out-pouching of the neural tube, which grows and folds inwards to form
an optic cup (Galli-Resta et al., 2008). During this early stage of development, the optic cup
consists of two proliferating cell layers — a retinal pigment epithelium (RPE) on the outside or
apical side, and a retinal neuroepithelium on the inside or basal side (Galli-Resta et al., 2008).
The neuroblasts in the latter layer give rise to all types of retinal neurons as well as Miller glia.
The neurogenesis of the rat retina begins around embryonic day (E) 10 and is complete near P12,
following a specific temporal and spatial sequence (Rapaport et al., 2004). The RGCs are the

first to be generated and migrate basally to form a ganglion cell layer (GCL). The horizontal



cells, cones, and amacrine cells are subsequently generated during the embryonic period
(Rapaport et al., 2004). The cones and horizontal cells remain in the neuroblastic layer (NBL),
whereas the amacrine cells migrate to the basal side of the NBL, forming a rudiment of the inner
nuclear layer (INL) that is continuous with the NBL, or towards the GCL (Galli-Resta et al.,
2008). The dentritic processes of the amacrine cells start to form the inner plexiform layer (IPL).
The birth of the rods, bipolar cells and Miller glia begin during the late embryonic period (E16
for rods and E20 for bipolar cells and Muller glia) and continues postnatally until around P7
(Rapaport et al., 2004). Spatially, the generation of each cell type begins centrally and spreads
peripherally (Rapaport et al., 2004). At P5, the outer plexiform layer (OPL) first appears at the
central retina as the horizontal cell to photoreceptor synapses begin to form, and subsequently
spreads to the retinal periphery by P7, separating the NBL to outer and inner portions which
become the outer nuclear layer (ONL) and the INL, respectively (Braekevelt and Hollenberg,
1970). At P7, the inner segment (I1S) and outer segment (OS) of the photoreceptor start to
elongate and reach mature lengths between P10-14 (Weidman and Kuwabara, 1968). Also, the
developing bipolar cell processes make synaptic connections with the photoreceptor axonal
endings between P10-14 (Weidman and Kuwabara, 1968). At P9, all of the retinal layers are
present from the retinal centre to periphery and the inner and outer plexiform layers have
thickened (Braekevelt and Hollenberg, 1970). At around P10, the IPL also becomes more
compact as developing Miuller cell processes fill the space (Weidman and Kuwabara, 1968),
essentially achieving adult-like retinal cell morphologies and laminar positioning (Reese, 2011).
However, it is not until P12 that the bipolar to RGC synapses form in the IPL, which coincides
with the appearance of recordable ERGs (Weidman and Kuwabara, 1986). The rats open their

eyes at P14 and the retina continues to undergo structural and functional maturation until around



P30 (Weidman and Kuwabara, 1986; Dorfman et al., 2008).

2.2. Development of the retinal and choroidal vasculature in rodents

The retina is nourished by two major blood supplies, the retinal and choroidal vasculatures,
which arise from the ophthalmic artery, which is one of the branches of the internal carotid
artery. The choroidal vasculature sits above the RPE and indirectly supplies oxygen and nutrients
to the RPE and underlying photoreceptors while the retinal vasculature directly supplies the inner
retina (Osborne et al., 2004). Although the development of both vasculatures is primarily
directed by a potent angiogenic factor, vascular endothelial growth factor (VEGF), , the timing
and sequence of their development differ.

The development of the choroid in rodents depends on the expression of VEGF by the
RPE during the embryonic period (Marneros et al., 2005). Hence, the choroid vessels are already
quite well developed at birth. The retina at this point is supported by the choroid vasculature as
well as the hyaloid vasculature in the vitreous, with the latter regressing once the retinal
vasculature is in place (Yi et al., 1998; Marneros et al., 2005). VEGF is weakly expressed in the
RPE throughout life, which appears to be important in the maintenance of the choroid (Yi et al.
1998).

In contrast, the development of the retinal vasculature occurs after birth and is thought to
be driven by the increasing metabolic demands (“physiological hypoxia”) of the neural retina
that undergoes differentiation and maturation (Chan-Ling and Stone, 1993). This in turn, acts as
a signal to induce VEGF expression by the glial cells. The retinal vasculature is organized in
three parallel layers of capillary network that are interconnected. The superficial plexus is the
first to be formed as the VEGF-expressing astrocytes spread along the inner limiting membrane

from the optic disc (PO-3) to periphery (P7). The deep plexus is formed by radial sprouting of



the superficial vessels into the outer margin of the INL, starting at the optic disc (P7) and
spreading horizontally towards the retinal periphery (P11-12) (Stone et al., 1995). Formation of
the deep plexus is guided by the VEGF expression of the INL cells. Finally, the intermediate
plexus is formed by sprouting of the deep vessels to the inner margin of the INL, starting at
around P11-12 in the central retina to reach the periphery at around P17 (Fruttiger, 2007).
Recent studies have reported a close association between the horizontal and amacrine cells and
the deep and intermediate plexus vessels, respectively, and suggested a role for these cells, rather
than Mdller cells, in guiding the deep and intermediate plexus formation (Usui et al., 2015).
Newly formed retinal vessels retain plasticity for remodelling and pruning until they obtain
pericyte coating (Benjamin et al., 1998). Unlike the RPE, Miiller cells and astrocytes cease to
express VEGF once the vessels are formed, and an excessive expression of VEGF in later ages
are associated with pathological conditions, such as neovascularization (Yi et al., 1998).

2.3. Postnatal development of the retina and visual pathway in humans

In humans, differentiation and vascularization of the retina is almost complete at term (Horsten
and Winkelman, 1962; Michaelson, 1948). The retina and the primary visual pathways are also
functional at birth (Kriss and Russell-Eggitt, 1992). However, rapid maturational changes occur
during the first four months of life. Structural changes include elongation of the rod and cone
photoreceptor outer segments, differentiation of the fovea, thickening of the myelin sheath
around the optic nerve and optic radiation, maturation of synaptic connections in the lateral
geniculate bodies and visual cortex, and increase in the volume of primary and secondary visual
cortices (Kriss and Russell-Eggitt, 1992). Functional development of the retina is characterized
by increasing flash ERG amplitudes and sensitivity that reach adult values at around 6-12

months of age (Fulton and Hansen, 1985; Kriss and Russell-Eggitt, 1992). On the other hand, the



maturation of flash VEP is characterized by a progressive decrease in the latency of the main
positive component, which is around 200 ms after the stimulus onset in newborns versus 100 ms

in adults (Kriss and Russell-Eggitt, 1992).

3. Neonatal HI and Visual Impairments

Neonatal HIE is estimated to occur in 1.5 per 1000 live full-term births (Kurinczuk et al., 2010).
Among affected newborns, about 15-20% die in the postnatal period and an additional 25%
develop severe long-term neurological sequelae, including cerebral palsy, mental retardation,
learning difficulties, and visual impairments (Kurinczuk et al., 2010).

In term asphyxiated newborns, the frontal and parieto-occipital cortices (the watershed
areas between the anterior and middle cerebral arteries and between the posterior and middle
cerebral arteries, respectively) as well as thalami, posterior putamen, hippocampus and
corticospinal tracts have been found to be particularly vulnerable to HI (Hoyt, 2003). With
respect to the visual system, damages to the primary and associative visual cortices have been
associated with visual impairments in term asphyxiated newborns (Hoyt, 2003, 2007). However,
it is not uncommon that these newborns also show damages to the lateral geniculate bodies and
the optic radiations (Hoyt, 2003). Furthermore, changes in the optic nerve and the retina have
also been noted, although the latter less frequently in term asphyxiated infants (McCulloch et al.,
1991; Muttitt et al., 1991; Hoyt, 2007). These findings highlight the fact that visual problems
resulting from neonatal HI is multifaceted, involving multiple structures along the visual
pathway.

Functional integrity of the visual pathways in term asphyxiated newborns has been

evaluated using electrophysiological recordings before hypothermia treatment became available.
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One study reported subnormal flash ERG responses in 7- to 12-month-old asphyxiated infants,
which normalized by 3 to 4 years of age (Nickel and Hoyt, 1982). According to McCulloch et al.
(1991), 9 out of 25 term asphyxiated infants showed abnormal VEPs in the first week of life, and
of those, 3 resolved while 6 remained abnormal at 2.5 to 4.5 years of age. Multtitt et al. (1991)
also reported similar findings in term asphyxiated infants, where abnormal VEPs throughout the
first week of life persisted to later ages. Although ERGs were simultaneously recorded with
VEPs in both studies, only Muttitt and colleagues (1991) mentioned that they were normal.
Furthermore, normative data in such young infants are sparse, making it difficult to determine

what “normal” is.

4. HI and Retinal Damage

4.1. Susceptibility of the adult retina to HI injury

The retina has the highest metabolic demand in the body, and failure to meet such demand, as
happens under prolonged ischemic conditions, leads to tissue damage. As such, retinal ischemia
iIs a common cause of visual impairments and blindness implicated in diseases, such as central
retinal artery occlusion (CRAO), glaucoma, diabetic retinopathy, ophthalmic artery occlusion
and carotid insufficiency (Osborne et al., 2004).

The effects of ischemia on the retina have been extensively studied using adult rat
models, such as two-vessel occlusion (2VO) (i.e., transient or permanent bilateral carotid artery
occlusion), four-vessel occlusion (4VO) (i.e., permanent bilateral vertebral artery occlusion
combined with transient bilateral carotid artery occlusion), central retinal artery occlusion
(CRAO) and increased intraocular pressure (IOP) (Block and Schwarz, 1998; Osborne et al.,

2004). In these models, the inner retina shows a greater susceptibility to ischemia than the outer
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retina, as demonstrated by a significant attenuation of the ERG b-wave while the a-wave is
unaffected or only slightly attenuated (Block and Schwarz, 1998). Furthermore, the duration of
ischemia plays an important role in determining the reversibility of the functional impairment.
For example, transient 2VO of 24 minutes, 4VO of 20 minutes, CRAO of 50 minutes, and
increased IOP of 50 minutes all result in suppression of the b-wave which completely recovers
during reperfusion, whereas prolonged ischemia (permanent 2VO, CRAO and increased IOP
exceeding 90 minutes) results in irreversible attenuation of the b-wave amplitude accompanied
by structural changes in the inner retina (Block and Schwarz, 1998). Finally, the degree of
ischemia (i.e., reduction in blood flow) correlates with the degree of reduction in b-wave
amplitude. That is, unilateral common carotid artery occlusion (~25% reduction in cerebral blood
flow, CBF) produces no retinal changes while bilateral common carotid artery occlusion (~50%
reduction in CBF) leads to partial attenuation of the b-wave, and 4VO (complete blockage of
CBF) leads to complete abolition of the b-wave (Block and Schwarz, 1998).

4.2 Susceptibility of the developing retina to HI injury

Susceptibility of the developing retina to fluctuating oxygen levels have been extensively studied
in animal models of retinopathy of prematurity (ROP), where retinal ischemia that occurs as a
result of vaso-obliteration (following hyperoxic exposure) plays an important role in producing
permanent structural and functional damages to the retina (Chen and Smith, 2007; Sapieha et al.,
2010).

Detrimental effects of HI on the immature retina have also been described in rat models
of perinatal asphyxia, recently. Kaur et al. (2009) exposed 1-day-old rats to hypoxia (5%
oxygen) for 2 hours and found increased levels of vasoactive substances in the retina which were

accompanied by INL cell death, ganglion cell and Muller cell swelling and leaky retinal vessels.
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Another rat model of birth asphyxia involves hysterectomy at the onset of delivery and
submersion of the uterine horns to 37°C water bath for 20 minutes, after which the pups are
resuscitated (Loidl et al., 2000). Using this model, Rey-Funes et al. (2013) demonstrated that
perinatal asphyxia caused gliosis and angiogenesis in the innermost layer of the retina, which in
turn increased the thickness of this layer. Using a similar model, however, Kiss et al. (2009)
reported thinning of the ONL and INL as well as ganglion cell loss. The effects of HI on the
immature retina has also been demonstrated using the most commonly used rat model of
neonatal HIE, i.e., the Vannucci model. Here, HI was induced in 7-day-old rats by unilateral
common carotid artery ligation followed by 2-hour hypoxia (8% oxygen) (Rice et al., 1981).
Rats subjected to this model showed irreversible functional (the b-wave attenuation) and
structural (INL, IPL and ganglion cell layer thinning) damage as well as microglia and Muller
cell activation in the inner retina of the eye ipsilateral to the carotid ligation (Huang et al., 2012).

Developmental stages of the central nervous system in the aforementioned models,
however, correspond to those of prematurely born infants. The effect of neonatal HI on the rat
retina at human term equivalent age remains to be elucidated.

4.3. Vannucci model as an animal model of term neonatal HIE

One of the most commonly used rodent models of neonatal HIE is the Vannucci model (Rice et
al. 1981), which was adapted from the Levine model, an adult rat model of hypoxic-ischemic
brain damage (Levine, 1960). The original procedure included a permanent unilateral ligation of
the common carotid artery followed by a period of hypoxia produced by exposure to 8%
oxygen/balance nitrogen at a controlled temperature in 7-day-old rats. The unilateral ligation
does not affect the CBF to the level that would produce appreciable injury, as the Circle of Willis

is able to compensate. During hypoxia, however, the mean blood pressure drops by 25-30% and
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the CBF in the ipsilateral hemisphere decreases to 40-60% of control (Vannucci et al., 1998;
Patel et al. 2014); this leads to damage in the ipsilateral hemisphere. Over the years, the effect of
age at which hypoxia-ischemia is induced on the pattern and extent of brain injury has been
studied in detail. This, combined with the studies looking at the developmental stage of the
central nervous system with regards to anatomy and function (EEG and aEEG) at different age of
the rats, concluded that P10-12 rats rather than P7 rats were more appropriate to model term
human newborns (Towfighi et al., 1997; Romjin et al., 1991; Tucker et al., 2000; Cuaycong et
al., 2011). The pattern of brain injury produced at this age, i.e., deep grey matter (hippocampus
and thalamus) and cortical injury, also is more representative of that of term-born infants
(Towfighi et al., 1997).

We can utilize the P10 Vannucci model to study the effect of HI on the brain and retina
simultaneously as the common carotid artery gives rise to the ophthalmic artery, which in turn
gives rise to the central retinal artery and posterior ciliary artery that supply the retinal and
choroidal circulation, respectively. Thus, the ipsilateral retina will be subjected to hypoxia-

ischemia in this model.

5. Mechanisms Underlying HI-Induced Brain and Retinal Injury and Therapeutic Targets
Common mechanisms of brain and retinal injury following HI include excitotoxicity,
inflammation, and oxidative stress by free radicals (Osborne et al., 2004; Kaur et al., 2008, 2009;
Lai and Yang, 2011; Shankaran, 2012). HI leads to energy failure, resulting in a decrease in
adenosine triphosphate (ATP) production and thus a failure of the ATP-dependent Na+/K+
pumps. This leads to membrane depolarization, which causes increased glutamate release and

further membrane depolarization. A shift in ion balance causes the cells to swell and die from
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necrosis in the early phase. Prolonged membrane depolarization and increased extracellular
glutamate also raise intracellular calcium to toxic levels, by the activation of the N-methyl-D-
aspartate (NMDA) receptors and voltage-gated calcium channels. Increased intracellular calcium
leads to cascades of events that induce mitochondrial damage, free radical production and
proinflammatory cytokine induction, which can all lead to apoptotic cell death (Osborne et al.,
2004). Furthermore, HI leads to induction of vasoactive substances such as VEGF and nitric
oxide synthase, which may cause vessel leakage and thereby further spreading of the damage
(Kaur et al., 2008). In this regard, selective vulnerability of certain structures in the brain and
retina — cortex, hippocampus, retinal ganglion cells, bipolar cells and horizontal cells, for
example — have been suggested to stem from their abundant expression of glutamate receptors

(Hoyt, 2003; Osborne et al., 2004).

6. Therapeutic Strategies

6.1. Current therapy

Currently, the only available treatment for neonatal HIE is hypothermia, which reduces the core
body temperature of an affected infant to 33-34°C for 72 hours (Shankaran et al., 2005;
Azzopardi et al., 2009). Hypothermia aims to reduce secondary brain injury by slowing down the
metabolism, reducing edema, inhibiting inflammation and suppressing free radical activity
(Shankaran, 2012). Hypothermia has also been shown to prevent retinal injury in a premature rat
model of perinatal asphyxia by reducing nitric oxide production and preventing gliosis and
angiogenesis (Rey-Funes et al., 2011, 2013). Although hypothermia treatment improves outcome
in some infants, it is far from optimal, as 44 to 53% of treated infants will still suffer mortality or

moderate to severe disability (Shankaran et al., 2005; Azzopardi et al., 2009).
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6.2. Other neuroprotective therapies

Pre-treatment with glutamate receptor blockers, anti-inflammatory mediators and free radical
scavengers have shown some promises in reducing brain or retinal HI injury in animal models;
however, the effect is hardly translated to humans due to challenges associated with choosing a
safe and effective dose, timing of the treatment and existence of confounding variables (Block
and Schwarz, 1998; Lees, 2001; Osborne et al., 2004; Lai and Yang, 2011).

Several agents that are known to work on the abovementioned pathways have shown
synergistic effects with hypothermia in improving histological and functional outcomes in
animal models of neonatal HIE. These include Xenon, melatonin, N-acetylcysteine, and
erythropoietin (Epo) (Wintermark, 2011; Cilio and Ferriero, 2010). However once again, the
exact timing and dose of the drugs that are safe and effective need to be refined. One particularly
interesting therapy that has gone to clinical trials to treat neonatal encephalopathy is Epo. In
animal studies, Epo was demonstrated to enhance neuroregeneration in addition to preventing
neuronal death (Xiong et al., 2011; Traudt et al., 2013; Yan et al., 2016). According to a recent
phase Il trial, high-dose Epo appears to offer additional benefits to hypothermia in reducing brain
injury and improving 1-year neurodevelopmental outcome in term infants with neonatal
encephalopathy (Wu et al., 2016). In line with this, neurorestorative therapies that can potentiate
endogenous repair processes, such as neurogenesis, synaptogenesis and angiogenesis, while
limiting apoptosis and inflammation, are gaining traction in research. Such therapies include Epo
as mentioned above, stem cell therapy, and sildenafil. Our laboratory is particularly interested in

sildenafil.

16



7. Sildenafil as a Potential Neuroprotective/Neurorestorative Therapy for Retinal Injury
Induced by Neonatal HI.

7.1. Overview

Sildenafil is a potent vasodilator that acts by inhibiting the phosphodiesterase type-5 (PDES5)
enzyme, which breaks down cyclic guanosine monophosphate (cGMP) (Terrett et al., 1996).
Therefore, sildenafil increases the level of cGMP, a secondary messenger, which in turn activates
protein kinase G (PKG) and its multiple downstream effectors. Sildenafil has been widely used
to treat erectile dysfunction in adults and pulmonary hypertension in both adults and newborns
(Goldstein et al., 1998; Barnett et al., 2006; Shah et al., 2011). More recently, an accumulating
body of literature has demonstrated the neuroprotective and/or neurorestorative roles of sildenafil
in animal models of neurologic diseases, such as ischemic stroke, multiple sclerosis and
Alzheimer’s disease (Bednar et al., 2008; Chen et al., 2014; Nunes et al., 2012; Zhang et al.,
2005; Zhang et al., 2012; Zhang et al., 2013).

7.2. Sildenafil in animal models of neurologic diseases

In rat models of adult stroke, sildenafil has been shown to promote neurogenesis, angiogenesis
and synaptogenesis, and improve functional outcome with or without an accompanying reduction
in infarct size, even with a delayed administration of up to a week post-stroke (Zhang et al.,
2005; Bednar, 2008). Furthermore, sildenafil has been shown to decrease neuroinflammation in
animal models of other neurologic diseases, such as Alzheimer’s disease and multiple sclerosis
(Zhang et al, 2013; Nunes et al., 2012; Pifarre et al., 2013).

Therapeutic effects of sildenafil on immature brain with HI injury have been tested in rat
and mouse models (Charriaut-Marlangue et al., 2014; Moretti et al., 2016; Yazdani et al., 2016;

Engels et al., 2017). Charriaut-Marlangue et al. reported decreased neuronal and endothelial cell
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apoptosis, astrogliosis and microglia/macrophage activation at 72 hours and 7 days post-HI after
a single intraperitoneal administration of sildenafil following HI in P7 rats. At the latter time-
point (7 days post-HI), they also observed decreased tissue loss and improved motor recovery. In
a neonatal stroke model of P9 mice, sildenafil treatment did not show a change in infarct volume
at 72 hours after permanent middle cerebral artery occlusion, but a significant reduction 8 days
after the occlusion (Moretti et al., 2016). The authors argued that the microglia/macrophage
profile supported an anti-inflammatory effect of sildenafil in limiting the expansion of lesion.
Finally, our group used the P10 Vannucci model of neonatal HIE in Long-Evans rats and
demonstrated that 7 days of oral sildenafil administration, beginning 12-hour post-HI, improved
the motor outcome, ipsilateral brain hemisphere size and the number of neurons at P30 (Yazdani
etal., 2016).

Despite the accumulating evidence of neuroprotective and/or neurorestorative role of
sildenafil in the brain, its therapeutic potential has been rarely explored in the context of retinal
diseases.

7.3. Sildenafil and the retina

7.3.1. Expression of PDES5 in the retina

PDES is expressed in the endothelial cells and the smooth muscles of the retinal vasculature, the
choroidal vasculature, and the ophthalmic artery (Foresta et al., 2008). In the human retina,
PDES5 was shown to be expressed in the INL and the ganglion GCL; however, its role in these
structures remains unclear. Of interest, PDEG6, on which sildenafil has a mild inhibitory effect, is
abundantly expressed by rod and cone photoreceptors.

7.3.2. Effects of sildenafil on choroidal and retinal circulation

There is some inconsistency in the literature regarding the effects of sildenafil on ocular blood
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flow and vessel diameters (Harris et al., 2008). In general, a single 50-100 mg dose of oral
sildenafil in healthy adults have been shown to transiently increase the blood flow in the
ophthalmic artery and choroid, but not in the retinal vessels (Harris et al., 2008; Paris et al.,
2001; Dundar et al., 2001; Foresta et al., 2008). Sildenafil has been shown to increase the
diameter of the retinal artery and vein; however, a lack of blood velocity measurements in these
vessels make it inconclusive as to whether there was any blood flow change (Pache et al., 2002).
A study by Polak et al. (2003) reported an increase in retinal vein diameter and venous blood
flow in healthy subjects after sildenafil. More recent studies using optical coherence tomography
(OCT) angiography reported increased choroidal thickness after a single dose of sildenafil,
presumably resulting from choroidal vasodilation (Kim et al., 2013; Berrones et al., 2017). While
the choroidal blood flow was also found to be elevated in Kim et al.’s study, Berrones et al. did
not find any change in the choroidal blood flow, which could be due to the difference in the
techniques used. Again, the retinal blood flow was not found to be affected in the latter study. In
a study by Vatansever et al. (2003), male rats fed 8 mg/kg/day of sildenafil every other day for 4
weeks showed a thickening of the choriocapillaries but not of the retinal vessels on histology.
The difference in response of choroid and the retinal circulation to sildenafil could be due to the
difference in innervation and local autoregulation (Harris et al., 2008; Berrones et al., 2017).
7.3.3. Effects of sildenafil on retinal function and structure

Some of the vision related side effects of sildenafil in the adult population include changes in
color and light perception, blurred vision and photophobia (Berrones et al., 2017; Moschos and
Nitoda, 2016). These effects are thought to be mediated by the inhibition of PDE6 in
photoreceptors by sildenafil, and subsequent disruption of the phototransduction pathway. As

such, many studies have investigated the effect of sildenafil on retinal function using full-field
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ERGs in humans and animals.

In healthy human adults, slight transient changes in ERG amplitudes and/or peak times
have been reported to occur 1-2 hours following a single dose of sildenafil (50-200 mg). The
changes involved both rod and cone pathways and outer and inner retina function (Jagle et al.,
2004, 2005; Luu et al., 2001). Patients treated with sildenafil for erectile dysfunction also
showed acute changes in ERG 1 hour after a 50 mg dose, particularly a higher rod Vmax and
increased sensitivity, which may explain photosensitivity experienced by some patients after
taking sildenafil (Gabrieli et al., 2001). The effects of chronic high dose sildenafil have been
looked at in patients with pulmonary arterial hypertension, who had been on 120-300 mg/day of
sildenafil for 1-4 years (Zoumalan et al., 2009). Upon being tested 1 hour after a dose, patients
showed a delayed cone b-wave peak time but no change in the amplitudes. Taken together, acute
or chronic sildenafil does not seem to pose serious risk for retinal health in humans.

An intravenous (i.v.) injection of sildenafil (0, 1, 3, and 10 mg/kg) in healthy monkeys
demonstrated transient ERG changes that returned to baseline within 24 hours (Kinoshita et al.,
2015). Specifically, the b-waves were delayed and/or attenuated at a lower dose than the a-
waves, and the sensitivity of the cones appeared to be affected more than that of the rods. No
fundus changes were noted.

Behn and Potter (2001) showed that an intraperitoneal (i.p.) injection of 2.9 mg/kg and
14.3 mg/kg (2 and 10 times the maximum recommended dose, respectively, for a 70-kg human)
sildenafil had no effect on the ERG of wild type mice. Mice that were heterozygous for rod
PDESG (i.e., a model of retinitis pigmentosa), however, showed a dose-dependent decrease in a-
and b-wave amplitudes, which returned to baseline values within 48 hours. Using higher doses of

sildenafil (7.25-72.5 mg/kg, i.p.), Nivison-Smith et al. (2014) showed a reversible attenuation of
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ERG a- and b-wave amplitudes in the wild type. Mice heterozygous for rd1 (another type of
retinitis pigmentosa carrier) showed a reduced a-wave and supernormal b-wave that took 2
weeks to recover. These studies raise possible adverse effect of sildenafil on retinas with a
compromised photoreceptor PDE6 system; however, the dose used in these studies far exceeded
the maximum dose and even then the effects were mostly reversible.

Similar results were obtained with studies using the isolated or ex vivo retina. Luke et al.
(2005) showed a dose-dependent and reversible attenuation of ERG a- and b-wave amplitudes
after sildenafil on isolated superfused bovine retina. Again, the b-wave began to be affected at a
lower dose than the a-wave and showed a greater attenuation than the a-wave. They also showed
slower and partial recovery following washout after higher doses. Martins et al. (2015)
demonstrated that sildenafil on ex vivo retina decreased and delayed the ON- and OFF-RGC
response to light in a reversible and dose-dependent manner.

In summary, sildenafil alters retinal function but the effect is mostly transient and occurs
only at doses far above the recommended maximum. Human studies also suggest that sildenafil
does not cause any significant adverse effect on the retina, even at a high dose or after chronic
use. Interestingly, all of the above studies suggested that sildenafil may have direct effects on
inner retinal cells, as demonstrated by the changes in the b-wave that exceeds what was expected
from the consequence of a change in the a-wave alone. Sildenafil likely affects the inner retina
through the inhibition of PDES.

7.3.4. Sildenafil and retinopathy of prematurity
A few case studies reported the development of retinopathy of prematurity (ROP) in preterm
infants treated with sildenafil for persistent pulmonary hypertension (Marsh et al., 2004; Fuwa et

al., 2017). However, these cases did not establish a causal relationship, and retrospective studies
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with a larger cohort reported no adverse ocular findings in association with sildenafil (Kehat et
al., 2010; Fang et al., 2013; Samiee-Zaarghandy et al., 2016).

There is only one study looking at the effect of sildenafil on retinal vascular changes in a
mouse oxygen-induced retinopathy (OIR) model, a model for retinopathy of prematurity (Fawzi
et al., 2014). They reported that sildenafil administration during exposure to hyperoxia
significantly decreased retinal vaso-obliteration through HIF-a stabilization. At a later time
point, they also observed decreased neovascularization, which normally develops when the pups
are returned to room air which is relatively hypoxic to vaso-obliterated retinas. Although they
did not look at the retinal structure or function, this study provides evidence of a beneficial role
of sildenafil in the OIR.

Given that vasodilation and angiogenesis can either help or worsen the HI injury, and that
the adequate angiogenic signalling is critical for normal development and maintenance of the
retinal vasculature and the retina, it would be important to test the effect of sildenafil in the

context of neonatal HI, both in terms of safety and efficacy.
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PREFACE TO CHAPTER 11

Previous animal studies report that the immature retina is susceptible to hypoxic-ischemic injury.
The affected retinal layers as well as the extent of injury vary depending on the model and the
age of the animals used. In general, however, the inner retina is more susceptible to injury than
the outer retina. The effect of HI on the rat model of neonatal HI at term equivalent age has not
yet been investigated. In this chapter, we used the P10 Vannucci model to study the effect of
hypoxia-ischemia on retinal function (ERG) and structure (histology) in detail. In particular, we
examined the histology of the retina along the entire superior-inferior axis at the level of the
optic disc in order to characterize the distribution of injury not only from outer to inner retina,
but also from center to periphery. We found that there are differences in the severity of injury
with respect to depth as well as eccentricity. We also looked at the functional integrity of the
primary visual pathway using VEP and investigated the relationship between the brain and
retinal injury at the level of function and structure. Our results demonstrate that retinal injury

may develop independently from brain injury as a result of HI.
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ABSTRACT

Purpose: To investigate the effects of term neonatal encephalopathy on retinal function and
structure.

Methods: A rat model of term neonatal hypoxic-ischemic encephalopathy (Vannucci model)
was used. Hypoxia-ischemia was induced by a left common carotid ligation followed by a 2-hour
period of hypoxia (8% oxygen) in Long-Evans rat pups at postnatal day 10 (P10). Sham operated
rats served as controls.. Retinal function was assessed at P30 and P60 by electroretinograms
(ERGS), after which retinal histology was performed. Retino-cortical function was assessed with
visual evoked potentials (VEPS) at P60 and subsequently brain histology was performed.
Results: The ERGs of the HI animals at P30 and P60 demonstrated a significant reduction in the
scotopic and photopic b-wave amplitudes, but a preserved a-wave amplitude. The retinal
histology of the HI animals confirmed that the photoreceptor layer remained intact, whereas the
inner layers of the retina were damaged. The HI animals also showed reduced VEP P100
amplitudes, which correlated with reduced left cerebral hemisphere surfaces. There was no
correlation between the severities of retinal versus cerebral injuries.

Conclusions: Our findings suggest that term neonatal encephalopathy resulting from hypoxia-
ischemia induces functional and structural damages to the inner retina, while relatively sparing
the photoreceptors. These findings raise the possibility that retinal injuries may contribute to
visual impairments with or without the presence of brain injury in term asphyxiated newborns
and thus warrant further studies with humans and animals to better understand the disease

process.
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INTRODUCTION
Despite improvements in neonatal care, birth asphyxia remains a serious condition that causes
significant mortality and long-term morbidity, such as cerebral palsy, mental retardation, and
visual impairments (including blindness).>* Although birth asphyxia and the resulting neonatal
encephalopathy in term newborns have been extensively studied, relatively few studies have
explored their impact on the retina and visual function. However, loss of vision following birth
asphyxia is one of the most common causes of pediatric visual impairments in developed
countries. These visual impairments have been largely attributed to injuries along the intra-
cerebral visual pathways (i.e., the optic nerves, optic radiations, primary visual cortex, visual
associative cortical areas, and/or visual attention pathways) rather than injuries to the retina,
although in some studies abnormal ocular findings have been reported.®** One study reported
transient subnormal electroretinogram findings within 1 year following birth asphyxia,'* while
other studies found normal electroretinogram with abnormal visual evoked potentials in
asphyxiated newborns.**** All of the above make it difficult to appreciate if the retina is at risk
of direct hypoxic-ischemic injury in asphyxiated newborns.

The retina is the organ that has the highest oxygen consumption per volume in the body.*®
In addition, much like the brain, the developing retina is highly sensitive to variation in oxygen
levels, as demonstrated by the abundant literature on the retinopathy of prematurity, including

16,17

the animal model (i.e., oxygen-induced retinopathy) of this disease, as well as by several

studies using different premature animal models of hypoxia-ischemia, which have reported
functional and/or structural damages to the retina.'**

The Vannucci model (unilateral common carotid ligation followed by hypoxia), which

was originally developed to study brain injury in the context of neonatal hypoxic-ischemic
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encephalopathy, must also be a valid model to simultaneously study the effect of hypoxia-
ischemia on the retina, since the occlusion of the common carotid artery also disturbs the blood
supply to the retina. Thus, we hypothesized that in addition to the brain injury, hypoxia-ischemia
in this animal model will also induce injury to the retina. Furthermore, we hypothesized that the
retinal injury will be most pronounced in the inner retina, based on the findings obtained in other
hypoxic or ischemic retinopathy models, such as the oxygen-induced retinopathy. The present
study was designed to investigate the detailed effects of neonatal hypoxia-ischemia on retinal
function and structure and compare them to the retino-cortical visual function and brain structure

using a rat model of term neonatal hypoxic-ischemic encephalopathy.

MATERIALS AND METHODS

1. Animals

All experiments were conducted in accordance with the Association for Research in Vision and
Ophthalmology Statement for the use of animals in ophthalmic and vision research, and were
approved by the local animal care committee. Adult female Long-Evans rats with their male-only
litters (Harlan Laboratories) were received in the animal facility, housed under standard
environment and allowed food and water ad libitum. Rat pups remained with their mother until

weaning at postnatal day 21 (P21).

2. Induction of Term Neonatal HIE

A well-established rat model of term neonatal HIE (Vannucci model),?*%

combining a unilateral
common carotid artery ligation and a 2-hour exposure to hypoxia in 10-day-old rat pups, was

used for the experiments, since this model is recognized to mimic the brain injuries observed in
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human term asphyxiated newborns.?’?* The common carotid artery gives rise to the ophthalmic
artery, which feeds the two major blood vessels supplying the retina, i.e., the choroidal and
retinal arteries.*® For the ligation, 10-day-old male Long-Evans rat pups were weighed and then
deeply anesthetized with an intraperitoneal injection of fentanyl (0.2 mg/kg) and midazolam (1
mg/kg) to the point of unresponsiveness to noxious stimulation. Anesthesia was reversed with an
intraperitoneal injection of naloxone (0.1 mg/kg) and flumazenil (1 mg/kg). Pups were allowed
to recover for approximately 1.5 hours after surgery, and were then placed in a sealed hypoxia
chamber (Plastic Concepts, North Billerica, MA, USA). The chamber was gradually filled with
nitrogen until a level of 8% oxygen was reached, which was maintained for 2 hours. Pups were
then allowed to recover for 30 minutes and returned to their mother. Rats undergoing the whole
procedure were considered as the hypoxic-ischemic (HI) group (n = 14). Sham operated rats
(identical procedure as the HI group, but not the ligation and the hypoxia) served as the control
group (n = 10). Rats undergoing the carotid ligation but not the hypoxia served as the ischemia-

only group (n = 4), while the right eyes of HI rats served as the hypoxia-only group.

3. Retinal Function

Full-field flash electroretinograms (ERGs) were recorded at P30 (acute effect) from the left (i.e.,
ipsilateral to the carotid ligation) and right (i.e., controlateral to the carotid ligation) eyes of HI
animals, and from the left eyes of the control and ischemic-only animals, using a data acquisition
system (AcgKnowledge®; Biopac MP100; Biopac Systems Inc., Goleta, CA, USA) as previously
described.*** Follow-up ERGs were recorded at P60 (chronic effect). Briefly, following a 12-
hour period of dark-adaptation, the rats were weighed and then anesthetized with an

intramuscular injection of ketamine (85 mg/kg) and xylazine (5 mg/kg). The pupils were dilated
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using 1-2 drops of 1% tropicamide (Mydriacyl®; Alcon Canada Inc., Mississauga, ON, Canada),
and the cornea was anesthetized with 1-2 drops of proparacaine hydrochloride (Alcaine®; Alcon
Canada Inc., Mississauga, ON, Canada). The rats were then positioned on their sides inside a
recording chamber. All procedures were carried out under a dim red light. Scotopic ERGs were
evoked to flashes of increasing intensities ranging from -6.3 to 0.9 log-cd-ssm? (0.3 log unit
increment; interstimulus interval, 10 seconds; averages, 3-5 flashes; bandwidth, 1-1000 Hz),
while photopic ERGs were recorded after 20 minutes of light adaptation (background, 30 cd-m™;
stimulus intensity, 0.9 log-cd-s-m™; interstimulus interval, 1 second; averages, 20 flashes).

The maximum mixed rod-cone a-wave (measured from the pre-stimulus baseline to the
trough of the a-wave) and b-wave (the trough of the a-wave to peak of the b-wave) amplitudes
and the photopic b-wave amplitude (baseline to b-wave peak) were measured using the
AcgKnowledge® software (Biopac Systems Inc., Goleta, CA, USA). In cases where the peak of
the b-wave could not be determined, the amplitude of the b-wave was considered as that
measured at the time when the b-wave peaks in control animals. The maximal rod-mediated b-
wave amplitude (referred to as rod Vmax) Was estimated using a sigmoidal fit of the luminance-
response function curve as previously reported.32%

To date, the ERG is the only objective mean to non-invasively assess retinal function. It
is recognized that the ERG a-wave is generated by the photoreceptors (outer retina), while the b-
wave represents electrical activities originating from the inner retina (most probably interactions
between bipolar cells and Miller cells). Previous studies on ischemic retinopathy models, such
as bilateral common carotid ligation or 4-vessel occlusion models, revealed an impaired inner
retinal function (i.e., depressed b-wave) with relative sparing of the outer retinal function (i.e.,

the a-wave).* Previous studies using the Vannucci model showed variability in the severity of
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brain injury.”* Consequently, given that variability in retinal injury could potentially occur, we
postulated that a complete destruction of inner retinal function would abolish the ERG b-wave
and thus yield a b-wave amplitude to a-wave amplitude ratio (b/a-wave ratio) smaller than 1
(severe phenotype), while a b/a-wave ratio between 1 and 2 would suggest a mild phenotype
given that the normal b/a-wave ratio is around 2. Following the same logic, ratios around 1

would identify an intermediate phenotype.

4. Retinocortical Function
After photopic ERG recordings (20 minutes of light-adaptation), visual evoked potentials (VEPS)
were recorded with a subdermal needle electrode placed on the scalp over the occipital cortex
(where the midline and interaural line cross) (background, 30 cd-m; stimulus intensity, 0.9
log-cd-s-m; interstimulus interval, 1 second; averages, 100 flashes). In control animals, only the
left eye was stimulated (since equal VEP responses were assumed for the left and right eye
stimulation). In HI animals, monocular VEP responses were obtained in order to compare the left
and right retino-cortical pathways.

The P100 wave was identified as the most prominent positive peak occurring at a latency
of approximately 100 msec, and its amplitude was measured from the trough immediately

preceding the P100 to the peak of the P100.

5. Retinal Structure
After the ERG and VEP recordings at P60, the animals were euthanized with an intraperitoneal
injection of sodium pentobarbital (100 mg/kg) and transcardially perfused with 0.1M phosphate

buffered saline, followed by 4% paraformaldehyde. The left eyes of the HI and control animals
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were enucleated and immediately immersed in 4% paraformaldehyde for 3 hours, prior to the
removal of the cornea and lens. The eyecups thus obtained were re-immersed in 4%
paraformaldehyde and left overnight at 4°C on an orbital shaker. On the following day, the
eyecups were washed 3 x 5 minutes in 0.1M phosphate buffer. The eyecups were then incubated
in a solution of 1% osmium tetroxide for 3 hours, followed by 3 x 5 minute washes in 0.1M
phosphate buffer, and sequential immersions in 50, 80, 90, 95 and 100% ethanol, and propylene
oxide prior to embedding (Epon resin, Mecalab, Montreal, QC, Canada). The embedded eyes
were sectioned into 1 pm-thick sections along the superior-inferior axis at the level of the optic
nerve head, collected on glass slides, and stained with 0.1% toluidine blue. Images were taken
with a microscope equipped with a digital camera (Carl Zeiss Microscopy GmbH, Jena,
Germany) combined with a 40x objective. The thicknesses of the total retina and of each retinal
layer were measured at approximately 1000 pum from the optic nerve head in the inferior retina
using AxioVision® software (Version 4.8.2.0; Carl Zeiss Microscopy GmbH, Jena, Germany).
For retinal reconstruction, retinal segments of 75 pum in width—taken at every 340 pum
along the entire length of the superior and inferior retinas—were assembled side by side (Adobe
Photoshop®, Adobe Systems Inc. San Jose, CA, USA) to yield a pan-retinal view. Then, the
thickness was plotted against eccentricity to obtain the spider graphs, centered with the optic
nerve head; the superior retina represented on the left of the optic nerve head and the inferior

retina represented on the right of the optic nerve head.

6. Brain Structure
The brains were extracted after the perfusion described above and post-fixed in 4%

paraformaldehyde solution overnight at 4°C, and then, they were cryoprotected in 30% sucrose
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and serially sectioned into 16-um coronal sections. Anterior sections were collected at -0.36mm
from Bregma (anterior commissure area) and posterior sections at -2.16mm from Bregma
(hippocampus area). After hematoxylin and eosin staining using standard protocol, brain
morphology of posterior sections was examined with a light microscope (Leica DM4000B LED,
Leica Microsystems, Wetzlar, Hessen, Germany) with a 5x objective. For each section,
overlapping microphotographs were captured using a digital camera attached to the microscope
(Leica DFC450C, Leica Microsystems, Wetzlar, Hessen, Germany). These pictures were then
stitched together using a panoramic image stitching software (Microsoft Research Image
Composite Editor) to obtain pictures of entire coronal section. Using ImageJ (Image Processing
and Analysis in Java),® the surface of the left and right hemispheres were measured on two

posterior sections and averaged to represent each animal.

7. Data Analysis

One-way ANOVA followed by Dunnett’s post-hoc comparison tests (for significant ANOVA
results) were performed to assess the differences between the control and experimental groups.
Regression analyses were performed in order to assess the correlation between the left/right
hemisphere surface area ratio (brain structure) and P100 amplitude (brain function), P100 and
photopic b-wave amplitudes (retinal function), and the left/right hemisphere surface ratio (brain
structure) and the total retinal thickness measured at 1000 um from the optic nerve head (retinal
structure). A p value < 0.05 was considered as statistically significant. All statistical analyses

were performed with GraphPad Prism® (GraphPad Software Inc., San Diego, CA, USA).
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RESULTS

1. Effect of Neonatal HI on Retinal Function

The rat pups exposed to hypoxia-ischemia at P10 presented with variable degrees of changes in
their retinal function at P30 and P60. As shown in Figure 1A, compared to control animals, the
mixed rod-cone ERGs of the ipsilateral (left) eye of the HI animals showed three distinct
morphologies, namely: (1) the mild HI group with a b-wave to a-wave ratio (2.16 = 0.28, n = 3)
similar to the control (2.51 + 0.07; i.e., b-wave being greater than the a-wave), (2) the moderate
HI group with a b-wave to a-wave ratio close to 1 (i.e., b-wave being approximately equal to the
a-wave; 1.04 £ 0.16, n = 5), and (3) the severe HI group with a b-wave to a-wave ratio less than
1 (i.e., b-wave being smaller than the a-wave; 0.44 + 0.12, n = 6). All subsequent comparisons
were made according to these subgroups. As illustrated in Figure 1A, the amplitudes of the rod
mediated b-wave (rod Vmax) and the photopic b-wave were either similar to those of the control
animals (in the mild HI group) or reduced to varying extents, depending on the subgroup (in the
moderate and severe HI groups), a finding which is best summarized with the data presented in
Figure 1B or Table 1.

At P30, the ipsilateral (left) eyes of the ischemic and mild HI groups showed no
significant difference in any of the ERG amplitudes measured compared to the control. In
addition, no significant difference was found in the ERG amplitudes in the fellow (right) eyes of
the HI animals except in the severe HI group, for which the amplitudes were significantly
enhanced for the mixed rod-cone a-wave (P < 0.05), mixed rod-cone b-wave (P < 0.05) and rod
Vmax (P < 0.01) compared to the control. In contrast, the ipsilateral (left) eyes of the moderate
and severe HI groups showed a significant attenuation of the amplitudes of the mixed rod-cone

b-wave (P < 0.001), rod Vpax (P < 0.001) and photopic b-wave (P < 0.001) for the moderate and
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severe HI groups, while no difference was observed in the amplitude of the mixed rod-cone a-
wave compared to the control.

The follow-up ERGs recorded at P60 appeared similar to those recorded at P30 (Fig. 2A).
The HI animals remained in the same subgroups as initially categorized at P30 based on their
mixed rod-cone ERG b-wave to a-wave ratio. At P60, the ERG amplitudes from the ipsilateral
(left) eyes of the ischemic and mild HI groups remained unchanged compared to the control (Fig.
2B and Table 1). At this time, the fellow (right) eyes of the moderate and severe HI groups
showed no significant difference in the ERG amplitudes, whereas the mild HI group showed a
significant increase in the photopic b-wave amplitude compared to the control (P < 0.01).
Similarly to P30, the ipsilateral (left) eyes of the moderate and severe HI groups showed a
significant reduction in the b-wave amplitudes (i.e., mixed rod-cone b-wave, rod Vmax and

photopic b-wave, P <0.001) but not the a-wave amplitude compared to control.

2. Effect of Neonatal HI on Retinal Structure
The HI-induced changes in the retinal function were accompanied by changes in the retinal
structure in the left eyes of the HI animals (Fig. 3A). The total retinal thickness of the left eyes
was significantly different between the groups (Fig. 3B). The moderate and severe HI groups
showed a significant decrease in the total retinal thickness (P < 0.001) compared to the control.
The mild HI group did not show a significant difference.

Analysis of the thicknesses of individual retinal layers also revealed significant
differences between the groups. The inner retinal layers and the outer plexiform layer (OPL)
were damaged to varying extents in the moderate and severe HI groups. That is, the moderate HI

group showed a thinning of these layers, whereas the severe HI group showed a near complete
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destruction of these layers with only one band of the inner nuclear layer (INL) cells remaining
below the OPL (Fig. 3A). Aforementioned observations were supported by the data shown at
Figure 3B and Table 2. Both the moderate and severe HI groups showed a significant decrease in
the thickness of the inner retinal layers (i.e., INL, P < 0.001; inner plexiform layer [IPL], P <
0.001; retinal ganglion cell/fiber layer [RGC/FL], P < 0.01). These groups also showed a
significant decrease in the thickness of the OPL (P < 0.001). The mild HI group showed no
significant differences in the thickness of the inner retinal layers and the OPL compared to the
control. In contrast, the thickness of the photoreceptor layers (i.e., the outer segment [OS], inner
segment [IS], and outer nuclear layer [ONL]) did not change in the mild and moderate HI
groups, but it increased significantly in the severe HI group (P < 0.05) compared to the control.
Finally, the thickness of the retinal pigment epithelium (RPE) did not differ significantly
between the groups (P = 0.44).

In addition, the distribution of inner retinal (or post-photoreceptor) injury was
heterogeneous along the superior-inferior axis of the retina—the damage being more pronounced
at the center and the far periphery compared to the mid-periphery (Fig. 4A). Again, the different
HI groups showed variability in the degree of damage: the damaged areas expanded from the
center (next to the ONH) and the far periphery (next to the ora serrata) towards the mid-
periphery as the severity of the functional/structural impairment increased. Specifically,
compared to the control, the mild HI group showed significant reduction in the thicknesses of
IPL, RGC/FL, and OPL only at the peripheral margin of the superior retina (Fig. 4B). The
moderate HI group showed significantly thinner INL, RGC/FL, and OPL in the central regions of
the superior and inferior retinas, and significantly thinner INL and OPL at the far periphery of

the superior retina as well. In the moderate HI group, the thickness of the IPL was reduced all
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across the retina. The severe HI group showed significant decreases in the thicknesses of the
INL, IPL, and RGC/FL across the entire retina (except at the peripheral margin of the inferior
retina for the INL). In the severe HI group, only the OPL showed some regions in the mid-

periphery that were not significantly different in thickness compared to the control.

3. Effect of Neonatal HI on the Brain

The HI animals showed a variable degree of injury on the left (ipsilateral to the carotid ligation)
hemisphere (Fig. 5). The left-to-right hemisphere surface ratio was positively correlated with the
P100 amplitude driven by the right eye (r> = 0.48, P < 0.01; Fig. 6A). There was no correlation
between the P100 amplitude driven by the right eye and the b-wave amplitude of the left eye (P
= 0.83, Fig. 6B), and between the left/right hemisphere surface ratio and the total retinal

thickness of the left eye (P = 0.61, Fig. 6C).

DISCUSSION

This study demonstrates that rat pups exposed to hypoxia-ischemia at P10 developed a
retinopathy. Hypoxia-ischemia induced a functional impairment of the inner retina (i.e., the
layers of cells connecting the photoreceptors to the brain) while sparing the photoreceptor
function, as demonstrated by a severely attenuated b-wave (i.e., activity of the inner retina) in the
presence of a well-preserved a-wave (i.e., activity of the photoreceptors) of the mixed rod-cone
ERG responses. Both rod- and cone-mediated inner retinal functions were compromised, as was
demonstrated by the attenuated rod-mediated response (rod Vmax) and photopic b-wave. The
histology of these eyes confirmed that the retinal pigment epithelium and the photoreceptor

layers (i.e., the OS, IS, and ONL) were intact, compared to the significantly damaged inner retina
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(i.e., the OPL, INL, IPL, and RGC/FL). We also confirmed the presence of cerebral damage
associated with impaired cerebral visual function as demonstrated by the reduced VEP P100
amplitude and injury on the left hemisphere on brain histology. Interestingly, however, the
severity of retinal and cerebral injuries did not correlate, suggesting that visual impairments
following hypoxia-ischemia could arise either from retinal injury, cerebral injury, or a
combination of both. This is an important finding since much of the emphasis until now has been
placed on the abnormalities in the intra-cerebral visual pathways to explain the visual deficits in

human newborns with neonatal encephalopathy.®™!

. To our knowledge, this is the first
demonstration of such risk in a rat model of term neonatal hypoxic-ischemic encephalopathy.
Previous animal studies have highlighted the risk of the retinopathy following hypoxia-ischemia,
but in younger animals (i.e., at ages that correspond to human preterm infants in whom retina is
well known to be susceptible to damages).’*? Kiss et al. reported a reduction in the thickness of
the ONL and INL as well as ganglion cell loss in 6-week-old rat retinas following 15 minutes of
asphyxia at P0.*® In another study using a similar rat model, 20 minutes of asphyxia at PO
induced abnormal structural changes in the ganglion cell/fiber layer at P60, marked by
neurodegeneration, neovascularization and gliosis.® A 2-hour exposure of P1 rats to 5% oxygen
resulted in cell death in the inner nuclear layer and ganglion cell layer, Miiller cell swelling, and
increased permeability of the retinal blood vessels.*® Of interest, Huang et al. used the Vannucci
model at P7 and demonstrated substantial inner retinal damage (with apoptosis) and gliosis
accompanied by a reduction in the ERG b-wave amplitude at P14-60,° consistent with our
findings. However, they did not report a complete destruction of the inner plexiform layer and

ganglion cell/fiber layer as observed in the severe HI group in our study. The discrepancies

between different studies may represent a strain difference in retinal susceptibility to HI, as
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similar strain difference has been reported in the oxygen-induced retinopathy model.*’
Alternatively, the discrepancies may be due to the difference in the age at which HI was induced.
The neurodevelopmental stage of a PO rat is equivalent to that of very preterm infant (24 weeks
gestational age), P7 is equivalent to late-preterm (32-36 weeks gestational age), whereas P10 is
considered closer to full-term (40 weeks gestational age).?

The degree of the abnormalities in the ERGs and histology of the HI animals varied. We
also noted a variability in the degree of brain injury, at the functional and structural level, and
which has been previously attributed, at least in part, to the inter-individual difference in the
number or efficiency of collaterals in the Vannucci model.?**® Interestingly, however, the
severity of retinal injury and cerebral injury did not correlate, suggesting that retinal and cerebral
injuries may occur separately. Differences in local compensatory mechanisms, such as
hemodynamics, may underlie this phenomenon. A significant inter-individual variability in
outcome is evident also in human term newborns with neonatal encephalopathy.*® Further
investigations are needed to better understand the factors contributing to the individual
differences in retinal susceptibility to HI.

The inner retina appeared more damaged at the center and the far periphery compared to
the mid-periphery, which was observed in both the superior and inferior retinas. This finding
suggests that some regions of the retina are more susceptible to hypoxia-ischemia compared to
others. The topographic distribution of injury may arise from the regional differences in blood

circulation.* Retinal blood flow is higher in the central region,**

explaining why retinal cells
in the central region may be more sensitive to a decrease in blood flow. In rats, the formation and
remodeling of the retinal vasculature progresses from the center towards the periphery and from

the superficial (at the level of the fiber layer) towards the deep plexus (at the level of the inner
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nuclear layer) between birth and the third postnatal week.**** The remodeling period is
terminated once the newly formed blood vessels acquire a pericyte coating.*® At P10, the
superficial plexus fully covers the retina, with pericytes around its arterioles and primary
branches, where a capillary-free zone forms.*”® In contrast, the deep plexus does not reach the
edge of the retina until around P14.** The capillary-free zones around the optic disc may also
explain the more pronounced damage to the central part of the retina compared to the mid-
periphery. The fact that the far periphery is still not vascularized by the deep plexus and remains
pericyte-free at P10 ** may provide an additional explanation as to why the far periphery was
more damaged than the mid-periphery. More investigations are needed to understand the changes
in retinal blood vessel architecture following HI and how these changes vary with eccentricity.
This may help elucidate the mechanisms involved in the development and progression of the
retinopathy that follows HI at term.

The abnormalities in retinal function and structure could only be obtained if the rat pups
were subjected to hypoxia following the unilateral carotid ligation, which emphasizes the crucial
role played by the hypoxic event in addition to ischemia. One of the limitations of our study is a
lack of true hypoxia-only control (hypoxia without carotid ligation). Previous studies showed
that when hypoxia and ischemia were used separately, neither produced measurable cerebral
injury.2“* This is not to say that the retina would react the same way as the brain in the presence
of an ischemic or hypoxic event. However, a near absence of meaningful results from the
contralateral eye (hypoxia-only retina) of the experimental group (ligation + hypoxia) or the
ligation-only group suggests a minimal (if any) effect of hypoxia to the retinal structure and
function at least until P60. Some contralateral eyes (the severe group at P30 and the mild group

at P60), however, did show a slight yet significant supranormal ERG amplitudes and this may
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represent such an effect, as it was previously shown that ischemia could yield supranormal ERGs
in the ischemic or the fellow eye.*®*°

The selective resistance of the photoreceptors to HI compared to the inner retina is
intriguing especially since the photoreceptors are the cells that consume the most oxygen per
gram of tissue weight in the body.***° It may be explained by the high mitochondrial content of
the photoreceptors that is needed to provide enough energy to meet their high metabolic
demands.***® Hypoxia has been shown to induce an enlargement of the mitochondria, which
results in an increased resistance to apoptosis and survival.®"* Furthermore, the photoreceptors
are rich in neuroglobin, an oxygen-binding globin protein, which is known to play a
neuroprotective role.*>>°® Photoreceptors have been shown to have a better ability to reach their
metabolic demand anaerobically compared to the inner retina.*****> Photoreceptors are also more

%57 \which is known to be one of the main mechanisms

resistant to glutamate excitotoxicity,
underlying ischemic retinal injury.*®*®*® The selective resistance of the photoreceptors may
finally arise from the differences in the blood supplies between the photoreceptors and the inner
retina. The photoreceptors are perfused by the choroidal artery and the choriocapillaries, which
receive approximately 80% of the total blood supply to the eye, but have low oxygen

extraction:*°%% the

inner retina is perfused by the branches of the retinal artery, which receives
only 20% of the total blood supply to the eye, but has high oxygen extraction.**® Integrity of the
blood-retinal barrier is better preserved on the choroidal vasculature side compared to the retinal
vasculature side after an hypoxia-ischemia.’® Further investigations are needed to determine
which of the abovementioned hypotheses is/are correct. Also, a long-term follow-up on retinal

function and structure following neonatal HI is needed to rule out the possibility of a slower

degeneration of the photoreceptors that is not yet evidenced at P60.
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One could argue that a bilateral common carotid occlusion, which produces symmetrical
brain injuries in rats, may have been a more representative model of the brain injuries
encountered in human term asphyxiated newborns, since these injuries are usually bilateral and
symmetrical. However, for this study, we chose the unilateral model so to examine the role of HI
in the development of brain and retinal injuries, while also taking into account the role of
reperfusion in the overall outcome. In addition, since the brain injury is located in the left
hemisphere and more than 90% of the retinal fibers cross over at the optic chiasm to the opposite
side of the brain in rats, studying the right eye in this model allowed us to distinguish visual
impairments arising from the retina versus the brain. In our model, the visual pathway driven by
the left eye was impaired due to reduced retinal output, whereas the visual pathway driven by the
right eye was most probably impaired due to cerebral anomaly, given the absence of functional
deficit at the retinal level. Thus, the animal model combining a unilateral carotid ligation with a
2-hour exposure to hypoxia in P10 rat pups gave us a unique opportunity to study the different
impacts of cerebral versus retinal injuries on vision.

The maturity of the rat retina at P10 may be slightly behind that of humans at term.
Although most retinal layers are present at P10, the first measurable ERGs do not appear until
around P12,% which then matures up to P30.** Although the human retina is functional at term, it
also undergoes rapid structural and functional maturation during first 3-4 months.?*® In
addition, the visual system refines its connections through visual inputs up to 3 years of age.
Another difference between the human and rat retinas is that humans have higher percentage of
cones in comparison to rats, and the distribution of the cones is highly concentrated in the fovea
within the macula, while the rats do not have a macula. The blood supplies to the retina are

similar in humans and rats. The outer retina is supplied by the choroidal vasculature (middle and
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posterior ciliary arteries), whereas the inner retina is supplied by the retinal vasculature (central
retinal artery), with a similar developmental sequence (the choroidal circulation before the retinal
circulation; center to periphery; superficial to deep plexus).**®” Further investigations are thus
needed to determine if human asphyxiated term newborns develop similar functional and
structural damages to the retina as observed in this study in the rat model. The results observed in
the rat model may not be generalizable to human newborns with neonatal encephalopathy.

In conclusion, we found functional and structural anomalies in the retina following HI
with or without the presence of brain injury. Specifically, these injuries were limited to the inner
retina, while the photoreceptors were relatively spared. These findings suggest that retinal
injuries, in addition to or independent of cerebral injuries, may contribute to visual impairments
in term asphyxiated newborns, and warrant further studies in humans and animals to better
understand the disease process underlying the retinal damages associated with neonatal asphyxia
and their relation to brain injury. Distinguishing retinal injuries from cerebral injuries is a worthy

challenge that will help with the planning of improved treatments for these newborns.
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FIGURE LEGENDS

Figure 1. Neonatal HI-induced functional impairments of the ipsilateral (left) retina at postnatal
day 30 (P30). (A) Representative scotopic (mixed rod-cone and rod Vnmax) and photopic
electroretinograms (ERGs). Horizontal and vertical calibrations in milliseconds (ms) and pVolts
(1V), respectively. Vertical arrows correspond to stimulus onset. The a-wave and the b-wave are
indicated by a and b, respectively. The ERGs from the left eyes (i.e., ipsilateral to the carotid
ligation) (OS; solid line) of the HI animals presented three phenotypes: mild (mixed rod-cone b-
wave > a-wave), moderate (mixed rod-cone b-wave ~ a-wave) or severe (mixed rod-cone b-wave
< a-wave). The ERGs from the right eyes (i.e., contralateral to the carotid ligation, OD; dotted
line) of the HI animals and the left eyes of the ischemic animals appeared similar to those from
the left eyes of the control animals. (B) Amplitude measurements of the ERG waves. Clear bars,
left eyes (OS); shaded bars, right eyes (OD). Mean = SD. The HI subgroups and ischemic group
compared to the control group: * P < 0.05. Only the right eyes of the severe HI group showed a
significant difference in the a-wave amplitude compared to the control. The amplitudes of the
mixed rod-cone b-wave and rod Vnya.x were significantly decreased in the left eyes of the
moderate and severe HI groups, and increased in the right eyes of the severe HI group, but not
different in the right eyes of the mild and moderate HI groups and in the left eyes of the ischemic
group. The amplitude of the photopic b-wave was significantly decreased in the left eyes of the

moderate and severe HI groups, but not in the other groups.

Figure 2. Neonatal HI-induced functional impairments of the ipsilateral retina at postnatal day
60 (P60). (A) Representative scotopic (mixed rod-cone and rod Viax) and photopic

electroretinograms (ERGs). Horizontal and vertical calibrations in milliseconds (ms) and pVolts
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(1V), respectively. Vertical arrows correspond to stimulus onset. The a-wave and the b-wave are
indicated by a and b, respectively. The ERGs from the left eye (i.e., ipsilateral to the carotid
ligation, OS; solid line) of the hypoxic-ischemic (HI) animals remained in the same subgroups as
initially categorized at P30. The ERGs from the right eyes (i.e., contralateral to the carotid
ligation, OD; dotted line) of the HI animals appeared similar to those of the left eyes of the
control animals. (B) Amplitude measurements of the ERG waves. Clear bars, left eyes (OS);
shaded bars, right eyes (OD). Mean £ SD. HI subgroups compared to the control group: * P <
0.05. No significant difference was found in the scotopic a-wave amplitude between the groups.
The amplitudes of the mixed rod-cone b-wave and rod Vma were significantly decreased in the
left eyes of the moderate and severe HI groups, but not in the left eyes of the mild HI group and
the right eyes of all HI animals. The amplitude of the photopic b-wave was significantly
decreased in the left eyes of the moderate and severe HI groups and increased in the right eyes of

the mild HI group, but was not different in the other groups.

Figure 3. Neonatal HI-induced structural damages to the left retina at postnatal day 60 (P60).
(A) Representative toluidine blue stained retinal cross sections from the left eyes (magnification,
X40). Images were taken at approximately 1000 um from the optic nerve head in the inferior
retina. Variability was present in the severity of the injuries to the inner retina in the left eyes
(i.e., ipsilateral to the carotid ligation) of the different HI subgroups, while the outer retina
appeared relatively intact, compared to the control. (B) Thickness of the retinal layers from the
left eyes. Mean £ SD. HI subgroups compared to the control group: * P < 0.05; ** P < 0.01; ***

P < 0.001. The thickness of the total retina, OPL, INL, IPL, and RGC/FL were significantly
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decreased in the moderate and severe HI groups, but not in the mild HI group, compared to the

control. The severe HI group showed an increase in OS, IS, and ONL thicknesses.

Figure 4. Topographic distribution of the inner retinal injury. (A) Representative retinal sections
from the left eyes along the superior-inferior axis at the level of the optic nerve head
(magnification, X40). (B) Spider graphs depicting the variation in INL, IPL, RGC/FL and OPL
thicknesses with eccentricity. Mean + SD. HI subgroups compared to the control group:
significance (P < 0.05) represented by color-coded lines representing each HI subgroup at the
top of each graph. The mild HI group showed changes near the ora serrata in the superior retina.
The moderate HI group showed damages near the optic nerve head and the ora serrata in the

superior and inferior retinas. The severe HI group showed damages across the entire retina.

Figure 5. Brain HI injury and impairment of the retinocortical visual pathway function. The
hematoxylin and eosin-stained brain sections are presented next to the visual evoked potentials
(VEPs) driven by the left eye (i.e., ipsilateral to the carotid ligation, OS; solid line) and the right
eye (i.e., contralateral to carotid ligation, OD; dotted line) of the same animal for comparison. HI
severity grouping was based on the electroretinograms. VEPS: horizontal and vertical
calibrations respectively in milliseconds (ms) and pVolts (uV); vertical arrow corresponds to

stimulus onset.

Figure 6. Correlation between retinal and cerebral injuries. (A) The P100 amplitude driven by
the right eye (i.e., contralateral to carotid ligation) was positively correlated with the left/right

hemisphere surface area. (B) There was no correlation between the amplitudes of the photopic b-
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wave of the left eye (i.e., ipsilateral to the carotid ligation) and the P100 driven by the right eye.
(C) There was no correlation between the thickness of the retina of the left eye (i.e., ipsilateral to

the carotid ligation) and the left/right hemisphere surface area.
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Figure 4
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Figure 5
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Figure 6

>

L/R hemisphere ratio

1.2+
1.04
0.8
0.6+
0.4
0.2

0.0

Brain-VEP

r?=0.48

p=0.006

Aoy,

o 0o

10

20 30
P100 amplitude (pV)

40

50

P100 amplitude (pV)

VEP-ERG
397 r2=0.004 3
| p=0.83
40 oo° A
A 'y
30-
A 'y
A 4 o
20-‘ a A
10{4 .
'Y
G T L T T Ll 1
0 50 100 150 200 250 300

Photopic b-wave amplitude (pV)

60

O

L/R hemisphere ratio

Brain-Retina
127 2_
r°=0.02 o Control
1.0 p=0.61 # 104 d008 o H
0.8- At —
0.6- Yoa
0.4- .
0.2
0.0 ' , . . .
0 50 100 150 200 250

Total retina thickness (pm)



TABLES

Table 1. Electroretinogram Amplitudes

Control Ischemia Mild HI Moderate HI Severe HI
n==6 n=4 n=3 n=5 n=6
(1] oS (O} oD oS oD oS oD
P30
Mixed rod-cone a-wave 401.20 £ 71.40 405.72+70.33  417.82+91.18 510.68 +47.36 343.23 £31.42 414,82 +71.81 334.53 +79.58 519.32 £ 36.72 *
Mixed rod-cone b-wave ~ 1007.31+£173.85 1016.26 £ 181.17 921.42 +319.26 1245.83+93.93 356.53+54.19F 1052.94 +204.53 147.65+47.83F+ 1320.05+98.32*
Rod V ax 701.13+£111.48 695.45+91.62 620.47£227.78 900.60+99.99 191.50+63.17% 690.88+160.00 48.37+29.14% 950.25+107.35t
Photopic b-wave 234.61 +43.22 255,54 +£26.88 22457 £76.94 204.98 +27.81 50.25 +10.89 £ 215.75 £ 59.32 7.72+8581% 281.04 £ 44.09
P60
Mixed rod-cone a-wave 348.97 £ 43.83 379.63+£50.76  390.09 +82.58  370.79 +47.29 311.78 £ 48.07 303.36 £ 60.56 281.69 + 63.30 378.87 £45.97
Mixed rod-cone b-wave 931.48 £ 150.87 1001.54 + 115.57 995.49+98.15 1016.44 +36.83 368.78 +9554 % 842.42+170.14 121.92+68.24% 1024.11 + 132.66
Rod V ax 705.28 £110.64 702.90+135.39 732.33+77.97 786.20+63.03 203.96+70.61f 669.80+123.78 44.77+41.451% 778.75 £ 64.15
Photopic b-wave 198.60 + 22.74 239.77£33.90 233.76 £49.05 280.82+33461 67.26+17.11% 194.37 £ 38.41 1474+£8.191% 241.32 £19.24
OS, ipsilateral left eye; OD, contralateral right eye.
*P <0.05.
t P <0.01.
1 P <0.001 versus control.
Table 2. Thicknesses of the Retinal Layers
Control Mild HI Moderate HI Severe HI
n=8 n=3 n=5 n=5
Total thickness, um 214.79 £ 26.03 197.75+13.13 15259+19.68 1 141.31+18.461%
RPE thickness, pm 7.97£0.19 7.75+0.93 8.20+0.41 857+1.15
OS thickness, um 28.47 +6.93 28.10 +4.39 33.48 +5.97 40.98 £9.07 *
IS thickness, pm 13.86 +2.80 12.15+3.11 15.50 £ 2.03 21.09+3.20%
ONL thickness, pum 47.64 £6.75 40.05 + 7.50 51.13 +5.93 57.20 £+ 5.68 *
OPL thickness, pm 10.00 £ 2.23 8.96 £ 4.20 061+1361% 0.00+£0.00 £
INL thickness, um 28.93£5.22 2459 +1.84 16.35+4.23 ¢ 9.77+139¢%
IPL thickness, um 54,99 + 10.34 56.78 + 13.58 19.79+9.611% 285+3.411%t
RGC/FL thickness, um 22,92 +£5.35 19.39 + 8.94 7.54+10.93 1 0.84+ 187 %

*P <0.05.
TP <0.01.
1 P <0.001 versus control.
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PREFACE TO CHAPTER Il

In the previous chapter, we demonstrated that neonatal HI produced irreversible damage to the
inner retina while relatively sparing the outer retina up to P60 in rats. Current strategy against
hypoxic-ischemic injury focuses on the neuroprotective strategies or ways to prevent neurons
from dying. Such strategies that have been tested in animal models include hypoxia/ischemia
pretreatment, glutamate receptor blockers, anti-inflammatory agents and free radical scavengers,
which all had limited success in human trials. A relatively new approach is targeting
neurorestorative pathways. In recent years, sildenafil, a phosphodiesterase type-5 (PDEDS)
inhibitor, has been studied for the latter role in animal models of stroke and neurodegenerative
diseases and showed promising results. To our surprise, potential therapeutic role of sildenafil
has not been studied extensively in retinal diseases. In the contrary, existing literature focuses on
potential side effects of the sildenafil on the retina due to reported visual side effects. It is
therefore important to determine if sildenafil has a beneficial effect on the retinal injury produced
by neonatal HI, and if it is safe for the unaffected eye. In Chapter Ill, we show that sildenafil
improves functional and structural outcome of the affected retina in the rats exposed to HI at
term-equivalent age, without negative consequences (function) on the fellow retina or the retina

of sham controls.
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CHAPTER Il1

MANUSCRIPT 2

Suna Jung, Aaron Johnstone, Zehra Khoja, Emmanouil Rampakakis, Pierre Lachapelle, Pia
Wintermark. Sildenafil Improves Functional and Structural Outcome of Retinal Injury Following

Term Neonatal Hypoxia-lschemia. Invest Ophthalmol Vis Sci. 2016; 57(10): 4306-4314.
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ABSTRACT

Purpose: To investigate the effects of sildenafil on retinal injury following neonatal hypoxia-
ischemia (HI) at term-equivalent age in rat pups.

Methods: HI was induced in male Long-Evans rat pups at postnatal day 10 (P10) by a left
common carotid ligation followed by a 2-hour exposure to 8% oxygen. Sham operated rats
served as the control group. Both groups were administered vehicle, 2, 10, or 50 mg/kg of
sildenafil, twice daily for 7 consecutive days. Retinal function was assessed by flash
electroretinograms (ERGs) at P29, and retinal structure was assessed by retinal histology at P30.

Results: HI caused significant functional (i.e., attenuation of the ERG a-wave and b-wave
amplitudes and photopic negative response) and structural (i.e., thinning of the total retina,
especially the inner retinal layers) retinal damage in the left eyes (i.e., ipsilateral to the carotid
ligation). Treatment with the different doses of sildenafil led to a dose-dependent increase in the
amplitudes of the ERG a- and b-waves and of the photopic negative response in HI animals, with
higher doses associated with greater effect sizes. Similarly, a dose response was observed in
terms of improvements in the retinal layer thicknesses.

Conclusions: HI at term-equivalent age induced functional and structural damage mainly to the
inner retina. Treatment with sildenafil provided a dose-dependent recovery of retinal function

and structure.
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INTRODUCTION
Neonatal encephalopathy associated with birth asphyxia is one of the most important causes of
pediatric visual impairments in developed countries.® Although visual impairments occurring in
these newborns have been thought to be due primarily to brain injury, recent evidence suggests
that retinal injury may also play a role.® In a rat model of premature neonatal hypoxic-ischemic
encephalopathy (HIE), the function and structure of the inner retina were found to be damaged,
while those of the outer retina relatively were spared;? recently, similar results were
demonstrated in a rat model of term neonatal encephalopathy.® In both studies, no correlation
was found between the degree of cerebral injury and retinal injury, which suggests that retinal
injury may occur independently of cerebral injury as a result of neonatal hypoxia-ischemia (H1).*
3

Sildenafil is a vasodilator that acts by inhibiting the phosphodiesterase type-5 (PDE5S)
enzyme, which breaks down cyclic guanosine monophosphate (cGMP). Sildenafil has been used
widely to treat erectile dysfunction in adults’ and pulmonary hypertension in both adults and
newborns.® ® More recently, the potential therapeutic role of sildenafil has been expanded
beyond vasodilation, since an accumulating body of literature has demonstrated the
neuroprotective and/or neurorestorative roles of sildenafil in animal models of neurologic
diseases, such as ischemic stroke, multiple sclerosis, and Alzheimer’s disease.'®** Surprisingly,
neuroprotective and/or neurorestorative potential of sildenafil on retinal diseases have not been
explored. Most available studies regarding the effect of sildenafil on the retina have investigated
the risks of the side effects of sildenafil on retinal function or structure.'®? Recent studies have
suggested that sildenafil may have direct effects on inner retinal cells,*"**% since PDES5 is

expressed in the inner nuclear layer and the ganglion cell layer in the human retina.”® PDES also
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is expressed in the choroidal and retinal blood vessels.?® Furthermore, sildenafil also inhibits, but
with a reduced efficiency, the PDEBG that is expressed in the outer segment of photoreceptors and

16192129 and the survival of photoreceptors.®® With respect to

is involved in phototransduction
newborns, a concern has been raised over the possible link between the use of sildenafil and the
exacerbation of retinopathy of prematurity in a case report based on one newborn;* however, the
described newborn also was ventilated and septic, and presented with a severe problem of
oxygenation before the use of sildenafil, so the causal link between sildenafil and retinopathy
was not clear. A later study with larger number of newborns reported no adverse ocular findings

1% In fact, one study suggested that vaso-obliteration and

in association with sildenafi
neovascularization, which are the hallmarks of retinopathy of prematurity, were decreased after
sildenafil administration in a mouse model of retinopathy of prematurity.*

Thus, we hypothesized that sildenafil may be a therapeutic candidate to treat retinal
injury induced by neonatal HI at term-equivalent age. In this study, we investigated the effects of
neonatal HI on retinal function and structure, and whether different doses of sildenafil could

alleviate the retinal anomalies induced by neonatal HI in a rat model of term neonatal

encephalopathy.

MATERIALS AND METHODS

1. Animals

All experiments were conducted in accordance with the Association for Research in Vision and
Ophthalmology Statement for the use of animals in ophthalmic and vision research, and were
approved by the local animal care committee. Adult female Long-Evans rats with their male-only

litters (Harlan Laboratories) were received in our animal facility, housed under standard
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environment, and allowed food and water ad libitum. Rat pups remained with their mother until

weaning at postnatal day 21 (P21).

2. Induction of Term Neonatal HIE

A well-established rat model of term neonatal HIE (Vannucci model),***

combining a left
common carotid artery ligation and a 2-hour exposure to 8% oxygen, was used with 10-day-old
rat pups as previously described,® since this model mimics the patterns of brain injury observed

2% and produces concomitant retinal injury.® Rats

in human term asphyxiated newborns
undergoing both the ligation and hypoxia were considered the HI group. Sham operated rats
(identical procedure as the HI group, but without ligation and hypoxia) served as the control

group.

3. Sildenafil Administration

HI and sham rat pups were weighed daily and then randomized to sildenafil (Viagra®; Pfizer
Canada Inc., Kirkland, QC, Canada) or vehicle (Ora-Blend® suspension media; Perrigo
Company PLC, Minneapolis, MN, USA) twice daily by oral gavage, starting from 12 hours post-
HI for 7 consecutive days. Different doses of sildenafil — i.e., low (2 mg/kg), medium (10

mg/kg), and high (50 mg/kg) — were used in the HI and sham rat pups (n = 4-7 animals/group).

4. Retinal Function
At P29, full-field flash electroretinograms (ERGs) (LKC Technologies, Inc., Gaithersburg, MD,
USA) were recorded binocularly following a previously described protocol.®> The maximum

mixed rod-cone a-wave amplitude % was measured from the pre-stimulus baseline to the trough
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37, 38

of the a-wave, and the maximum mixed rod-cone b-wave amplitude was measured from the

trough of the a-wave to the peak of the b-wave. The photopic b-wave amplitude was measured

from the baseline to the b-wave peak, and the photopic negative response (PhNR)* “°

was
measured from the baseline to the most negative trough following the photopic b-wave.
Measurements were performed using EM for Windows® software (LKC Technologies, Inc.,
Gaithersburg, MD, USA). When the peak of the b-wave could not be determined, the amplitude

of the b-wave was measured at the time when the b-wave peaked in the control animals.

5. Retinal Structure

At P30, the animals were sacrificed, and the eyes were enucleated. Retinal histology was
performed as per a previously described protocol.® Using AxioVision® software (Version
4.8.2.0; Carl Zeiss Microscopy GmbH, Jena, Germany), the thicknesses of the different retinal
layers were measured at approximately 1000 um inferior from the optic nerve head, a region that
showed the most prominent HI-induced damage.® For retinal reconstruction, retinal segments of
75 um in width—taken at every 340 um along the entire length of the superior and inferior
retinas—were assembled side by side (Adobe Photoshop®, Adobe Systems Inc. San Jose, CA,
USA) to yield a pan-retinal view. Then, the retinal layer thickness was plotted against

eccentricity to obtain the spider graphs (see Fig. 3B).

6. Statistical Analysis
The HI and sham rat pups were subdivided into the following groups: vehicle (0 mg/kg) or
sildenafil 2 mg/kg, 10 mg/kg, or 50 mg/kg. Differences in the ERG amplitudes and retinal

thicknesses between the different doses of sildenafil and the vehicle group were assessed with
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the respective effect sizes (non-standardized difference of the means) and corresponding 95%

confidence intervals (CIs).

RESULTS

1. Sildenafil Improved the Retinal Function Outcome in the HI Rat Pups at P29
Hypoxia-ischemia caused impairment in the retinal function of the left eye (i.e., ipsilateral to the
carotid ligation) of the rat pups treated with vehicle alone. HI induced an attenuation in the
amplitude of the ERG mixed rod-cone b-wave, photopic b-wave, and PhNR, and to a lesser
extent, of the mixed rod-cone a-wave, compared to the sham vehicle rat pups (Table 1; Fig. 1).
Hypoxia-ischemia did not affect the ERGs recorded from the right eyes (i.e., contralateral to the
carotid ligation).

The left eyes of the HI animals showed a dose-dependent improvement in all ERG
parameters with treatment with different doses of sildenafil, where higher doses were associated
with greater effect sizes (Table 1; Fig. 1). The 50 mg/kg dose of sildenafil induced significantly
improved response in terms of all ERG parameters, whereas the 10 mg/kg of sildenafil induced
significantly improved response in terms of the mixed rod-cone b-wave, the photopic b-wave,
and the PhNR, but not the a-wave.

Interestingly, sildenafil had no significant effect on the ERG amplitudes of the right eyes
of the HI rat pups (i.e., contralateral to the carotid ligation) and both eyes of the sham rat pups

treated with the different doses of sildenafil.
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2. Sildenafil Improved the Retinal Structure Outcome in the HI animals at P30
Considering the ERG results, retinal histology was performed only on the left eyes of the sham
vehicle group and the HI groups treated with the different doses of sildenafil.

Hypoxia-ischemia induced damages to the retinal structure in the left eyes (i.e., ipsilateral
to the carotid ligation) of the rat pups treated with vehicle (Fig. 2). The total retinal thickness was
reduced in the HI vehicle rat pups, compared to the sham vehicle rat pups (Table 2; Fig. 2).
Specifically, the HI vehicle rat pups showed a thinning of the inner retinal layers (i.e., inner
nuclear layer [INL], inner plexiform layer [IPL], and retinal ganglion cell/fiber layer [RGC/FL])
and the outer plexiform layer (OPL), compared to the sham vehicle rat pups. In contrast, the
thickness of the outer nuclear layer (ONL) was greater in the HI rat pups treated with the vehicle
compared to the sham vehicle rat pups. No significant difference was found in the thickness of
the retinal pigment epithelium (RPE), the outer segment (OS), and the inner segment (IS)
between groups.

The thicknesses of the affected layers (total retina, ONL, OPL, INL, IPL, RGC/FL) in the
HI animals showed a dose-dependent improvement with treatment with different doses of
sildenafil. Again, higher doses were associated with greater effect sizes (Table 2; Fig. 2). The 10
mg/kg and the 50 mg/kg doses induced significantly improved response in terms of thicknesses
of all the affected layers.

The pattern of retinal injury was not uniform along the superior-inferior axis of the retina
(Fig. 3A). The spider graph revealed that the HI rat pups treated with vehicle had thinner INL,
IPL, and RGC/FL, which spanned almost all retinal eccentricity, while the increase in ONL and
the decrease in OPL thicknesses were detected mostly in the central retina (Fig. 3B). Treatment

with the low-dose of sildenafil did not seem to reverse any of the HI-induced changes in retinal
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thickness, except in the inferior retina, where the areas showing a thinning of the OPL were
limited to a smaller portion of the central region, compared to the HI rat pups treated with the
vehicle. In contrast, the HI rat pups treated with the medium and high doses of sildenafil
disclosed a nearly normal inner retina at almost all retinal eccentricities along the superior-

inferior axis.

DISCUSSION
Neonatal HI induced significant retinal damage, including a reduction in the ERG amplitudes
and a thinning of the retina. As previously reported,>® HI affected mostly the inner retina, both
functionally (i.e., attenuation of the ERG b-wave and PhNR) and structurally (i.e., destruction of
the INL, IPL, and RGC/FL). The photoreceptor function (attenuation of the ERG a-wave) also
was affected, but to a lesser extent. Treatment with the different doses of sildenafil led to a dose-
dependent improvement in the ERG amplitudes and in the retinal layer thicknesses, with higher
doses associated with greater effect sizes. The 50 mg/kg dose of sildenafil induced significantly
improved response in terms of all ERG parameters, whereas the 10 mg/kg of sildenafil induced
significantly improved response in terms of the mixed rod-cone b-wave, the photopic b-wave,
and the PhNR, but not the a-wave. The 10 mg/kg and the 50 mg/kg doses induced significantly
improved response in terms of thicknesses of all the affected layers. Our study is the first to
explore the therapeutic role of sildenafil on retinal injury induced by neonatal HI at term-
equivalent age.

The underlying mechanisms, however, remain to be elucidated and most probably
involve multiple pathways. One possible mechanism is through a vascular effect. The endothelial

cells and the smooth muscles of the retinal vasculature, the choroidal vasculature, and the
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ophthalmic artery express PDE5.?® Sildenafil has been shown to increase the diameter of some of
these blood vessels and consequently increase the ocular blood flow in porcine eyes as well as in
healthy human subjects.***®> Thus, in the short-term, sildenafil may help restore the blood flow to
the affected retina. In fact, Charriaut-Marlangue et al. have demonstrated a blood flow increase
in the common carotid artery contralateral to the ligated side after a single administration of
intraperitoneal sildenafil immediately following an HI insult in a premature rat model of neonatal
HIE.*® However, in our study, sildenafil was administered with a 12-hour delay and continued
for 7 days; thus, a process other than acute vasodilation is likely involved. Another possible
vascular effect of sildenafil is through the modulation of retinal angiogenesis.”’” Fawzi et al.
reported that sildenafil administration in a neonatal mouse model of oxygen-induced retinopathy
prevented the hyperoxia-induced retinal vaso-obliteration through HIF-a stabilization, which in
turn prevented the retinal neovascularization known to take place when the pups are returned to
normoxia.*

The beneficial effects of sildenafil may also arise from non-vascular mechanisms.
Sildenafil has been shown to upregulate neurotrophic factors in adult rodent models of
neurological diseases, reduce neuroinflammation, and activate pro-survival signalling pathways,
which have resulted in reduced neuronal loss and synaptic damage, and enhanced
neurogenesis.’®*>*%2 |n a premature rat model of brain injury, sildenafil has been shown to
decrease neuronal apoptosis and microglial activation.”® Since neuronal apoptosis has been
shown to peak at 24 hours post-HI in the neonatal retina,? the sildenafil administered 12 hours
post-HI may have limited apoptosis and further degeneration by its possible anti-apoptotic and

anti-inflammatory effects, which have been observed in the adult rat brain.***>*45! Fyrther
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investigations are needed to determine the exact mechanisms underlying the beneficial effects of
sildenafil on retinal function and structure.

Interestingly, the outer segment of photoreceptors expresses PDE6,%° which is involved in
photoreceptor survival®® and phototransduction.'® Selective inhibition of PDE6 has been shown
to increase intracellular cGMP in the photoreceptors and lead to photoreceptor degeneration.*>?
Sildenafil also inhibits PDEG, but with a reduced efficiency. In our study, sildenafil did not
induce photoreceptor degeneration. In fact, treatment with sildenafil restored the function of the
photoreceptors, which had been impaired following hypoxia-ischemia at term-equivalent age. Of
note, a decrease in a-wave amplitude in HI vehicle animals was accompanied by an increase in
ONL thickness. This discrepancy between function and structure is perplexing; however, on a
closer observation, the increase in ONL thickness appeared to be a result of cells taking up more
space (increased space between rows of cells) in the now absent inner retina (resulting from the
absence of the structural support that the inner retina normally provides to the outer retina), as
the number of rows in ONL remained similar across the different groups (13-14 rows). The
stacking of the cells also appeared more disorganized in the HI vehicle rats compared to the
sham vehicle rats. Hence, a decrease in a-wave amplitude can be a sign of functional anomaly of
the photoreceptors that may precede the degeneration of the cells. Although there was no
obvious loss of photoreceptors at this time point, it is possible that there were already some
ultrastructural changes that affected the ERG a-wave. Secondly, a decrease in the a-wave
amplitude could have resulted partly from the loss of inner retina. There is evidence that the off-
bipolar cells contribute to the ERG a-wave in Long-Evans rats,>**>*® Our own data lends some

support towards this possibility as the HI animals treated with the low-dose sildenafil showed a
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trend towards improved OPL and INL thicknesses in some parts of the retina, along with a trend
towards improved ERG a-wave amplitudes.

Sildenafil is already safely used in newborns with persistent pulmonary hypertension.>”*°
Studies of the neonatal population have shown no adverse ocular findings in association with
sildenafil.?® Our results from the sham groups confirm that sildenafil does not affect normal
retinal function, as is demonstrated by the absence of a difference in the ERG amplitudes
between the sham rat pups treated with different doses of sildenafil and the sham vehicle rat
pups. Most importantly, our results from the HI animals suggest that sildenafil limited or
repaired the retinal injury resulting from neonatal hypoxia-ischemia, with a substantial
improvement of retinal function and structure compared to the untreated rat pups. Further
research with larger sample size and additional screening for side effects is therefore warranted
to determine if sildenafil can be used as a novel therapy to treat term asphyxiated newborns with
retinal injury to significantly improve the potential future outcomes of these newborns.

In our study protocol, we chose to reproduce as much as possible what would be a
feasible therapeutic approach for human term asphyxiated newborns. We administered sildenafil
by oral route instead of the intraperitoneal or subcutaneous route described in most of the

14,16-17,31,46

previous animal experiments, since oral sildenafil is the most commonly used route

with human newborns. It is safe to assume that oral sildenafil reaches the retina, as it has been

demonstrated to transiently affect the ERG in healthy human subjects 1 hour after intake.!*®

Oral sildenafil displays an adequate bioavailability (23% in male rats and 38% in humans).®*®
Sildenafil is metabolized faster in male rats compared to humans, with the elimination half-life
of respectively 0.4 and 3.7 hours, after an oral administration.®* Dosages in the present study

were chosen so that they correspond somewhat to the equivalent recommended amount for
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human newborns ranging from low doses that are usually initially used to maximal described
doses.? In addition, we started the sildenafil administration 12 hours after the hypoxic-ischemic
event, taking into consideration the delay that it would take to identify human newborns at risk
of developing injury despite the hypothermia treatment. Finally, we repeated the treatment for 7
days so that it would potentially continue acting on the cascades of chemical reactions triggered
following hypoxia-ischemia.

The fact that sildenafil had a beneficial effect even when started 12 hours after the HI
insult highlights the probable neurorestorative role of sildenafil in the retina, with a wider
treatment window compared to neuroprotective strategies.®® Other neuroprotective therapies
(such as N-methyl-d-aspartate [NMDA] blocker, antioxidants, and anti-inflammatory agents)
were found effective only when given before or during the HI insult in adult rat models of
ischemic retinopathy.®*®® Hypothermia treatment during HI in PO rats prevented the development
of retinopathy;®® however, the effect of delayed hypothermia treatment was not tested. With
respect to the brain, hypothermia treatment started 12 hours post-HI in a P7 Vannucci model
offered no benefit to animals with moderate HI injury and was even deleterious to animals with
severe HI injury.®” Our results strongly suggest that sildenafil holds promise for the treatment of
retinal injury following HI at term-equivalent age.

For technical reasons (i.e., different embedding techniques for retinal histology or retinal
immunohistochemistry), the same retinas that were used for retinal histology with toluidine blue
could not be used for immunohistochemistry, explaining why we only investigated the impact of
retinal function and structure in the present study. Additional animal experiments for
immunohistochemistry and western blot are needed to further understand the mechanism

involved with these beneficial effects. It will also be important to further test the potential sex
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difference in response to treatment, as the experiments described here were only performed in
male rat pups. And further studies also need to assess whether the beneficial effects of sildenafil
on the retina persist at long-term as the rats mature.

In conclusion, hypoxia-ischemia at term-equivalent age induced functional and structural
damages mainly in the inner retina in rats. Treatment with oral sildenafil provided a dose-
dependent beneficial effect on the function and structure of the retina in a rat model of term
neonatal encephalopathy. In addition, treatment with sildenafil had no adverse effect on normal
retinal function. These results highlight the potential therapeutic role of sildenafil for retinal
injury induced by neonatal hypoxia-ischemia at term-equivalent age. Neurorestorative

mechanisms of sildenafil on the retina remain to be elucidated.
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FIGURE LEGENDS

Figure 1. Flash electroretinograms of the sham and HI rat pups treated with different doses of
sildenafil. VVeh, vehicle; HI, hypoxia-ischemia; 2mg/kg, sildenafil 2 mg/kg; 10mg/kg, sildenafil
10 mg/kg; 50mg/kg, sildenafil 50 mg/kg. (A, B) Representative scotopic (A) and photopic (B)
ERG waveforms obtained from the left (i.e., ipsilateral to the carotid ligation) (solid line) and
right (i.e., contralateral to the carotid ligation) (dashed line) eyes. Vertical arrows denote the
stimulus onset. Double-headed arrows display how the amplitudes were measured. The units of
horizontal and vertical scale bars are respectively in milliseconds and microvolts. (C-F)
Amplitude measurements of the ERG waves. Mean x SE. (C) Mixed rod-cone a-wave amplitude.
(D) Mixed rod-cone b-wave amplitude. (E) Photopic b-wave amplitude. (F) Photopic negative

response (PhNR) amplitude.

Figure 2. Retinal structure in the left eyes of the sham vehicle rat pups and the HI rat pups
treated with different doses of sildenafil. Veh, vehicle; HI, hypoxia-ischemia; 2mg/kg, sildenafil
2 mg/kg; 10mg/kg, sildenafil 10 mg/kg; 50mg/kg, sildenafil 50 mg/kg. (A) Representative
toluidine blue stained retinal cross sections (magnification: 40X). Images were taken at 1000 um
inferior to the optic nerve head. (B) Thicknesses of the different retinal layers. Solid horizontal

line represents the mean of the sham vehicle group. Mean £ SE.

Figure 3. Topographic distribution of the inner retinal injury in the left eyes of the sham vehicle
rat pups and the HI rat pups treated with different doses of sildenafil. VVeh, vehicle; 2mg/kg,
sildenafil 2 mg/kg; 10mg/kg, sildenafil 10 mg/kg; 50mg/kg, sildenafil 50 mg/kg. (A)

Reconstruction of the retina along the superior-inferior axis at the level of the ONH
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(magnification: 40X). (B) Spider graphs representing the thickness of retinal layers with respect

to eccentricity. Mean * SE.
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Figure 3
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TABLES

Table 1. Electroretinogram Amplitudes

Electroretinogram Sham-Veh Sham-Sild 2mg/kg Sham-Sild 10mg/kg Sham-Sild 50mg/kg
Parameters n=71 n=>5 n=>7 n=6
(ON]
Mixed rod-cone a-wave, uV 395.97 +44.90 356.22 + 25.73 302.64 + 19.39 383.13 + 33.82
Effect size (95% CI) -39.75 (-168.85, 89.34) -93.33(-199.89, 13.24) -12.84 (-140.19, 114.52)
Mixed rod-cone b-wave, pV 870.51 £ 96.79 755.50 = 60.68 714.80 = 65.07 860.93 + 62.52
Effect size (95% CI) -115.01 (-396.99, 166.96) -155.71 (-409.83, 98.40) -9.58 (-273.44, 254.28)
Photopic b-wave, uVv 250.69 + 21.51 209.54 + 2.67 252.53 + 25.47 235.05+ 14.33
Effect size (95% CI) -41.15 (-98.86, 16.57) 1.84 (-70.80, 74.48) -15.64 (76.69, 43.42)
PhNR, uv 100.89 + 9.00 91.36 £5.42 98.24 + 11.07 96.83 £ 6.21
Effect size (95% CI) -9.53 (-35.57, 16.52) -2.64 (-33.72, 28.43) -4.05 (-28.97, 20.87)
oD
Mixed rod-cone a-wave, uV 400.29 + 28.35 454.30 + 14.54 329.26 + 26.30 398.62 + 26.75
Mixed rod-cone b-wave, pV 829.76 + 63.30 946.16 + 38.24 735.33 £ 61.79 896.70 + 24.97
Photopic b-wave, uVvV 254.49 + 23.01 254.36 + 27.18 267.71 £ 15.35 268.82 + 17.95
PhNR, pVvV 109.44 +£5.01 110.62 + 3.98 105.24 + 7.06 119.45+9.32
Table 1. Extended
Electroretinogram HI-Veh HI-Sild 2mg/kg HI-Sild 10mg/kg HI-Sild 50mg/kg
Parameters n==6 n=>5 n=6 n=4
(ON]
Mixed rod-cone a-wave, uV 216.28 = 25.99 283.38 + 27.62 288.92 +43.38 349.73+£27.14

Effect size (95% CI)
Mixed rod-cone b-wave, uVv

Effect size (95% CI)
Photopic b-wave, pVv

Effect size (95% CI)
PhNR, pVv

Effect size (95% CI)

oD

Mixed rod-cone a-wave, puV
Mixed rod-cone b-wave, pV
Photopic b-wave, pVv
PhNR, pVvV

135.18 + 32.67

10.38 £5.90

18.45 £+ 3.36

429.20 + 53.69
955.78 +79.43
302.07 + 27.54
125.83 £ 11.70

67.1 (-18.95, 153.14)
138.68 + 20.89
3.5 (-88.67, 95.66)
20.26 + 6.46
9.88 (-9.93, 29.68)
26.04 % 15.07
7.56 (-24.32, 39.50)

468.34 + 36.85
1017.4 £78.19
302.76 + 32.30
129.36 + 15.27

72.63 (-40.04, 185.31)
548.88 + 132.35
413.7 (109.95, 717.45)
167.90 + 41.53
157.52 (64.05, 250.98)
73.78 £ 18.57
55.33 (13.29, 97.38)

351.50 + 25.93
788.42 + 58.46
257.62 + 24.06
110.98 +12.24

133.44 (43.66, 223.22)
628.83 + 124.89
493.64 (247.26,740.02)
182.38 + 42.41
171.99 (92.83, 251.15)
89.03 +22.35
70.58 (28.70, 112.45)

383.08 + 36.96
815.50 + 88.48
284.73 +11.08
126.93 + 8.49

Effect size: calculated compared to the vehicle rat pups. Cl, confidence interval of the effect size; OS, ipsilateral left eye; OD, contralateral right eye;

PhNR, photopic negative response; sild, sildenafil; veh, vehicle.
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Table 2. Thicknesses of the Retinal Layers

Retinal Layers Sham-Veh HI-Veh HI-Sild 2mg/kg HI-Sild 10mg/kg HI-Sild 50mg/kg
Total thickness, pm 24414 +£16.56 152.55 +10.48 167.28 + 2.63 205.64 £+ 14.20 205.80 + 14.22
Effect size (95% ClI) 14.72 (-11.71, 41.16) 53.09 (9.24, 96.94) 53.25 (10.02, 96.47)
RPE thickness, um 8.38+£0.32 8.62+0.23 8.88+0.24 7.89+0.35 8.03+0.27
Effect size (95% ClI) 0.25 (-0.51, 1.02) -0.73 (-1.69, 0.24) -0.59 (-1.43, 0.25)
OS thickness, um 3245+ 4.70 37.74+7.28 38.14 + 3.66 29.18£2.14 27.87 £2.09
Effect size (95% ClI) 0.40 (-19.53, 20.33) -8.55 (-24.72, 7.62) -9.86 (-28.39, 8.66)
IS thickness, um 16.50 + 1.04 21.67 +3.61 23.83+3.12 1443+ 1.15 14.16 £ 0.25
Effect size (95% ClI) 2.16 (-9.52, 13.84) -7.24 (-15.35, 0.88) -7.50 (-16.37, 1.36)
ONL thickness, um 57.08 + 4.02 70.17 £4.01 70.88 + 2.88 50.95+0.76 52.81 +1.06
Effect size (95% ClI) 0.71(-11.36, 12.79)  -19.22 (-27.79, -10.64)  -17.36 (-27.51, -7.21)
OPL thickness, um 10.55 + 0.52 0.81+0.81 572 +3.05 9.48 £0.38 9.76 £ 0.84
Effect size (95% ClI) 491 (-2.81, 12.63) 8.67 (6.70, 10.63) 8.95 (6.11, 11.79)
INL thickness, um 37.03 £ 3.02 9.76 £ 0.83 14.71 + 2.57 29.50+£1.70 31.42 +1.66
Effect size (95% ClI) 4.94 (-1.68; 11.57) 19.74 (14.85; 24.62) 21.65 (17.11; 26.19)
IPL thickness, um 59.79 + 3.08 2.85+2.31 2.95+2.60 44,93 +7.35 44.25 +11.86
Effect size (95% ClI) 0.11 (-8.40, 8.61) 42.08 (21.79, 62.37) 41.40 (11.85, 70.96)
RGC/FL thickness, um  22.37 £1.09 091+0091 2.28 +2.28 19.28 + 3.36 17.50 £ 4.07

Effect size (95% CI)

1.37 (-4.63, 7.37)

18.37 (9.16, 27.58)

16.59 (6.38, 26.80)

Effect size: calculated compared with the HI vehicle rat pups.
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CHAPTER IV

GENERAL DISCUSSION
AND

CONCLUSION
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SUMMARY OF FINDINGS

Using a rat model of term neonatal HIE, | demonstrated that:

1)

2)

3)

4)

5)

Neonatal HI induced functional and structural damage to the inner retina, while
relatively sparing the outer retina until 2 months following the insult.

The extent of injury to the inner retina varied with retinal eccentricity. Specifically,
the centre and periphery were more affected than the mid-periphery.

There was inter-individual variability in the severity of retinal injury among rats
exposed to HI, a finding also reported for the brain injury component of this model.
However, the severity of retinal injury did not correlate with the severity of brain
injury.

Oral sildenafil administered 12 hours following HI improved the functional and
structural outcome of retinal injury in a dose-dependent manner.

Sildenafil did not have an adverse effect on the development of normal retinal

function as assessed with the ERGs.

These findings constitute the first detailed characterization of a retinopathy induced by neonatal

HI at term-equivalent age, and demonstrate for the first time a therapeutic potential of sildenafil

to treat such retinopathy. Although cellular and molecular mechanisms underlying these findings

remain to be elucidated, the findings themselves provide some clues as to what might be

happening and raise several interesting questions for future research. The following section

discusses these in detail.
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COMPREHENSIVE DISCUSSION

1. Outer Retina vs. Inner Retina Susceptibility to HI

The inner retina suffered a much greater damage compared to the outer retina both functionally
and structurally at P30 and P60, despite the fact that common carotid ligation and hypoxia should
have disrupted the blood flow to both the choroid and retinal circulation. Although we did not
explore the mechanisms underlying this discrepancy, it is possible that it involves similar
processes as the ones proposed in other animal models of retinal hypoxia/ischemia. A greater
susceptibility of the inner retina to hypoxia and/or ischemia has been well documented in adult
rodent models of retinal hypoxia/ischemia (Osborne et al., 2004; Block and Schwarz, 1998), as
well as in premature rodent models of hypoxia/ischemia (Kaur et al., 2008, 2009; Kiss et al.,
2009; Rey-Funes et al., 2010; Huang et al., 2012) and retinal ischemia secondary to hyperoxia-
induced vaso-obliteration in the OIR model (Dorfman et al., 2008; Sapieha et al., 2010). An
increased susceptibility of the inner retinal cells or the selective resistance of photoreceptors to
HI may stem from the differences in the characteristics of the cells themselves or the blood
supply.

Photoreceptors have high metabolic demands, and it is probable that they are better
equipped to meet their needs when the supply is reduced or to deal with stress. For instance, high
mitochondrial content of photoreceptors may protect photoreceptors from apoptosis during
hypoxia (Osborne et al., 2004; Bhutto et al., 2012; Mazure et al., 2011). Neuroglobin, an
oxygen-binding globin protein which is enriched in photoreceptors, is also known to play an
anti-apoptotic role during hypoxia (Schmidt et al., 2003; Yu et al., 2013). Furthermore,
photoreceptors have been shown to have a better ability to produce energy by anaerobic

metabolism compared to the inner retina (Winkler, 1972; Stone et al., 1999). Photoreceptors are
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also more resistant to glutamate excitotoxicity (Lucas et al., 1957; Olney, 1969), an important
mechanism underlying ischemic retinal injury (Block and Schwarz, 1998; Kaur et al., 2008). The
abundant expression of glutamate receptors on bipolar and ganglion cells, in turn, may explain
their increased susceptibility to HI (Osborne et al., 2004).

The photoreceptors and the inner retina are supplied by the choroidal and retinal
vasculatures, respectively. The choroidal circulation accounts for approximately 80% of the total
blood supply to the eye but has low oxygen extraction, while the retinal circulation receives only
20% of the total blood supply to the eye but has high oxygen extraction (Alm and Bill, 1970,
1973). The large volume of choroidal blood supply may protect photoreceptors when the blood
flow is reduced. The maturation status of the two blood supplies also differs. At the time of HI
insult (i.e., P10), the choroid and choriocapillaries are already well established whereas the
retinal vessels, particularly the deep and intermediate capillary plexuses are still developing
(Marneros et al., 2005; Stone et al., 1995). The immaturity of blood vessels may make the inner
retinal cells more vulnerable to the insult. Finally, HI may induce a breakdown of the inner BRB,
which can further exacerbate inner retina injury while the outer BRB is relatively better
preserved (Kaur et al., 2008b). Further investigations are needed to determine which of the
abovementioned hypotheses is/are correct.

The next question that arises is whether the initial resistance of photoreceptors will be
maintained over time. It has been shown in the OIR model that the photoreceptors, which like in
our model, appear unaffected at short-term, degenerate over a longer period of time (P60-P210)
(Shao et al., 2011; Zhou et al., 2016). Our results also hint at the possibility of delayed
degeneration of the photoreceptors. Although ERG and histology did not reveal significant

attenuation of photoreceptor function and structure in chapter 2, and showed a significant but
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milder deficit compared to the inner retina in chapter 3, there was some evidence pointing to
abnormality both in function and structure. At the level of function, we observed a trend of
decreasing ERG a-wave amplitudes with severity at P30 and P60 in chapter 2. In chapter 3, we
observed a significant attenuation of the a-wave amplitude at P29, which was restored with an
increasing dose of sildenafil. These findings may be signs of damage that is underway. At the
level of histology, we observed an increasing thickness of the photoreceptor layers, namely OS,
IS and ONL, with severity at P60, which reached a statistical significance in the severe HI group.
At P30, the thickness of IS and ONL were significantly increased in the HI group, which again
was reversed with higher doses of sildenafil. At first glance, this increase in photoreceptor layer
thickness and the decreased a-wave amplitude appear counterintuitive; however, on a closer
look, the number of ONL layers appeared to be similar across groups. Therefore, the increased
thickness could be due to the loss of support from the inner retina, leading to more loosely
packed photoreceptor cell bodies taking up more space. Elongated outer segments may be a sign
of underlying RPE dysfunction. The RPE and outer segment of the photoreceptors interact
closely, and the RPE is crucial for maintaining the proper length of the outer segment by
engulfing the shed membranes during the renewal process (Strauss, 2005). When this function is
impaired, outer segments can accumulate in the subretinal space leading to an increased
thickness (Strauss, 2005; Matsumoto et al., 2008). Alternatively, inflammation and edema in the
subretina could also lead to a thickening of the photoreceptor layers (Yu et al., 2014; Sun et al.,
2015).

On retinal histology, we did not find any changes in the RPE thickness in HI animals
compared to control at P30 and P60. In order to investigate further, we stained

RPE/choroid/sclera flatmount with phalloidin-rhodamine and isolectin B4-FITC at P60.
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Phallodin allows visualization of the hexagonal array of the RPE cells, while isolectin B4 stains
the endothelial cells and microglia. According to our preliminary data, the HI animals displayed
disruption of the RPE cells, as well as infiltration of microglia in the subretinal space (Appendix
1). These findings provide support for the outer retinal damage by HI, which may eventually lead
to photoreceptor degeneration. This indeed turned out to be true in our long-term study, which
showed progressive loss of the ERG a-wave amplitude over time, and a significant loss of ONL
at P360 in rats exposed to HI at P10 (Appendix 2). It will be interesting to study whether
choroidal involution plays a role in delayed photoreceptor degeneration in our model, as it did in

the OIR model.

2. Susceptibility with Respect to Retinal Eccentricity

A pan-retinal view of retinal histology and the spider graph of retinal layer thickness revealed
that the extent of inner retinal damage was uneven across retinal eccentricity. Specifically, at
both P30 and P60, the centre and periphery were more severely damaged than the mid-periphery.
This is in contrast with the OIR model, in which the central retina is damaged while the
periphery appears normal (Shao et al., 2011). According to the literature on retinal development,
the rats should have had differentiated retinal layers at the time of insult, along with the fully
vascularized superficial plexus and partially vascularized deep plexus reaching approximately
2/3 of the retina from the optic disc; the intermediate plexus would have just begun to form
(Stone et al., 1995; Usui et al., 2015). Based on this, it is reasonable to suspect that during HI, the
inner retina at the periphery, which is not yet vascularized, did not get enough blood and oxygen
for the cells to survive. What could explain the vulnerability of the central retina? Under the

physiological condition, the central retina receives the greatest perfusion (Alm and Bill, 1973;
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Hill, 1977). Hence, it may be more sensitive to the drop in blood flow. Also, like the blood
vessels, the neuroretina matures from centre to periphery and hence the cells in the central retina
may be more metabolically active compared to the peripheral cells at the time of insult and
therefore have a greater energy demand. One may then propose at least two gradients of
vulnerability: 1) Increasing vulnerability from centre to periphery due to decreasing maturity of
blood vessels, and 2) Increasing vulnerability from periphery to centre due to increasing maturity
of retinal neurons requiring a greater amount of energy. This model could result in a sweet spot
in the mid-periphery where the decreased blood flow still meets the metabolic need of the cells to
survive.

In order to test if the regional differences in blood supply could explain the pattern of
injury we observed in our model, we performed retinal flatmounts and stained the blood vessels
using isolectin B4 conjugated to FITC. At P60, the retina of HI rats showed a blood vessel loss
that was non-uniform across retinal depth and eccentricity — a pattern similar to what we
observed for retinal cytoarchitecture (Appendix 3). Specifically, we observed a near complete
drop out of the deep and intermediate plexuses in the retinal periphery in rats exposed to HI at
P10. This could mean that following HI the retina failed to vascularize the periphery, which may
have rendered that part of the retina hypoxic/ischemic even after the insult. Although the
periphery showed the most robust change, the centre and mid-periphery also showed decreased
vascularization of the deeper plexuses, and in the severe HI group, the central retina was also
nearly devoid of the deeper vessels. Such absence is presumably the result of vaso-obliteration
following the death of the inner retinal cells, as horizontal and amacrine cells have been shown
to play a crucial role for the maintenance of the deeper vessels (Usui et al., 2015). Our

preliminary data are not sufficient to draw any conclusion about the causal relationship.
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However, one can appreciate the interaction between the retinal vasculature and the cells that
they supply, and gain insight into the involvement of the retinal vasculature in the

pathophysiology of the disease.

3. Brain vs. Retina

We confirmed the presence of cerebral damage on the left hemisphere by brain histology, and an
associated impaired cerebral visual function by flash VEP. Interestingly, however, the severity of
retinal and cerebral injuries did not correlate at the level of the function or structure, suggesting
that visual impairments following HI could arise either from retinal injury and/or cerebral injury.
This is an important finding since, to date, visual deficits in human newborns with neonatal
encephalopathy have been attributed primarily to the abnormalities in the intra-cerebral visual
pathways.

It was particularly interesting to note an animal with a close to normal retina showing
severe brain injury (1 out of 3 mild HI) and animals with severe retinal injury showing no
apparent brain injury (2 out of 6 severe HI). It may have something to do with the way blood
flow is redistributed during HI or the individual differences in the anatomy and/or function of the
blood vessels, such as the collaterals or the anastomoses (Yamamoto et al., 2004; Costa et al.,
1998). In adult animal models, the retina has been reported to be more resistant to HI than the
brain, partially due to the ability of the retina to utilize glucose reserve in the vitreous (Osborne
et al., 2004; Kuwabara and Cogan, 1961). In our study, at least at the gross anatomical level
(histology), a greater number of animals developed a retinal injury compared to a brain injury.
This again suggests that retinal injury may play a significant role in visual impairments following

HI.
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4. Therapeutic Role of Sildenafil in HI Retinal Injury

We demonstrated for the first time that oral sildenafil given with a 12-hour delay following HI
had beneficial effects on the outcome of functional and structural retinal injury. The effects were
dose-dependent, and the highest dose we tested (50 mg/kg) was able to bring the ERG
parameters and layer thicknesses to the values similar to those of control. We also confirmed that
sildenafil used at our dose range and duration did not have any adverse effect on the function of
the control or the fellow retina, in line with the findings reported in previous studies using adult
mice (Behn and Potter, 2001; Nivison-Smith et al., 2014). Given the absence of functional
anomaly, we chose not to investigate the retinal histology from the eyes of the control rats and
the fellow eyes of the HI rats treated with sildenafil at this time. Based on the previous study
(Nivison-Smith et al., 2014), we reasoned that it would be unlikely to see any significant changes
at the histological level in these retinas.

Our study did not investigate the possible mechanistic pathways of sildenafil action.
According to the literature on the brain neurodegeneration models, sildenafil exerts its effects
through multiple pathways, including decreasing apoptosis, decreasing pro-inflammatory signals,
and promoting angiogenesis, neurogenesis and synaptogenesis (Bednar et al., 2008; Pyriochou et
al., 2007; Caretti et al., 2008; Pifarre et al., 2014; Zhang et al., 2012; Nunes et al., 2012). The net
effect appears to be a combination of cell death prevention and the promotion of repair and
regenerative mechanisms. Sildenafil has been shown to decrease infarct size and improve motor
outcome in the P7 Vannucci model (Charriaut-Marlangue et al., 2014). In their study, a single
intraperitoneal injection of sildenafil was given immediately following HI, and the authors
argued that the protective effect was through the increased cerebral blood flow after sildenafil

(Charriaut-Marlangue et al., 2014). Recently, two groups have looked at the therapeutic role of
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sildenafil in an increased intraocular pressure (I0OP) model of retinal ischemic/reperfusion injury
in adult male Lewis rats (Zanoni et al., 2017; Ezra-Elia et al., 2017). While Zanoni et al. showed
a protective effect of sildenafil on the RGCs, Ezra-Elia et al. did not find any significant
difference in the RGC counts between sildenafil and placebo treated groups, nor did they find
any functional (ERG) improvement. Both studies, however, showed evidence of protection
against apoptosis at the gene expression level. The only differences between the two studies were
the age of the animals at which increased IOP was induced (6 months for the former and 4
months for the latter), and the route of sildenafil administration (oral for the former and i.p. for
the latter). Perhaps the dose they used (1 mg/kg) was not high enough to yield more robust
changes. One study looked at the drug’s therapeutic role in the mouse OIR model (Fawzi et al.,
2014). In their study, sildenafil prevented vaso-obliteration by stabilizing HIF-0, and as a result
less neovascularization ensued. Taken together, sildenafil could be exerting its beneficial effects
through vascular and non-vascular effects. The fact that sildenafil targets multiple pathways is
interesting for our model, as the HI retinopathy most likely involves several of the pathways
sildenafil is known to have an effect on — retinal vasculature, inflammation, apoptotic pathways,
and synapses (plexiform layers are decreased in thickness in the retina of the HI animals).
Further studies are needed in order to elucidate which molecular pathways are involved.

Our results are promising for several reasons. Sildenafil can target both brain and retinal
injury at the same time. The fact that sildenafil was effective when given with a 12-hour delay
may mean a longer treatment window, compared to neuroprotective strategies, such as NMDA
blockers, free radical scavengers, anti-inflammatory agents, and hypothermia (Osborne et al.,
2004; Block and Schwarz, 1998; Sabir et al,. 2012). This will be useful in the clinical setting, as

therapeutic hypothermia, which is the only available therapy for the asphyxiated newborns with
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encephalopathy, needs to be administered within 6 hours of life. Sildenafil, if proven useful in
improving neurologic and potentially ophthalmic outcomes in human asphyxiated newborns, can
be implemented with ease, due to its low cost, easiness of administration (oral) and relative
safety (already being used to treat newborns with persistent pulmonary hypertention) (Shah et

al., 2011).

5. Clinical Relevance

We have shown that HI induces severe retinal and cortical visual impairments, and retinal
vascular impairment in the rat model of neonatal HIE. An obvious question one might ask is
whether human term asphyxiated infants are at risk of developing retinal injury. Few studies
exist on this topic. Nickel and Hoyt (1982) reported a hypoxic-ischemic retinopathy syndrome
marked by a transient reduction in the ERG amplitudes in three infants of the age 7 to 12 months,
who experienced asphyxia at birth. Whyte’s group did not find any ERG anomalies in the early
postnatal days of asphyxiated infants; however, later some of them developed retinal atrophy,
optic nerve atrophy or optic nerve hypoplasia (McCulloch et al., 1991). Due to the timing of the
exam, they could not conclude whether the later findings were due to primary injury or
retrograde degeneration secondary to brain injury.

We conducted our own study to address this question. We recruited term newborns who
had birth asphyxia and were treated with hypothermia. The presence or absence of brain injury
was assessed by brain MRI on day of life 10. An ophthalmic exam along with flash ERG and
flash VEP recordings were performed on day of life 10, 30, and/or 90 in unsedated infants. Age-
matched healthy term newborns were recruited as our control group. Our preliminary data

suggest that there may be mild retinal functional anomaly in asphyxiated infants without obvious
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structural damage in the retina or the brain (Appendix 4). A greater number of control, as well as

a long-term follow-up are needed in order to gain more insight.

6. Limitations and Future Directions

There are some limitations to the model we used. One of these is the age at which HI was
induced. As far as the brain is concerned, which is what the Vannucci model was originally
developed for, P10 represents a term-equivalent age (Patel et al., 2014). From the retina point-of-
view, this age is still slightly premature, in terms of the development of retinal function, structure
and vasculature. However, induction of HI by the Vannucci model in P14 (timing of the eye-
opening) and P24 (when retinal function reaches the peak of maturation) rats results in the same
pattern of retinal injury as seen in rats exposed to HI at P10 (Ghabraie et al., 2016). This
confirms the relevance of our findings in the context of term asphyxiated newborns as far as the
age is concerned.

Another limitation of the model is the variability in the severity of injury. This variability
was already known for the brain part (Rice et al., 2981), and we showed that the severity of the
retinal injury also varied. This is important to keep in mind for a treatment study. Some studies
have tried to control for the variability factor prior to the administration of the therapy by
confirming the presence of brain injury with the MRI (Park et al., 2015) or by measuring the
blood flow in the contralateral common carotid artery as a proxy for estimating the risk of
developing brain injury (Charriaut-Marlangue et al., 2014). It is currently unclear what causes
such a wide range of outcomes in the rats subjected to the same procedure. Human asphyxiated
newborns with similar stories also can develop very different outcomes. There are probably

genetic components to the varied outcomes. Notwithstanding the above, we did not check for the
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presence of retinal injury before sildenafil treatment in our study. However, there was a clear
dose-response effect noted in the sildenafil treated animals. Also, we did not observed the most
severe presentation of HI retinopathy in the rats treated with the two highest doses of sildenafil.
Taken together, we are confident that the beneficial effects we saw were most likely due to the
effect of sildenafil.

We did not investigate the possible cellular and/or molecular mechanisms behind HI
induced retinopathy or its rescue with sildenafil. As mentioned earlier in the discussion, HI
probably sets in motion multiple cascades of reactions that affect the retinal neurons, glia,
microglia, and the vasculatures, resulting in cellular dysfunction and death within the weeks (for
the inner retina) or months (for the outer retina) following the HI insult. It is possible that
sildenafil prevented cellular apoptosis through its effects on pro-survival/anti-apoptotic pathways
early on (hours to days); its anti-inflammatory effects could have salvaged the cells from further
damage in the days to weeks or months following the insult; its neurorestorative effects
(angiogenesis, neurogenesis, synaptogenesis) could have helped provide trophic and vascular
supports to help with the repair processes of surviving cells. Evidence for the regenerative
potential of mammalian retina is somewhat limited and has only begun to emerge recently (Wohl
et al., 2012; Ooto et al., 2004; Close et al., 2006; Engelhardt et al., 2004). More studies are
needed in order to elucidate the mechanisms of retinal injury in our model, as well as the
mechanisms underlying the beneficial effects of sildenafil.

Hypothermia is the current standard therapy for asphyxiated newborns with neonatal
encephalopathy. We did not evaluate the effect of hypothermia on the retina after HI injury in the

present thesis. Future studies should be aimed at comparing the effect of hypothermia, sildenafil,
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or a combination of both to determine if they offer synergistic benefits to treat the retinopathy
resulting from neonatal HI.

In our studies, we only used male rats to eliminate the potential effect of sex. However,
sex difference is an important factor to consider in biomedical research. With respect to human
term newborns with HIE, males are reported to have a higher incidence and more severe
neurodevelopmental outcomes compared to females (Hill and Fitch, 2012). Similar discrepancies
were shown also in the rodent models of neonatal HIE (Smith et al., 2014); the differences in sex
hormones and genetics were suggested as possible contributing factors to differential response of
neurons to an HI insult, such as the neuroprotective effect of estrogen (Hill and Fitch, 2012).
Furthermore, the extent and type of benefits offered by hypothermia also appear to differ by sex
in rats subjected to the P7 Vannucci model (Smith et al., 2015). There is also evidence of sex
difference in retinal function (Chaychi et al., 2015). Taken together, it would be important that
future studies compare the effects of HI (and efficacy of treatment with sildenafil or otherwise)
on the retina of both sexes.

Another factor that would be interesting to consider in future studies is the strain
difference. Different strains of rats have been shown to display different levels of retinal
susceptibility to oxidative stress induced by exposure to light (Polosa et al., 2016) or hyperoxia
(Dorfman et al., 2009). For example, following postnatal exposure to hyperoxia (to mimic
human retinopathy of prematurity) the structure and function of the retina were more severely
damaged in pigmented Long-Evans rats compared to albino Sprague-Dawley rats (Dorfman et

al., 2009).

105



CONCLUSION

The present thesis demonstrates that neonatal HI causes permanent retinal injury in a rat model
of term neonatal HIE. In addition, a lack of correlation between the severity of retinal and brain
injury suggests a possible contribution of retinal injury to the development of visual impairments
following birth asphyxia, independent of brain injury. This finding adds to the current
understanding of visual impairments in asphyxiated newborns, which was thought to be limited
to cerebral damage. The detailed description of the retinopathy at the histological and functional
level, and some preliminary data provided in the discussion give us some clues to understand the
complexity of this disease process, one that likely involves interactions between retinal
cytoarchitecture, function and blood supply. The second part of this thesis demonstrates that
sildenafil, a phosphodiesterase type-5 inhibitor, administered post-HI improved all affected ERG
parameters and retinal layer thicknesses in a dose-dependent manner, thus showing a promising
therapeutic effect of the drug to treat HI-induced retinopathy. Currently, a detailed eye exam
including electrophysiological assessments is not part of the standard of care of asphyxiated
newborns. Our findings in the animal model as well as the preliminary results in our human
study warrant future studies with a greater number of patients and healthy newborns, where their
retinal function will be assessed and followed in long-term. Furthermore, sildenafil could
potentially be an alternative or additional treatment that could be offered to asphyxiated
newborns with neonatal encephalopathy, especially those who might not benefit from
hypothermia. A randomized double-blind placebo controlled clinical trial is currently ongoing in
our laboratory, and more are needed in order to assess the safety and efficacy of sildenafil in this
population. It remains to be determined whether our discovery at the bench will translate to

bedside. Nonetheless, these findings lay the ground work for the future studies to build on to
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advance our knowledge of brain and retinal diseases in children, which could ultimately lead to
the improvement of follow-up, treatment and outcomes of these children. In a broader context,
we showed that the VVannucci model can be used as a model to study retinal diseases, and the
findings from my thesis can be extended to increase our understanding of other retinal or brain

diseases.
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LEGENDS
Appendix 1. Neonatal HI induced RPE impairment and microglia infiltration at P60. The RPE
(red) was labelled with phalloidin-rhodamine, and the microglia (green) was labelled with

isolectin B4-FITC on RPE/choroid/sclera complex flatmounts. 20X. Scale bar, 50 um.

Appendix 2. Long-term degeneration of the photoreceptor function and structure. (A)
Representative mixed rod-cone ERG waveforms recorded from the left eyes (ipsilateral to the
ligation) of the control and HI rats over time. Calibration: vertical, 500 pV; horizontal, 80 ms.
Arrows, stimulus onset; a, a-wave; b, b-wave. (B) The amplitudes of the mixed rod-cone a- and
b-waves in the control and HI rats over time. Mean + SD. (C) Progressive loss of the a-wave
over time in the severe HI animal. (D) Retinal histology at P350 showing a thinning of the ONL
as well as the inner retinal layers in HI animals. The loss of the ONL thickness was most
pronounced at the periphery and centre, while the mid-periphery showed a relative preservation.
40X. Scale bar, 50 um. (E) Spider graph representation of the retinal layer thickness at P350.

Mean £ SD.

Appendix 3. Neonatal HI induced retinal vascular impairment at P60. (A) Representative
confocal Z-stack images of retinal flatmount stained with isolectin B4-FITC, showing the
superficial (blue), intermediate (green), and deep (red) vessels. The schematic shows the
approximate sampling locations. S, superior; T, temporal; N, nasal; I, inferior. 20X. Scale bar, 50
um. (B) The number of branching point in superficial and deeper vessels at different
eccentricities. Mean = SD. **, P < 0.01 between brackets; ***, P < 0.001 vs. control; ###, P <

0.001 vs. Moderate HI. n = 2-4.
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Appendix 4. Evidence of ERG anomalies in term asphyxiated newborns treated with
hypothermia. Photopic ERG waveforms from the right (solid lines) and left (dotted lines) eyes of
an asphyxiated newborn with brain injury (patient 1) and one without brain injury (patient 2) are
shown. Control waveforms represent the averaged responses of healthy term newborns at the
respective ages. Patient 1 (brain injury, normal fundus) showed attenuated and delayed ERG
responses on DOL10 and 30. Patient 2 (no brain injury, mild optic disc pallor on DOL10 and 30)
showed delayed ERG b-wave peak time on DOL10 and 30. Both patients showed normalized
responses on DOL90. Arrows, stimulus onset; a, a-wave; b, b-wave; calibration: vertical, 20 pV;

horizontal, 20 ms.
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Appendix 1
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Appendix 2
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Appendix 2 (con't)
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Appendix 2 (con't)
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Appendix 3
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Appendix 3 (con't)
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