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Abstract Although a great deal of emphasis has
been placed on the vasculopathy that is associated
with oxygen-induced retinopathy (OIR), our studies
also revealed significant and irreversible structural
(retinal histology) and functional (scotopic and phot-
opic electroretinograms) impairments that were sig-
nificantly more severe in pigmented Long—Evans rats
compared to the more commonly used albino Sprague
Dawley rats. In the following pages, we will highlight
what we have learned about the retinal pathophysio-
logical processes of OIR taking place in strains of both
rats with the hope that this will trigger investigations
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into new therapeutic strategies to complement those
geared at preventing the vasculopathy.

Keywords Retinopathy - Oxygen -
Neonatal rat - Vasculature - Electroretinogram -
Histology

Introduction

Previous studies of ours revealed that the structural
(retinal histology) and functional (electroretinogram)
deficits that resulted from the exposure of albino
Sprague Dawley (SD) rats to a hyperoxic environ-
ment within the first postnatal days were permanent
[1-5]. This contrasts with the damage to the retinal
vasculature which can, as previously documented by
others as well, overcome the hyperoxic challenge
thereby achieving full coverage while still under
oxygen throughout the first 2 weeks of life [1]. The
latter is reminiscent of the reversible vasculopathy
that is often reported in human ROP [6]. Recent
studies of ours also showed that compared to the
albino SD rats, pigmented Long-Evans (LE) rats
developed a more severe oxygen-induced retinopathy
(OIR) [7] as evidenced functionally and structurally.
In the following pages, we will briefly review what
we have learned from the two models of OIR with the
hope that our findings will contribute to a better
understanding of the retinal pathophysiological pro-
cesses that are triggered following exposure of an
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immature retina to a high level of oxygen. For the
sake of clarity, the results reported were obtained
following an exposure to 80% oxygen for 22.5 h per
day from PO to P14.

Functional consequences of OIR

Functional impairments resulting from postnatal
exposure to high oxygen are best summarized in
Fig. 1 with representative examples of the saturated
rod b-wave (a—c), the mixed rod-cone b-wave (d-f)
and the photopic b-wave (g—i) parameters of the ERG
obtained from control (a, d, g) and oxygen-exposed
SD (b, e, h) and LE (c, f, i) rats. While, compared to
control rats, the a-wave of the mixed rod-cone
b-wave in SD rats was minimally affected following
hyperoxic exposure (Fig. 1d, e), significant amplitude
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Fig. 1 Representative scotopic [saturated rod b-wave, flash
intensity: —2.4 log cd.s.m™> (a—c); and mixed rod-cone
b-wave, flash intensity: 0.60 log cd.s.m™> (d—f)] and photopic
[b-wave, flash intensity: 0.9 log cd.s.m™2, background:
30 cd.m™2 (g-1)] ERGs obtained at P60 from LE rats raised
in normoxia (21% O,) and LE and SD rats raised in hyperoxia
(PO-P14, 80% O,), respectively. Calibrations: horizontal,
20 ms; vertical, 450 nV for scotopic saturated rod b-wave

and mixed rod-cone b-wave ERG responses, 150 pV for
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reduction in the scotopic (Fig. la, b, d, e) and
photopic (Fig. 1g, h) ERG b-waves was observed.

It is interesting to note that the functional conse-
quences of OIR in the SD rat, which is still to date the
most commonly used strain, were significantly less
severe than those observed in pigmented LE rats [7].
Briefly, while the a-wave remained relatively intact in
SD rats, in LE rats it was found to be significantly
compromised early on in the pathophysiology of
OIR (Fig. 1f). Interestingly, as with the a-wave, the
attenuation in the saturated rod b-wave response was
notably more pronounced in LE rats (Fig. Ic). A
comparable finding was also observed for the rod-
cone b-wave of LE rats, where a significant attenu-
ation in amplitude was observed (Fig. 1f). Similarly,
attenuation of the photopic b-wave was also found to
be significantly more pronounced in LE rats (Fig. 1i),
suggesting again that the retinal function of LE rats is
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photopic ERG responses. All tracings include a 20-ms
prestimulus baseline; vertical arrows indicate flash onset.
Representative retinal histological sections obtained at P60
from SD and LE rats raised in normoxic (j) and maximal
hyperoxic conditions (k, 1; SD and LE, respectively). 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. Calibration bar: 50 um
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more prone to hyperoxic insult compared to that of
SD rats.

Cytoarchitectural consequences of OIR

In SD rats, the only cytoarchitectural consequence of
early postnatal hyperoxia found by our group was a
dose-dependant thinning of the outer plexiform layer
(OPL) along with a significant reduction in the
horizontal cell count (Fig. 1k) [1-3]. In comparison,
analysis of LE rat retinas revealed significantly more
extensive damage to retinal cytoarchitecture com-
pared to SD rats (Fig. 11). In addition to the thinning
of the OPL, we also noted a marked thinning of the
inner nuclear layer (INL), the inner plexiform layer
(IPL) and the outer nuclear layer (ONL; Fig. 11),
features of OIR never observed in SD rats that again
point to the significantly more severe presentation of
the OIR manifestations in LE rats.

Managing ROP: lessons from OIR

Our previous studies have shown that in albino SD rats,
the pathophysiological consequences of OIR combine
retinal cytoarchitectural damage (e.g. OPL thinning,
reduced horizontal cell count) with a permanent deficit
of retinal function (significantly attenuated scotopic
and photopic ERGs) [1-5]. In comparison, postnatal
hyperoxia exerts an even greater loss of retinal
structure and function in the pigmented LE rat (greater
vascular dropout, generalized deficit to retinal cytoar-
chitecture, more severely attenuated retinal function)
[7]. Moreover, the damage observed in LE rats
occurred earlier compared to SD rats, following
exposure to hyperoxia that was limited to the first
week of life (PO-P6).

Given that ROP is considered a disease of the
retinal vasculature, it is not surprising to find that
most studies on OIR have focused on the effect of
postnatal hyperoxia on the development of the retinal
vasculature. Although previous studies have also
observed significant reductions in vascular coverage
following postnatal hyperoxia in rats [8—14], few
studies have examined the time course of this effect.
We showed that despite the attenuation in vascular
growth that is readily measurable after the first week
of exposure (PO-P6) in SD rats, the vascular growth

process is nonetheless able to overcome this hyper-
oxic insult thereby achieving full coverage while still
under hyperoxic exposure (in PO-P14 exposures).
This is reminiscent of the reversible vasculopathy
that is observed in the human form of ROP [6]. In
contrast, following oxygen exposure, the vascular
supply is so severely compromised in pigmented LE
rats that they never achieve a normal appearance, thus
further suggesting unequal susceptibility among
strains [7].

It is interesting to note that while the abnormal
retinal vasculature has been documented to resolve
itself, the functional sequelae that are associated with
this disease have been shown to persist. Evidence of
this has been published in several studies where, for
example, significant alterations in the a- and b-waves
of the ERG in patients with a history of ROP have
been shown to continue into adulthood [15, 16].
Furthermore, scotopic visual threshold elevation has
been documented in children with a history of
resolved, mild ROP, thus suggesting the involvement
of photoreceptors [17-19]. Finally, significant deficits
in amplitude and implicit time of the multifocal ERG
(mfERG) response, which stems from the central
retina, have also been found in subjects who revealed
complete resolution of clinical ROP more than 10—
20 years earlier [20]. This would suggest that a history
of ROP can alter the development of the central retina
and, consequently, the mfERG response that it
generates. Given that ON- and OFF-bipolar cells
contribute to this central response, the attenuation in
amplitude might therefore occur, should ROP specif-
ically target these cells and thereby cause for an
altered summation of depolarization and hyperpolar-
ization in these subjects [20]. Therefore, despite the
resolution of vascular abnormalities, which is a com-
mon occurrence in ROP patients, it is necessary to
consider that neural dysfunction of the retina may still
carry on throughout adulthood. Of course, this is not
to say that the vasculopathy that results from postnatal
hyperoxia does not contribute to the structural and
functional consequences that we have reported. In a
previous study by Penn’s et al. [12], it was shown that
trolox-c (a water-soluble analogue of vitamin E)
successfully limited the vascular consequences of
postnatal hyperoxia, suggesting that hyperoxia was
the main factor that triggered the vascular dropout
observed in OIR. However, the same dose of trolox-c
failed to offer an equivalent degree of protection to the
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retinal cytoarchitecture and function [5], suggesting
again that some aspects of the vascular, structural and
functional consequences of OIR may develop
independently.

Our findings of impaired retinal function in our
models of OIR support previous findings, where
exposure of neonatal rats to 60% O, from birth
through P14 caused inner retinal dysfunction as
evidenced by b-wave attenuation [21]. Similar find-
ings also reported that cyclical (50/10% O,) exposure
from PO to P14 or constant exposure to 75% O, from
P7 to P14 led to postreceptoral functional deficits
combined with retinal arteriole tortuosity [22].
Moreover, anomalies of the ERG oscillatory poten-
tials (OPs) have also been shown to persist, despite
the resolution of vascular abnormalities [3, 4, 23],
which would further suggest the persistence of retinal
functional deficits despite normalization of the retinal
vasculature.

Evidence of a postreceptoral effect following
postnatal hyperoxia were also reported by Penn
et al. [21] where the amplitude of the ERG a-wave
obtained from hyperoxic- and normoxic-cohorts were
identical as of P21 and beyond, compared to severely
attenuated b-waves. These results are also in line with
those obtained by Reynaud et al. [9] who demon-
strated that following postnatal hyperoxia from PO-
P11, the amplitude of the a-wave gradually improved
between P13 and P18, compared to that of the b-wave
which remained significantly depressed at P18.
Clearly, the above would suggest that the photore-
ceptors are significantly less susceptible to postnatal
hyperoxia. One wonders whether this results from the
relative immaturity of their outer segments at the time
of oxygen exposure [24], or from the relatively intact
choroidal vasculature that supplies them.The above
would also further confirm that the more permanent
sequelae of OIR occur in the inner retina. On the
other hand, while the pathophysiological conse-
quences of OIR are largely postreceptoral in the
retina of albino rats, photoreceptor dysfunction may
in fact also occur following exposure to hyperoxia, as
suggested by different parameters of oxygen expo-
sure including alternating between 50 and 10%
oxygen from postnatal day PO-14, or exposure to
75% oxygen from P7 to P14 [22]. These findings
would further support our observations of impaired
photoreceptor function in the pigmented LE rat and
would suggest that not all experimental models may
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react equally to an equivalent hyperoxic stress.
Findings such as these warrant the evaluation of
retinal structure, and studies of ours have also been
geared towards better understanding of the impact of
postnatal hyperoxia on retinal cytoarchitecture, which
is often overlooked.

The cytoarchitectural manifestations of OIR occur,
at least in the SD rat, during the period that the rats
are still submitted to the hyperoxic regimen, as
evidence of OPL thinning and HC count are already
observed directly following exposure [1]. Further-
more, given that the most notable changes occur in
the OPL and HCs, the relatively intact a-wave that
can be recorded within the first few days following
the cessation of hyperoxic exposure comes as little
surprise, while as expected from histological findings,
scotopic and photopic b-waves already tend to be
attenuated in amplitude. Finally, whether the lower
count of horizontal cells results from their suscepti-
bility to oxygen (or to the relative hypoxia that
follows hyperoxia) or from another degenerative
process that might impact the establishment of proper
synaptic connections remains to be fully understood.

Our recent findings have revealed that the pig-
mented Long—Evans rat is also a good working model
of OIR, demonstrating a more exaggerated form of
the disease with a more severe pathophysiological
course, involving greater damage to retinal vascula-
ture, structure and function. In both models, findings
would suggest that OIR is initiated at a postreceptoral
level, where synaptic impairment at the level of the
OPL prevents signal transmission to the inner retina.
The particular susceptibility of the scotopic and
photopic b-waves would further support this infer-
ence [1-5, 7]. Involvement of other inner retinal
structures such as the INL, IPL and GCL as well as
the impaired a-wave in LE rats suggests that the
pathophysiological consequences in this model are
indeed more severe. Interestingly, studies have
revealed that not only can an environmental stress
such as exposure to hyperoxia result in structural
damage to the retina, but other mechanisms that may
involve the generation of reactive oxygen species,
such as the reaction of iron with oxygen, can also
result in such an effect. For example, intravitreal
injection with FeSO, has been shown to cause
selective thinning of the ONL [25] as well as
impaired retinal function. Similarly, intravitreous
injection of paraquat (an herbicide known to generate
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reactive oxygen species) was shown to cause thinning
of the ONL and INL along with vacuolization, folds
in the ONL and functional impairment [26]. These
findings in addition to those which we have previ-
ously reported [1-5, 7] would collectively suggest the
importance not only of retinal vasculature and
functional assessment in models of retinal diseases,
namely OIR, but also of retinal cytoarchitecture
which can give further insight and help to explain the
pathophysiological processes that characterize OIR.
Future investigations are certainly warranted in order
to clarify the disparities between oxygen exposure
regimens and the results obtained among studies in
order to not only further our understanding of the
disease processes but also to enable testing of new
therapeutic modalities that could eventually help to
manage human infants born with retinal disorders
such as ROP as well as others. In that respect, if we
interpret our results as evidence that not all premature
infants will react similarly to the same hyperoxic
shock, experimental approaches that would make use
of the SD and LE rats would be instrumental in the
design of new therapeutic strategies aimed at better
protecting the developing retina from postnatal
hyperoxia, irrespective of the degree of maturity
reached at the time of oxygen exposure or the
severity of the underlying retinopathy.
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