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Abstract

The early loss of photoreceptors in some retinal degenerations in mice has been shown to have a
profound effect on vascular development of the retina. To better characterize this relationship, we
have examined the formation of retinal blood vessels during the first month of life in 8 lines of
transgenic rats with different ages of onset and rates of photoreceptor cell loss mediated by the
expression of mutant rhodopsin (P23H and S334ter). The number of capillary profiles in the
superficial plexus (SP) and deep capillary plexus (DCP) of the retina were quantified in retinal
sections taken at postnatal day (P) 8, 10, 12, 15 and 30. In normal wild-type rats, the SP and DCP
had mostly established mature, adult patterns by P15, as previously shown. In the transgenic rats,
the loss of photoreceptors had relatively little effect on the SP. By contrast, the loss of
photoreceptors during vascular development had a major impact on the DCP. In the two lines with
early and most rapid photoreceptor loss, S334ter-7 and S334ter-3, where about 90% and 65%,
respectively, of the photoreceptors were already lost by P15, the DCP either failed to form
(S334ter-7) or the number of capillary profiles was less than 7% of controls (S334ter-3). In lines
where almost all photoreceptors were still present at P15 (S334ter-4, S334ter-9, P23H-2 and
P23H-3), the number of profiles in the DCP were the same as in wild-type controls at P30. In two
lines with an intermediate rate of degeneration (S334ter-5 and P23H-1), where only about 25% of
the photoreceptors were lost by P15, there was an intermediate number of vascular profiles in the
DCP at P30. Thus, a very close relationship between the number of photoreceptors and vessel
profiles in the DCP during its development exists in the transgenic rats, and the loss of
photoreceptors results in the failure or inhibition of the DCP to develop. Several mechanisms may
explain this relationship including changes in the level of physiological oxygen tension or
alteration in the release of angiogenic factors that normally drive vessel development.

Analysis of older transgenic retinas up to one year of age revealed that 1) vascular profiles are lost
from the DCP in essentially all lines once fewer than about 30-33% of photoreceptors remain; 2)
in those lines where the DCP essentially did not develop (S334ter-7 and S334ter-3), the effect of
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photoreceptor absence was permanent, and there was no late vascularization of the DCP; 3) the
number of capillary profiles in the SP remained no different from controls in any of the lines,
despite long-standing loss of photoreceptors; and 4) neovascularization of the RPE by retinal
capillaries occurred with a latency of 60-180 days after the loss of photoreceptors, except in
S334ter-7 rats, where neovascularization essentially did not occur. Analysis of RCS rats was
carried out for comparison.
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1. Introduction

Understanding the relationship of vascular changes in retinal degenerative diseases remains
an important challenge for treating these diseases. Patients with retinitis pigmentosa exhibit
vascular attenuation, which correlates with the degeneration of photoreceptors (PRs) (Milam
et al., 1998). Late complications of these diseases include the migration of retinal pigment
epithelial (RPE) cells into the retina and the remodeling of vessels to form vascular
complexes. Similar vascular changes have also been observed at late stages of retinal
degeneration in rodent models such as the Pdet/?L/Pdel’™! mouse, the RCS rat and other
mouse models of retinitis pigmentosa (Blanks and Johnson, 1986; Hawes et al., 1999;
LaVail, 1979; Villegas-Pérez et al., 1998).

It is widely appreciated that the development of retinal blood vessels is highly susceptible to
environmental modification, particularly to changes in oxygen tension (Arden et al., 2005;
Chen and Smith, 2007; Madan and Penn, 2003; Saint-Geniez and D'Amore, 2004; Stone et
al., 1995). It has also been observed that rapid PR degeneration during the early postnatal
period in mice alters blood vessel development (Blanks and Johnson, 1986; Matthes and
Bok, 1984). The blood vessels of the rodent retina consist of a superficial plexus (SP) of
vessels lying in the optic nerve fiber layer and a deep capillary plexus (DCP), which
supplies the inner retina. The DCP fails to develop in Pdet/®L/Pdet’! mice that lose most
PR nuclei during the developmental period of the DCP (Blanks and Johnson, 1986). In this
model, vascular development follows a normal course until about postnatal day (P) 12, at
which time there are fewer vessels in the DCP. The vessels disappear in the same central-to-
peripheral fashion as the PRs. The SP is minimally affected in this model. In some other
retinal degeneration models with slower rates of degeneration, such as the RCS rat and the
pca/pecd mouse, where there are normal numbers of PR cells during vasculogenesis of the
retina, the DCP develops normally (Blanks and Johnson, 1985; Matthes and Bok, 1985).

The analysis of retinal degeneration mutants during the period of vascular development has
provided clues to molecular influences on vasculogenesis (see Discussion), and the use of
such mutants has provided a foundation for creative studies, such as the ability of bone
marrow-derived stem cells to promote or inhibit angiogenesis (Otani et al., 2002). Moreover,
analysis of the relationship between PR degeneration and vascular atrophy has revealed that
by the use of hemopoietic stem cells, the stabilization and rescue of retinal blood vessels that
would usually degenerate leads to a neurotrophic rescue of PR cells (Otani et al., 2004).
Because of the potential usefulness of models with which to study the relationship of retinal
degeneration to blood vessel development, we have analyzed 8 lines of mutant rhodopsin
transgenic (Tg) rats, each with a different rate of retinal degeneration, by quantifying the
relationship between the rate of PR degeneration and the formation of retinal blood vessels
in the SP and DCP of these retinas.
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Although the primary focus of this study was the relationship between PR degeneration and
vasculogenesis of the retina, we have also examined older ages to follow vascular changes
that occur both in retinas with early, rapid PR degeneration and in those retinas with slow
retinal degenerations that occur after full development of the retinal vasculature. In addition,
we have examined for comparison the widely studied RCS rat with inherited retinal
dystrophy that has a relatively intermediate rate of degeneration (Bok and Hall, 1971;
Dowling and Sidman, 1962; LaVail and Battelle, 1975).

2. Materials and methods

2.1 Animals and histological preparation

All animals were treated in accordance with the approved guidelines and procedures of the
University of California, San Francisco IACUC. Tg rats were originally produced by
Chrysalis DNX Transgenic Sciences (now Xenogen Biosciences) that carried one of two
different rhodopsin mutations (Steinberg et al., 1996). These were P23H (single amino acid
substitution at codon 23) and S334ter (a mouse opsin gene bearing a termination codon at
residue 334, which results in a C-terminal truncated opsin protein lacking the last 15 amino
acid residues and, thus, all of the phosphorylation sites of the molecule). Three lines of
P23H and 5 lines of S334ter rats that have retinal degeneration phenotypes of different rates
have been maintained from the original founders (http://www.ucsfeye.net/
mlavailRDratmodels.shtml). Inbred RCS rats are from the original strain described by
Sidman and Pearlstein (1965)

For histological studies, animals were euthanized with CO,. The rats were perfusion fixed
with mixed aldehydes, the eyes were removed and bisected along the vertical meridian,
postfixed in osmium tetroxide and embedded in an epoxy resin as described (LaVail and
Battelle, 1975). One micron thick sections were cut through or near the optic nerve head
with an ultramicrotome, and sections were mounted on slides and stained with toluidine
blue.

2.2 Quantification of Blood Vessel Profiles and Outer Nuclear Layer

This was a retrospective quantitative study of histological slides prepared from the period
2000-2005 for the Tg rats and from the period 1972-1975 for the RCS rats, in the latter case
from the study published previously by LaVail and Battelle (1975). Sections were chosen in
which the rod outer segments, if present, and Miller cell processes crossing the inner
plexiform layer were mostly continuous and in the plane of section to ensure that the
sections were not oblique (Lewin et al., 1998). Capillary profiles in plastic-embedded
sections of retinas from each of 3 lines of P23H (P23H-1, -2 and -3) and 5 lines of S334ter
(S334ter-3, -4, -5, -7 and -9) Tg rats were counted and compared to age matched wild-type
Sprague-Dawley rats. A single section was counted from each of 3-4 rats of each line and at
each age, ranging from P8-P30, and from 1-4 rats of each line at each of several older ages,
ranging up to 1 year. Capillary profiles were counted using a Nikon microscope with 40x
objective and 10x eyepieces, providing a 440-pwm field of view. Measurements commenced
approximately 50 microns from the optic nerve and proceeded to the ora serrata. Depending
on the length of the retina, approximately nine 440-iwm adjacent fields on each side of the
optic nerve head were counted. Three measurements of the ONL thickness were also made
in each 440-um field, as previously described (Faktorovich et al., 1992), so that 54 values
were obtained; these were averaged to obtain a mean ONL thickness for each retina, and
then these were averaged with the others of the same age to plot PR degeneration rates (Fig.
1).
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Capillary profiles were identified by observing a single endothelial cell surrounding an
empty lumen, basophilic staining of basement membrane around a lumen, or the presence of
red blood cells within a lumen. In cases where an individual profile could not be
conclusively distinguished from artifact, it was omitted from the count, but most profiles
were readily identified by the aid of perfusion fixation which dilates the capillaries (Fig. 2).
Capillary profiles were tabulated in the ganglion cell layer, the inner plexiform layer, the
inner nuclear layer and the outer plexiform layer. The SP was defined by adding the profiles
from the ganglion cell layer and the inner plexiform layers. The DCP of capillaries was
defined by adding the profiles from the inner nuclear layer and outer plexiform layer. The
total number of capillary profiles in each region was obtained for each section by adding the
number in each of the 18 fields examined.

3.1. Period of Analysis Based on Vascular Developmental Period

We have followed blood vessel development in the 8 lines of Tg rats during the first month
of life for the following reasons relating to the normal temporal pattern of vasculogenesis in
the rat as described by Engerman and Meyer (1965) and Cairns (1959). The normal
development of retinal blood vessel development in the rat begins at the optic nerve head
and spreads in a central-to-peripheral gradient. At birth the rat retina is avascular. Shortly
after birth, 4-8 arterioles arise from the central retinal artery and radiate out symmetrically in
the nerve fiber layer. Primitive capillaries then bud from these radiating arterioles between
P1 and P2 to form the SP, which lies at the level of the nerve fiber layer. The development
of the SP is almost complete by P8 (Engerman and Meyer, 1965), mostly complete by P10
(Cairns, 1959)(Cairns states P11 but counts the day of birth unconventionally as P1), with
minor additional maturation in the far periphery of the retina through P16 (Cairns, 1959;
Engerman and Meyer, 1965). The DCP, which supplies the inner nuclear layer of the retina,
begins to form from buds off the superficial plexus between P6-P8. During the next week, or
so, the DCP fully develops in most animals by P15-P16 (Cairns, 1959; Engerman and
Meyer, 1965). Thus, we have focused on P15 as a key end-point to assess the DCP, but have
examined retinas as old as P30, since in some studies of retinal degenerate mice there
appears to be a further loss of blood vessels between P15 and P30 (Blanks and Johnson,
1985, 1986; Matthes and Bok, 1985).

3.2. Outer Nuclear Layer Thickness

The changes in ONL thickness for each of the lines at ages P8-P60 are shown in Fig. 1. The
ONL thins in wild-type retinas due to stretching of the retina with eye growth during this
period. Death and loss of PR cells results in additional thinning of the ONL in the Tg rats.

Two lines show very early and rapid degeneration, S334ter-7 and S334ter-3. The most
severely affected is the S334ter-7 line, in which the ONL is already reduced by about 20%
by P8, 40% by P10 and by just greater than 90% by P15 (Fig. 1B). Thus, the ONL is
reduced to only a single row of PR nuclei, or less, by P15, as shown in Fig. 2D. The second
most severely affected line is S334ter-3, in which the ONL is already reduced by about 65%
by P15 (Fig. 1B).

Two lines of Tg rats have a somewhat slower loss of PRs, S334ter-5 (Fig. 1B) and P23H-1
(Fig. 1A). The ONL of both of these is reduced from wild-type control values by about 25%
at P15.

The remaining lines all show little or no difference from wild-type control values for ONL
thickness at P15. These are P23H-2 and P23H-3 (Fig. 1A) and S334ter-4 and S334ter-9 (Fig.
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1B). By P30, however, lines P23H-3 and S334ter-4 have lost approximately 25% of their
PRs (Fig. 1).

3.3 Development of Blood Vessels in the Superficial Plexus

As noted earlier, the SP is mature in wild-type rats by P15 (Cairns, 1959; Engerman and
Meyer, 1965). At this age, all 8 lines of Tg rats showed essentially the same number of
capillary profiles in the SP as in wild-type rats (Fig. 3A). By P30, the number decreased by
about 35% in the wild-type and in all 8 lines of Tg rats, all of which were statistically
indistinguishable (Fig. 3A). This reduction was likely due to secondary pruning between
P15 and P30. The only difference in the SP among all of the lines of rats was at the earliest
age examined, P8, in the two lines with most rapid PR degeneration (S334ter-3 and
S334ter-7), which had significantly fewer capillary profiles than controls (P < 0.05).
However, this difference was no longer observed at older ages in these lines.

3.4 Development of Blood Vessels in the Deep Capillary Plexus

In wild-type rats, the number of capillary profiles in the DCP increases rapidly between P8
and P15, where it is almost at adult levels, with a slight increase to the full adult level by
P30 (Fig. 3B). By contrast, the DCP is virtually missing at P15 and P30 in the line with
earliest and most rapid PR loss, S334ter-7 (Figs. 2D and 3B). In this line, about 90% of the
PRs are already lost by P15 (Fig. 1B). A total of only 1-2 capillary profiles was seen in the
DCP in all of the 18 fields in all of the 3-4 retinal sections examined at each age. In the
S334ter-3 retinas, which have the second fastest degeneration with about 65% of the PRs
lost by P15 (Fig. 1B), only a very small number of capillary profiles was found in the DCP.
These represented only about 6-7% of the number seen in wild-type control retinas (Fig.
3B).

In lines where almost all PRs are still present at P15 (S334ter-4, S334ter-9, P23H-2 and
P23H-3) (Fig. 1), the number of profiles in the DCP at P15 is the same as that in wild-type
controls (Fig. 3B). An example of the histological appearance of one of these lines,
S334ter-4 (Fig. 2B), can be compared to that of a wild-type control (Fig. 2A), and the DCP
is indistinguishable in the two. In two lines with an intermediate rate of degeneration
(S334ter-5 and P23H-1), where about 25% of the PRs are lost by P15 (Fig. 1), there was an
intermediate number of vascular profiles in the DCP at P15 and P30 (Fig. 3B). The
intermediate number of DCP capillary profiles in S334ter-5 retinas is shown in Fig. 2C and
can be compared to that in a wild-type control retina in Fig. 2A.

Figure 4 shows a correlation of the number of capillary profiles in the SP (Fig. 4A) and the
DCP (Fig. 4B) versus the ONL thickness for each different line as normalized to control. In
the SP, there is no correlation between the thickness of the ONL and the number of vessel
profiles (Fig. 4A). By contrast, when the number of capillary profiles in the DCP is plotted
versus the ONL thickness, there is a positive linear correlation between the two (Fig. 4B).

3.5 Blood Vessel Changes at Older Ages

We have quantified the vessel profiles in the retinas of wild-type and each of the 8 Tg lines
at several ages up to a year, and the results are presented in Table 1, along with the counts at
P30 for comparison with the fully developed SP and DCP at this age.

The number of capillary profiles in the SP of the inner retina is very slightly lower at the
oldest ages than at younger ages, but it is not statistically different from the number seen in
wild-type control retinas at any age (Table 1). Thus, even long-standing loss of PR cells
does not alter the number of capillary profiles of the SP.
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By contrast, the number of capillary profiles in the DCP may be reduced depending upon the
degree of PR cell loss. In the slowest PR degenerations, lines S334ter-9 and P23H-2, where
the ONL is reduced to only 75% and 61% of control values at P365, respectively, there is no
significant loss of capillary profiles in the DCP (Table 1).

The two lines with the next slowest degenerations, P23H-3 and S334ter-4, showed normal
numbers of capillary profiles during vascular development through P30 (Fig. 3B), when the
ONL thickness was about 75% of normal (Fig. 1). In the P23H-3 rats, the number of
capillary profiles in the DCP was still not different than normal when the ONL was 40% of
normal at P120. However, there was a significant loss of vessel profiles in the DCP when
the ONL reached 28% of normal at P240, and thereafter when most PRs had disappeared
(Table 1). (It should be noted that even when there appeared to be a complete loss of PRs, a
few PR nuclei could always be found in the retinal sections of all of the lines of rats.)
Similarly, in S334ter-4 rats the number of DCP vessel profiles was still no different from
normal at P120 when the ONL was 34% of control, but about 60 days later (P180) where the
ONL had lost most PRs, there was a large, significant drop in the number of profiles in the
DCP, with an even greater loss at P365 (Table 1).

The two lines of rats with the next fastest rate of PR degeneration that showed a moderate
reduction of DCP vessel profile development at P15 and P30, P23H-1 and S334ter-5 (Fig.
3B), demonstrated a further and progressive loss of DCP profiles with age (Table 1).
Likewise, in the lines with the most rapid PR degeneration, where very few (S334ter-3) or
virtually no (S334ter-7) DCP vessel profiles were formed, the profile number remained
extremely low or virtually non-existent, respectively, for the entire year. So, the effect of PR
absence was permanent, and there was no late vascularization of the DCP in these rapidly
degenerating lines. The inner nuclear layer (INL) remained relatively intact compared to
normal (Fig. 5A) in these (Figs. 5B and F) and the other (Figs. 5C-E) lines, except where
NV of the RPE occurred (see below). In general, the INL of the wild-type and all lines of Tg
rats contained about 3-5 rows of nuclei in the posterior retina, 2-4 rows in the equatorial
region, and 2-3 rows in the far periphery at P120 and P365.

3.6 Neovascularization of the Retinal Pigment Epithelium

Neovascularization (NV) of the RPE from retinal capillaries is widely recognized to occur
following PR cell loss in rodents with environmentally induced and inherited retinal
degenerations (Reviewed by Nishikawa and LaVail, 1998), so we examined the temporal
pattern of RPE NV in the 8 lines of Tg rats. NV of the RPE occurred only after loss of PR
nuclei, so the most slowly degenerating lines (S334ter-9 and P23H-2), showed no NV of the
RPE since they still had numerous PRs surviving at the oldest ages examined (Table 1). The
RPE of each of the other lines of Tg rats became vascularized by retinal capillaries (Figs.
5C-E), except for line S334ter-7, which had almost none (Table 1). In those retinas where
the RPE was vascularized, the degree of NV was highly variable, with some animals at a
given age showing none, whereas others had significant NV (Table 1). In each case, the
period between almost complete loss of PRs from at least a part of the retina and the time of
RPE NV was about 60-90 days, with an approximately 180-day latency in S334ter-5 rats
(Table 1). The retinal capillaries that invaded the RPE appeared to come from both the DCP,
immediately adjacent to the RPE (Fig. 5B), or from the inner retina in the SP (Figs. 5D-E).
In some profiles of vessels emanating from the inner retina, strands of cells from the INL
had migrated or become displaced along the vessel path (Figs. 5D-E), as seen abundantly in
the RCS rat (Gerstein and Dantzker, 1969; Villegas-Pérez et al., 1998). The two lines of rats,
S334ter-3 and S334ter-7, that had the most rapid PR degeneration (Fig. 1B) and almost no
development of the DCP (Fig. 3B), showed relatively few vascular profiles in the RPE in the
case of S334ter-3, or almost none in the case of S334ter-7 (Table 1).
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3.7 Attenuation of the Retinal Pigment Epithelium

With increasing age following PR cell loss in rodent retinal degenerations, some of the RPE
becomes attenuated. In the case of three mouse mutants, including P23H, the percent of the
total RPE attenuated to 15% of the normal thickness of the RPE cells slowly rises to about
20-25% by one year of age (Nishikawa and LaVail, 1998). Using the same criteria, we
examined the 8 lines of Tg rats, and while observing some RPE attenuation (Fig. 5F), each
of the lines showed less than 5% of the total RPE length at every age up to P365.

3.8 Comparison with the RCS Rat

Analysis of the vascular development and degeneration in the RCS rat with inherited retinal
dystrophy has previously been carried out by Matthes and Bok (1985), although different
methods were used that did not distinguish the SP from the DCP. Their key findings were
that this mutant rat develops a full vascular bed at 1 month of age that was maintained until
4 months, and that there was a significant drop in blood vessel density between 4-6 months
that continued to at least 1 year of age (Matthes and Bok, 1985). For comparison with the
mutant rhodopsin Tg rats, we have examined key ages of RCS rats with the same methods
used for the 8 lines of Tg rats.

In the developing RCS retina, the ONL has a rate of PR cell loss similar to that of S334ter-5
rats. At the end of vascular development at P15, the ONL is identical to that of wild-type
rats, and by P30 it is reduced to 72% of normal (LaVail and Battelle, 1975) (Table 1). By
P53, there are foci where the ONL has lost virtually all PR nuclei, and the loss progresses
rapidly, so that only scattered PR nuclei are present by P75 and later (LaVail and Battelle,
1975). A characteristic of retinal dystrophy in the RCS rat is the early appearance of an outer
segment debris zone resulting from the failure of the RPE to phagocytize PR outer segments
(Bok and Hall, 1971) due to a defect of the Mertk gene expressed in the RPE (D'Cruz et al.,
2000) and persistence of the debris after PR cell loss (LaVail and Battelle, 1975). The debris
is mostly persistent at P55, with a few foci of an obliterated debris layer at P75, and by P96
the debris is missing from at least the posterior half of the retina (LaVail and Battelle, 1975).
Our current observations are consistent with these historical descriptions, with the addition
that the retinas at P85 are virtually identical with the descriptions of those at P96, with the
debris missing from the posterior half of the retina.

Like the 8 lines of Tg rats, the SP of the RCS rats developed normally and remained
essentially indistinguishable from wild-type throughout the period examined (Table 1).
Likewise, the DCP develops normally and remains so through P75; thereafter, beginning
about P85, the number of vessel profiles of the DCP becomes progressively reduced (Table
1). Thus, unlike the Tg rats, the number of vascular profiles in the DCP remains at normal
levels after the loss of most PR cells; however, the number of vascular profiles in the DCP is
reduced when the outer segment debris zone is cleared (Table 1).

In RCS rats, NV of the RPE by retinal capillaries has been observed by many investigators
(Gerstein and Dantzker, 1969; LaVail, 1979; Villegas-Pérez et al., 1998), and in preliminary
observations, it appeared that the invasion of the RPE occurred only after the removal of the
outer segment debris zone (LaVail, 1979). In the present study, this was confirmed (Table
1). The most illuminating observation was in P85 RCS rats, where extensive areas of debris
removal were first encountered. Of the 36 440-um fields examined in these sections, 13 still
had outer segment debris, and no NV of the RPE was present in these fields. Of the
remaining 23 fields in these same sections where the debris had been removed, 74% of the
fields showed NV of the RPE. At older ages, NV of the RPE became progressively greater
in the RCS rats (Table 1).
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In the analysis of 8 lines of mutant rhodopsin Tg rats, we have found a very close
relationship during the developmental period of the DCP between the number of PRs and
blood vessel profiles in the DCP. The DCP fails to develop when most of the PR cells are
lost during the developmental period of the DCP, and there is a partial failure of the DCP to
develop when there is a partial loss of PRs during the developmental period.

In the initial studies that demonstrated abnormally reduced vascular development in Pdet/?L/
Pdet/?I mice, the suggested mechanisms were the possible release of toxic metabolites
during the degenerative process (Blanks and Johnson, 1986; Matthes and Bok, 1984) or the
possible increased oxygen tension resulting from loss of PR cells (Matthes and Bok, 1984).
The latter possibility was based on the observations of Michaelson (1954) and Ashton
(1968) who had shown that the developing retinal vasculature was reduced in hyperoxic
conditions. While the idea that harmful degeneration products cannot be excluded, an
enormous amount of experimental data has been generated on the influence of oxygen
tension on retinal vasculature (Reviewed by Arden et al., 2005; de Gooyer et al., 2006), and
on the primary retinal angiogenic factor that regulates the development and maintenance of
retinal vasculature, vascular endothelial growth factor (VEGF) (Reviewed by Chen and
Smith, 2007; Saint-Geniez and D'Amore, 2004; Schlingemann and van Hinsbergh, 1997).

Retinal oxygen tension is a key regulator of retinal vascular growth and survival, mediated
by the alteration of VEGF expression (Alon et al., 1995; Nomura et al., 1995; Pierce et al.,
1995). A “physiological” level of hypoxia caused by an increasing demand for oxygen by
developing neuronal activity induces VEGF and vasculogenesis in the retina (Chan-Ling et
al., 1995; Stone et al., 1995). In fact, a hypoxia-induced, transient wave of VEGF expression
from central to peripheral retina within retinal astrocytes, then from inner to outer retina
within Miller glial cells, directs the local development of retinal vessels (Stone et al., 1995).
By contrast, hyperoxia reduces retinal VEGF and, as noted above, results in the reduction or
obliteration of developing retinal vessels (Alon et al., 1995; Ashton, 1968; Michaelson et al.,
1954; Nomura et al., 1995; Pierce et al., 1995; Yamada et al., 1999), as well as in adult
mouse retinas (Yamada et al., 1999).

In the case of retinal degenerations, as the retina thins due to loss of PRs, it might be
expected that the inner retina would become hyperoxic, particularly since the surviving
choroidal circulation has little or no capacity to autoregulate, regardless of oxygen demand
(Bill and Sperber, 1990; Delaey and Van De Voorde, 2000). In fact, the inner retina is
normally hypoxic (de Gooyer et al., 2006; Yu and Cringle, 2001), but following PR cell loss
in the retinas of Rho™~ mice, the inner retina becomes less hypoxic, or relatively hyperoxic,
and there is a concomitant reduction in the expression of VEGF (de Gooyer et al., 2006).
Similarly, in Pdet/L/Pdel’! mice that have a loss of PRs and loss of the DCP (Blanks and
Johnson, 1986; Matthes and Bok, 1984), there is a reduced level of VEGF in the inner retina
(Lahdenranta et al., 2001; Yamada et al., 1999). It should be noted that the retinas of RCS
rats (Yu et al., 2000) and P23H rhodopsin Tg rats (Yu et al., 2004) showed little change in
the oxygen tension of the inner retina following PR loss. However, numerous studies show
that the suppression of neovascularization by laser treatment results in hyperoxia of the inner
retina, and that in these areas VEGF is down-regulated (Reviewed by Penn et al., 2000).

Penn et al. (2000) carried out a remarkable experimental demonstration of the relationship of
retinal oxygen tension and vasculogenesis in an inherited retinal degeneration, a transgenic
mouse model of autosomal dominant retinitis pigmentosa (1-255/256 rhodopsin mutation)
with a rapid loss of most PR cells by P20, including some loss of PRs before DCP
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maturation at P15. In this mutant, There was some loss of vascular profiles of the DCP by
P20, but an even greater loss by P26. Penn et al. tested the hypothesis that the DCP loss was
due to retinal hyperoxia following the loss of PRs by placing the mice in an ambient hypoxic
environment. With this procedure, they were able to reverse retinal capillary atrophy and
stimulate new retinal capillary growth, causing a increase in the DCP density of almost
100% (Penn et al., 2000).

From the foregoing, if during the development of retinal vasculature, the loss of PR cells
results in an increase of inner retinal hyperoxia, a suppression of VEGF expression and an
inhibition or suppression of capillary development, then a prediction for the present study
would be that the earlier and faster the loss of PRs occurred, the greater the loss of the DCP
would occur in the Tg rat lines. This is precisely what we found. The DCP is mature by P15,
and in the earliest and fastest degenerating lines of Tg rats, S334ter-7 and S334ter-3, about
90% and 65%, respectively, of the PRs were already lost by this age. In these rapidly
degenerating lines, the DCP either failed to form (S334ter-7) or the number of capillary
profiles was less than 7% of control values (S334ter-3) when examined at P15 and P30. In
lines with slower rates of degeneration, where almost all PRs were still present at P15
(S334ter-4, S334ter-9, P23H-2 and P23H-3), the number of profiles in the DCP was the
same as in wild-type controls at P15 and P30. In two lines with an intermediate rate of
degeneration (S334ter-5 and P23H-1), where about 25% of the PRs were lost by P15, there
was an intermediate number of vascular profiles in the DCP. Thus, there is a very close
relationship between the number of PRs and vessel profiles in the DCP during its
development in the Tg rats (Fig. 4B), and the loss of PRs during that time results in the
failure or inhibition of the DCP to develop. The RCS rat showed the same relationship. PR
cell death begins at approximately P16-P20 (LaVail and Battelle, 1975), after the formation
of the DCP, and the number of vascular profiles in the DCP at P30 is the same as in wild-
type retinas (Table 1).

By the same reasoning, the SP would presumably not be affected, because this part of the
retinal vasculature is mostly developed by P8-10, before any substantial PR cell loss in the
Tg rats (Fig. 1). However, in the earliest and most rapid degenerating lines, S334ter-7 and
S334ter-3, there were slightly fewer capillary profiles at P8, but this was a transient effect
because the number very quickly caught up with that of the other lines of rats and was not
different from wild-type at any age after P8. We cannot be certain of the cause of this
transient effect, but these two lines of Tg rats have greater numbers of pyknotic PR nuclei in
the ONL than normal at P4 and P6, 4 days earlier than any other line (LaVail, unpublished
observations), and the ONL is actually reduced to 80% of normal by P8 in the fastest
degenerating line, S334ter-7 (Fig. 1B). It is possible that those factors influencing the loss of
DCP in the two most rapidly degenerating lines have an effect on the SP at the earliest age,
but it is also possible that the two vaso-obliterative events have different causes. For
example, the vasculogenesis of the SP may not be subject to the same influences, such as
oxygen tension, as the DCP at this age. The changes at this early age are obviously complex,
with as yet undetermined vaso-formative and vaso-obliterative factors competing.

Thus, the Tg rats with different rates of PR degeneration appear to follow the pattern of an
increase of inner retinal hyperoxia as oxygen-consuming and space-taking PRs are lost,
which presumably suppresses expression of VEGF or other vasoactive agent(s), such as
adenosine (Lutty and McLeod, 2003) and other growth factors (Saint-Geniez and D'Amore,
2004), and thereby inhibits or abolishes DCP vessel growth. While this presumed
mechanism has yet to be demonstrated in the Tg rats, it is clear that these animals provide a
model system with which to study influences on or results of retinal vascular development,
with its different rates of PR loss and corresponding incremental degrees of vascularization,
and in an eye larger than that of a mouse if needed for certain experimental approaches.
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4.2 Vascular Changes Following the Developmental Period in Retinal Degenerations

One of the reasons to explore vascular changes at later stages of the Tg rat retinas is that a
hallmark of mid- to late-stage human retinitis pigmentosa is attenuation of retinal capillaries,
along with migration of pigmented cells to form “bone spicule” pigmentation associated
with retinal vessels as viewed funduscopically (Reviewed in Li et al., 1995; Milam et al.,
1998). A pale, waxy optic nerve head is also frequently observed funduscopically (Li et al.,
1995; Milam et al., 1998). The optic nerve head palor is due to the loss of at least some
retinal ganglion cells (Stone et al., 1992) which, in turn, may be due to the narrowing and
occlusion of retinal vessels by the thickening of the extracellular matrix around them by the
retinal pigmented cells (Li et al., 1995), corresponding to regions of reduced blood flow
(Grunwald et al., 1996). These changes may occur many years to decades into the disease
process, and while the temporal features cannot be known for certain because of the lack of
many young donor eyes, at least some photoreceptors degenerate long before these changes
occur (Geltzer and Berson, 1969; Li et al., 1995; Milam et al., 1998).

Animal models such as the Tg rats, by contrast, allow for temporal analysis of vascular and
other changes that cannot be made at present in human retinas. We have followed the
vascular changes of each of the lines to one year of age, and while vascular attenuation
cannot be accurately judged using the plastic section technology in this retrospective study,
frank loss of capillaries can be precisely assessed. There are 4 lines of Tg rats that have
established a complete vascular network at P15 before the loss of PR cells, S334ter-9,
P23H-2, P23H-3 and S334ter-4, so in this respect they are similar to retinitis pigmentosa,
albeit PR degeneration occurs earlier than in the human condition. The slowest degenerating
lines, S334ter-9 and P23H-2, still have 75% and 61% of their PRs at a year of age and show
no vascular abnormalities of the DCP, so they establish that if a significant number of PRs
survive, vascular changes in the retina do not occur, at least in these rodent retinas.

However, in the somewhat more rapidly degenerating P23H-3 and S334ter-4 retinas when
the ONL is reduced to below about 30-33%, loss of capillary profiles begins to occur in the
DCP, with progressively greater reduction as more PRs are lost (i.e., thinning of the ONL).
In these lines, no capillary loss in the DCP occurs when the ONL is 34% of control or
greater (Table 1). This appears to be a consistent phenomenon, even when other retinas are
considered. For example, in the two Tg lines with intermediate rates of degeneration where
about 25% of the PRs are lost by P15 during DCP development, P23H-1 and S334ter-5,
there is only a relatively small loss in capillary profiles in the DCP by P30, when the ONL
of these retinas are 51% and 40%, respectively. By P60, when the ONL has dropped to 27%
and 0% of normal, respectively, there is a very large drop in the number of capillary profiles
in the DCP (Table 1).

Thus, just as the loss of PRs during the development of the DCP results in the
developmental inhibition or loss of retinal capillaries, so does the loss of PRs at later stages.
We have found a consistent threshold of about 30-33% of surviving PRs exists, below which
the loss of retinal capillaries in the DCP is seen. It may be that the same mechanisms are
involved at later stages as during development. As PRs are lost, a threshold mass of oxygen-
consuming and space-taking retinal PRs might prevent the deleterious inner retinal
hyperoxia from altering the DCP.

One additional model is consistent with this suggestion. In the RCS rat retinas, the number
of capillary profiles in the DCP is maintained at normal levels for about 20 days after the
ONL is reduced to a single row, or less, unlike the Tg rats (see immediately above).
However, the RCS retina has a mass of outer segment debris that is thought by many to be a
barrier to diffusion from the RPE, and thereby lead to PR cell death. In this case, though, the
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debris layer may serve to prevent hyperoxia of the DCP, since the number of capillary
profiles of the DCP drops below normal just as the debris zone is removed at P85 (Table 1).

Several additional observations are noteworthy in the present study of the later stages. The
INL, which is vascularized by the DCP, does not appear to be affected to a significant
degree in any of the Tg lines, despite the loss of some or nearly all of the capillaries of the
DCP (except where it is disrupted by capillaries invading the RPE). It may be as pointed out
in RCS retinas (Gerstein and Dantzker, 1969), that with the loss of PR cell mass, the
choroidal blood may be acting as the chief supplier of the INL as it had previously done for
the outer layers of the retina. It should be noted, though, that remodeling changes not
generally visible by conventional light microscopy are occurring in the INL and other retinal
layers, at least at later stages of the older retinas examined (Jones et al., 2003; Jones and
Marc, 2005).

The SP of the Tg and RCS rat retinas is not significantly different from normal at any age,
from P15 to P365, except where it is perturbed and disrupted by blood vessels invading the
RPE. Thus, unlike the capillary profiles of the DCP, loss of PR cells at any age never alters
the numbers of capillary profiles of the SP, at least up to a year of age.

The relatively short lifespan of rodent models and the lack of many human histopathological
specimens at very early stages of retinitis pigmentosa make it difficult to know whether the
rather rapid loss of vascular profiles in the DCP following PR cell loss occurs in human
retinas. At very least, this is a possibility that can be sought in the future, and if so, the major
vascular changes in the inner retina of retinitis pigmentosa patients (Li et al., 1995) would
represent a second wave of changes that occurs at a much later time.

One additional feature of retinal vasculature followed in the present study was NV of the
RPE by retinal capillaries. NV of the RPE is a feature common to most, if not all, inherited
and environmentally induced retinal degenerations in rodents (Reviewed by Nishikawa and
LaVail, 1998). A period of several weeks to several months typically occurs between loss of
PRs and NV of the RPE, but a P23H mutant rhodopsin Tg mouse showed a much earlier
NV, occurring just as PR nuclei were lost (Nishikawa and LaVail, 1998). For this reason, we
suspected NV of the RPE might occur soon after the loss of PR cells, at least in the P23H
lines. As expected from previous studies, NV occurred only after the loss of all PRs in a
region of retina in the Tg rats, so it was not seen in the two slowest lines that still retained
PRs at a year of age. Moreover, unlike the rapid invasion of the RPE by retinal capillaries in
the P23H Tg mouse (Nishikawa and LaVail, 1998), there was a latency of 60-90 days, and
approximately 180 days in one line, following PR cell loss before retinal capillaries invaded
the RPE in the Tg rats. In the S334ter-7 line, where the DCP essentially failed to develop,
almost no NV of the RPE occurred. In RCS rats, invasion of the RPE by retinal capillaries
required not only the loss of PR nuclei, but also the outer segment debris layer. However,
once the debris was missing, NV of the RPE appeared to occur within days. Thus, there are
clear differences in the stimuli for retinal capillaries to invade the RPE, and these remain to
be determined.
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Fig. 1.

Outer nuclear layer (ONL) thickness, which is proportional to the number of photoreceptor
nuclei, in Sprague-Dawley rats and the different lines of Tg rats carrying the P23H (A) and
S334ter (B) mutant rhodopsin transgenes. The values are based on 54 measurements of each
retina from 3 or 4 rats at each age. For reference to light micrographs of plastic-embedded
sections (Fig. 2), each photoreceptor nucleus is approximately 4.5 pm in diameter. Of note,
the line with the earliest and most rapid photoreceptor degeneration, S334ter-7, already
shows a significant (P < 0.05) loss of approximately 20% of ONL thickness (photoreceptor
nuclei) as early as P8 (B). The dashed lines at P15 and P30 are the post-developmental ages
examined for blood vessel counts.
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Fig. 2.

Histological sections from the retina of wild-type (WT) Sprague-Dawley rats (A) and
selected Tg lines, S334ter-4 (B), S334ter-5 (C) and S334ter-7 (D) at P15, the age at which
the mature retinal vascular distribution is reached. Brackets denote where vessels of the
superficial plexus (SP) and deep capillary plexus (DCP) were counted. Several of the vessels
in the SP are indicated at the arrows, and several are indicated in the DCP with arrowheads.
Note that line S334ter-7 (D), which has severe loss of photoreceptor cells by P15, lacks any
blood vessel profiles in the DCP. Line S334ter-5 (C), which has a slower course of
degeneration, has a decreased number of blood vessel profiles in rats compared to the
control (A). Line S334ter-4 (B), which has minimal loss of photoreceptors at P15, has a
normal number of blood vessel profiles in the DCP. Magnification bar, 40 wm.
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Fig. 3.

The number of blood vessel profiles in the (A) superficial plexus (SP), and (B) deep
capillary plexus (DCP), (B) of Sprague-Dawley and Tg rats as a function of age. In the SP
(A), the number of capillary profiles of S334ter-3 and S334ter-7 rats was significantly fewer
than that of wild-type rats at P8 (P < 0.05), but neither these lines nor those of others
differed significantly from wild-type at any other age. There was a slight reduction of
capillaries from about P10-P30 in all lines, presumably a result of pruning of capillaries. In
the DCP (B), very few capillaries are seen in the retinas with the fastest photoreceptor
degeneration where most of the ONL is missing by P15 (S334ter-3 and S334ter-7), normal
numbers of vessel profiles are seen in the more slowly degenerating retinas where almost all
of the photoreceptors are present at P15 (S334ter-4, S334ter-9, P23H-2 and P23H-3), and
intermediate numbers of vessel profiles are present in the retinas that show intermediate
degrees of photoreceptor loss (S334ter-5 and P23H-1). Symbols for each of the lines are the
same as in Fig. 1.
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S334ter-3 B
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For each line, the percentage of the number of blood vessel profiles in the (A) superficial
plexus (SP), and (B) deep capillary plexus (DCP) compared to control rats at P15 plotted
versus the percentage ONL thickness compared to control rats at P15. Note there is no
correlation between vessels in the SP and ONL thickness (A) at P15 (linear correlation,
R=0.008). However, there is a linear correlation between the number of blood vessels in the
DCP and ONL thickness (B) at P15 (linear regression, R=0.95, 95% confidence interval
(0.88-1.51)). Symbols for each of the lines are the same as in Fig. 1.
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Fig. 5.

Histological sections from the posterior or equatorial retinal regions of a wild-type Sprague-
Dawley rat (A) at P365 and selected Tg lines at different ages. S334ter-3 at P120 (B) and
P23H-3 at P365 (C) illustrating retinal capillary profiles (arrows) appearing to enter (B) or
having entered (C) the retinal pigment epithelium (RPE) from the DCP. P23H-1 at P277 (D)
and P23H-3 at P365 (E) showing capillary profiles with a trajectory toward the RPE from
the inner retina (arrowheads). In both cases, strands of nuclei (asterisks) from the inner
nuclear layer (INL) have been displaced along the blood vessel. S334ter-7 at P60 (F)
illustrating attenuation of the RPE (between the triangles). OS, outer segment; IS, inner
segment; ONL, outer nuclear layer; IPL, inner plexiform layer. Magnification bar, 25 pm.
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