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We developed a measure of pericyte/endothelial in-
teraction, the desmin ensheathment ratio (DER), us-
ing the intermediate filament desmin as an indicator
of pericyte ensheathment and have examined the
DER in normal retinal vascular development and in
the kitten retinopathy of prematurity (ROP) model.
We also examined the role of mural cells in the patho-
genesis of ROP. Postnatal day 1 to 45 Kitten retinae
were labeled for desmin, a-smooth muscle actin
(SMA), and isolectin-B4. Newborn kittens exposed to
hyperoxia and then returned to room air for 0 to 40
days (dRA) were similarly labeled. The ratio of desmin
to lectin labeling on confocal images yielded the DER.
Ultrastructural studies showed that mural cells were
present on even the most primitive vessels. During
normal development, immature vascular beds had
DERs of 0.3 to 0.6 whereas mature beds, which pre-
dominated by postnatal day 28, had DERs greater
than 0.9. Immature pericytes and smooth muscle cells
did not prevent hyperoxia-induced vessel regression.
During the vasoproliferative stage of ROP, the DERs
of intra- and preretinal vessels ranged between 0.2
and 0.5. In the recovery stage, the DER increased in
parallel with regression of pathology, reaching 0.9 at
34 dRA. Stabilization of the DER by the fifth postnatal
week was temporally coincident with the develop-
ment of resistance to hyperoxia-induced vessel re-
gression previously reported in the kitten. These ob-
servations lead us to suggest that a DER of 0.9
represents a vascular stability threshold and that a

low DER observed during ROP raises the possibility
that mural cell abnormalities play a key role in the
pathogenesis of ROP. (Am J Pathol 2004,
165:1301-1313)

Vessel stability has important implications for many dis-
ease processes including sight-threatening diseases of
the retina, tumor biology, and diabetic nephropathy. The
capillaries of mature vascular beds are considered stable
when vascular cell proliferation and vessel regression are
negligible and their endothelial cells do not require vas-
cular endothelial growth factor for their survival and are
ensheathed by mature mural cells.” In contrast, the
capillaries of angiogenic plexuses are considered unsta-
ble and are characterized by significant endothelial pro-
liferation, vessel regression in response to vascular en-
dothelial growth factor withdrawal, and ensheathment by
immature mural cells. The forming retinal vasculature is
an unstable vascular bed and this instability underlies the
initiating event in the pathogenesis of retinopathy of pre-
maturity (ROP), the significant vaso-obliteration that oc-
curs when the premature infant is exposed to therapeutic
hyperoxia.

Mural cells are thought to play a role in vessel stabili-
zation. In vitro, close contact between mural cells and
endothelial cells inhibited endothelial cell proliferation
and migration.*® More recently impaired mural cell re-
cruitment has been associated with aberrant angiogen-
esis and vessel regression.®~® Using retinal digest prep-
arations it was noted that new vessel formation in retina
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ceased only when pericytes became discernable and
neovascularization observed in diabetic retinopathy only
occurred when pericytes were lost, leading the authors to
suggest that pericytes may inhibit vessel formation.’®~'2

The retinal digest preparation permitted a quantitative
measure of the ratio between the numbers of endothelial
cells and pericytes. In diabetic retinopathy, one of the
earliest indicators of disease is pericyte dropout. This led
to the idea that the absolute ratio of these two cell types
is critical to normal retinal vascular function. However, the
accuracy of the endothelial cell to pericyte (E/P) ratio is
limited by the difficulty in distinguishing these cell types
because of their often ambiguous nuclear morpholo-
gy'®' and the possibility that the nuclei of perivascular
glia may also be included.’®

These limitations have led us to develop a new mea-
sure of pericyte/endothelial interaction using the interme-
diate filament desmin as an indicator of pericyte en-
sheathment. Desmin is expressed by mature and
immature pericytes'®'® and a subpopulation of smooth
muscle cells (SMCs) on mature and developing arteries,
arterioles, venules, and veins.'®2° In this study, we intro-
duce the desmin ensheathment ratio (DER), which is the
relative occurrence of desmin to lectin labeling as a
measure of vessel stability. Changes in the DER were
determined during postnatal maturation of the cat retinal
vasculature to test whether the DER correlated with at-
tainment of vessel stability.

To further validate the applicability of the DER as a
measure of vascular stability, we applied it to a neovas-
cularizing disease of the retina: ROP. In the kitten model
of ROP, kittens are exposed to hyperoxia to produce
vaso-obliteration. When the kittens are returned to room
air, the absence of retinal vasculature produces massive
tissue hypoxia resulting in aberrant neovascularization
both within the retina and in the vitreous chamber (the
vasoproliferative phase of kitten ROP).2"22 This neovas-
culature later recovers with substantial vessel regression
and the re-establishment of the blood-retinal barrier co-
inciding with close ensheathment of the vessels by as-
trocytes.?® DER was determined during the vasoprolifera-
tive and recovery phases of the kitten model of ROP as
examples of vascular beds undergoing active angiogen-
esis and remodeling, respectively.

Mural cell abnormalities have been implicated in the
pathogenesis of diabetic retinopathy and atherosclero-
sis. We postulated that mural cells might also play a role
in the pathogenesis of ROP. During normal formation of
the retinal vasculature under the influence of physiologi-
cal hypoxia,?*2° the newly formed vessels are closely
ensheathed by astrocytes®® and pericytes.?”2° Our ear-
lier studies have demonstrated a significant role played
by astrocytes in the pathogenesis of ROP,?® but no pre-
vious studies of mural cell changes have been reported
in ROP.

In the retina, extensive SMA expression by mural cells
has been shown to be associated with vessel stabili-
ty.393" The authors concluded that there was a window of
vascular plasticity characterized by the lack of ensheath-
ment by SMA™ pericytes. However more recent reports
have shown SMA™ pericytes are also evident on unstable

vessels in tumors®?®® indicating that SMA expression
alone is not an ideal indicator of vessel stability. Our
recent results suggest that mural cells differentiate from a
common precursor through a number of immature phe-
notypes to give rise to pericytes and SMCs in the devel-
oping rat retina. Immature mural cells were observed on
angiogenic and regressing vessels, leading us to con-
clude that vessel stability is not conferred by the mere
presence of immature mural cells but requires ensheath-
ment by mature mural cells.®

We examined the mural cells during various stages of
ROP to further our understanding of the role of mural cells
in the pathogenesis of ROP. Mural cells also control
blood flow. Clinically, this has implications for ROP with
plus-disease in which retinal vessels are dilated and
tortuous and are associated with a worse prognosis.®*

Materials and Methods

Animals

To induce experimental hyperoxia, posnatal day (P) 1
kittens were placed with a lactating mother in a hyperoxic
chamber (70 to 80% oxygen in air) for 4 days®® and then
returned to room air for O, 3, 7, 10, 14, 23, 27, 34, or 40
days (dRA) until sacrifice. Littermate controls were raised
in room air from birth for 1, 3, 6, 17, 28, 32, or 45 postnatal
days until sacrifice.

Tissue Preparation

Animals were anesthetized with an intramuscular injec-
tion of ketamine hydrochloride (33 mg/kg) and xylazine (1
ma/kg), perfused transcardially with 0.1 mol/L phosphate-
buffered saline (PBS), pH 7.4 and 4% paraformaldehyde in
0.1 mol/L phosphate buffer, pH 7.4. Retinal whole mounts
were prepared as described previously.*® Retinae for im-
munohistochemistry were immersion-fixed in 4% parafor-
maldehyde in phosphate buffer for 30 to 60 minutes at 4°C,
permeabilized with 1% (v/v) Triton X-100 in PBS for 30
minutes, and then incubated for 30 minutes at room tem-
perature with 1% bovine serum albumin in PBS.

Immunochemistry

Dual labeling was used to co-visualize mural cells and
the vasculature. Retinae were incubated overnight at 4°C
with primary antibody, washed with 0.1% Triton X-100 in
PBS, incubated for 4 hours at room temperature with the
appropriate secondary antibody and washed again. Ret-
inae were then incubated with biotinylated Griffonia sim-
plicifolia lectin followed by labeled streptavidin. All anti-
bodies were diluted with 1% bovine serum albumin in
PBS, and 0.1% Triton X-100 in 0.1 mol/L PBS was used
for all washes. Washed retinal whole mounts were
mounted ganglion cell layer up in glycerol: PBS (2:1, v/v)
or Prolong Anti Fade (Molecular Probes, Eugene, OR).



Antibodies

To identify both mature and immature mural cells, anti-
bodies against desmin and SMA were used. For desmin
immunohistochemistry, we used mouse IgG1 monoclonal
antibody (clone D33; DAKO, Carpinteria, CA) diluted 1 in
75. For SMA, we used a mouse lgG2a monoclonal (clone
1A4, Sigma-Aldrich, St. Louis, MO) diluted 1 in 75. To
detect desmin labeling we used Texas Red-conjugated
(rabbit) anti-mouse IgG1 secondary antibody (Southern
Biotechnology Associates, Birmingham, AL) diluted 1 in
60. To detect SMA labeling we used a Texas Red (rab-
bit)-conjugated anti-mouse |g secondary antibody (Am-

lectin/+ degmi
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ersham-Biosciences, Piscataway, NJ) diluted 1 in 50.
Labeling with antibodies against desmin and S100 (an
astrocyte-specific marker) confirmed that desmin™ cells
are a distinct population to astrocytes (data not shown).
The endothelium was labeled using biotinylated Griffonia
simplicifolia lectin followed by streptavidin conjugated
with fluorescein isothiocyanate (Amersham).®6-3”

Determination of DER

Fluorescently labeled retinal whole mounts were exam-
ined by confocal microscopy with a Leica argon-krypton

Figure 1. A—H: Retinal vessels double labeled with lectin (green) and antibodies against desmin (red) showing an increase in desmin ensheathment of inner
retinal vessels as a function of maturation. Kittens were aged P1 (A, B), P3 (C, D), P17 (E, F), and P28 (G, H). A, C, E, and G: Central radial vessels. B, D, and
F: Immature capillaries at the leading edge of vessel formation; and H: a remodeling, more mature, vascular plexus at the periphery. Scale bars, 50 wm.
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laser mounted on a Leica Axiophot epifluorescence pho-
tomicroscope. Fluorescein isothiocyanate and Texas Red
fluorescence were excited sequentially at 488 and 588
nm, respectively. The retina was divided arbitrarily into 12
sectors, akin to the 12 hours of a clock. Images were
taken in 10 of the 12 sectors. In control cat retinae,
regions of mature, remodeled vasculature were selected
in the central retina, where the capillary plexus displayed
an open capillary mesh with low capillary density and
small capillary caliber (Figure 1A; Figure 2G, bottom
box). Regions of immature vascular beds with high cap-
illary density and large vessel caliber were captured, just
proximal to the leading edge (Figure 1B; Figure 2G, top
box). In ROP retinae, regions immediately proximal to the
leading edge were selected for analysis. For each field of
view selected for analysis, a desmin/G. simplicifolia lectin
pair of images was generated. To preserve objectivity,
areas captured were selected using the lectin (fluores-
cein isothiocyanate) channel only, with a X40 objective.
Further, the sequence of analysis was randomized. Each
confocal image was overlaid with a 10 X 10 equally
spaced grid using Adobe Photoshop V5.0. Figure 3
shows representative fields of view during normal devel-
opment and ROP. The actual grid has been superim-
posed onto each image and the actual intersections with
lectin and desmin present are shown with a white dot.
Although the micrographs show a high resolution, the
actual resolution obtained on screen was even higher as
a 23-inch Apple studio display with a screen resolution of
1920 X 1200 pixels was used and each half of a field of
view filled one entire screen during the actual counting
process. The occurrence of desmin labeling relative to
lectin labeling at the 100 intersection points yielded the
DER. The DER as a function of postnatal age and recov-
ery period in room air were analyzed and plotted using
SigmaPlot.

Electron Microscopy

Retinae from control kittens aged P1, 3, 6, 32, and 45 and
from ROP kittens at 0, 23, 34, and 40 dRA were examined
with transmission electron microscopy. One preretinal
membrane obtained during the recovery phase of ROP at
23 dRA was also examined. A sector including the optic
nerve head was fixed by immersion in 4% paraformalde-
hyde at room temperature for 24 hours then transferred to
2% paraformaldehyde at 4°C for storage and transport.
Paraformaldehyde-fixed retinas were postfixed in 2.5%
glutaraldehyde in 0.1 mol/L cacodylate buffer, pH 7.2.
Tissue blocks were treated with in 1% osmium tetroxide,
dehydrated in ethanol, and embedded in Spurr’s resin.

Results

Pericyte and SMC Differentiation During Normal
Development

Mural cells encompass a continuum of phenotypes from
SMCs to pericytes that are characterized by a combina-
tion of cell-specific markers, morphology, and location on
the vascular tree. By definition, pericytes were found on
capillaries, whereas SMCs were found on arteries, arte-
rioles, venules, and veins. In the kitten, pericytes were
desmin */SMA~ whereas SMCs were desmin™/~/SMA ™,

Figure 1, A to H, shows the changes in desmin en-
sheathment of retinal vessels and vessel morphology in
the central retina (Figure 1; A, C, E, G) and at the leading
edge of vessel formation (Figure 1; B, D, F, H). Desmin™
pericytes were found from birth throughout the vascular
plexus, including newly formed vessels at the leading
edge of vessel formation as well as on major vessels.
Their processes ranged from bipolar through to stellate in
appearance.

SMA™ SMCs were evident on radial arteries and veins,
arterioles, and venules at P3 (Figure 2; A, B, G). At this
stage arteries were narrower and more strongly labeled
with SMA than were veins, and SMA staining was amor-
phous, lacking filamentous structure. With maturation,
SMA labeling became more widespread, evident on sec-
ondary and tertiary arterioles (Figure 2H). From P17 to
P45, SMA labeling increased in intensity and revealed
organized circumferentially oriented filaments on arteries
and distinct stellate processes on veins (Figure 2; C to F)
indicative of arterial and venous SMC maturation. SMC
differentiation began on the radial arteries and veins,
spread to the arterioles and venules, and matured with a
proximal-distal topography.

DER During Normal Development

Our determination of the DER based on the relative oc-
currence of desmin and G. simplicifolia lectin labeling was
examined on both immature actively angiogenic and ma-
ture, remodeled vascular beds during retinal develop-
ment in the Kitten. In the immature vascular beds at the
leading edge of vessel formation, the DER was between
0.3 and 0.6 until P17, before increasing between P17 and
P28, reaching 0.97 at P28, and remained greater than 0.9
thereafter (Figure 4A, filled circles). In contrast, in the
central regions of the retina where the vascular bed had
already undergone substantial remodeling, the DER was
0.85 at P6, reached 0.97 at P28, and remained greater
than 0.9 until the last measurement at P45 (Figure 4A,
open circles). By the end of the fourth postnatal week the
peripheral DER reached that of the central vasculature.

Figure 2. A-F: Retinal vessels double labeled with lectin (green) and antibodies against SMA (red) showing maturation of SMCs on inner vascular plexus during
normal development. The intensity, extent, and organization of the SMA filaments increased with maturation. Kittens were aged P3 (A, B), P17 (C, D), and P45
(E, F). A, C, and E: Central radial vessels. B: Immature capillaries at the leading edge of vessel formation. D and F: Peripheral plexuses. G and H: Schematic
representation of SMA distribution in the retinal vascular plexus at P3 (G) and P17 (H) in the kitten. Typical locations for image capture are shown for actively
angiogenic (white box in peripheral retina) and remodeled, mature (white box in central retina) plexuses. Scale bars: 100 wm (A); 500 wm (G, H).
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The convergence of central and peripheral DER at P28
was consistent with the morphological appearance of
vascular maturity at this age.

Immature Pericytes and SMCs Do Not Prevent
Hyperoxia-Induced Vessel Obliteration

Before kittens were introduced into hyperoxia, desmin™
filaments were already present on virtually all vessels
including capillaries at the leading edge of vessel forma-
tion and immature SMA™ SMCs were evident on radial
arteries and veins (Figure 4, B and C). Despite this ex-
tensive ensheathment by mural cells, exposure to 70 to
80% oxygen for 4 days resulted in obliteration of the
retinal vasculature including radial vessels. Thus, imma-
ture pericytes and SMCs did not prevent hyperoxia-in-
duced vaso-obliteration.

Vascular and Mural Cell Changes During the
Hyperoxic Phase of Kitten ROP

After 4 days of exposure to hyperoxia from P1, extensive
vascular obliteration occurred, and lectin-labeled vascu-
lar remnants were scattered in the central retina (Figure
4D). Weakly labeled desmin processes persisted on
some vascular remnants, but SMA was not detected
(Figure 4D).

Vascular and Mural Cell Changes During the
Vasoproliferative and Recovery Phases of
Kitten ROP

On return to room air, a circular multilayered neovascular
front formed, centered on the optic disk. Formation of the
neovasculature took place in predominantly two layers: a
dense superficial capillary layer and a deeper radial
plexus with major vessels apparent after 3 dRA. During
the early vasoproliferative phase the endothelial cells
were characterized by an abnormal rounded morphology
(Figure 4, E and F). Desmin™ pericytes were present
throughout the neovascular plexus; however, their occur-
rence was decreased relative to the abnormally dense
endothelium seen in the vasoproliferative phase of ROP
(Figure 4; E to G). During the recovery phase between 27
dRA and 34 dRA vascular density decreased, the endo-
thelial cells acquired a more elongated morphology and
endothelial and mural cells adopted their normal relation-
ship as seen in remodeled vasculature during normal
development (Figure 4H).

Large numbers of radial vessels were seen in the deep
layers of the retinal neovasculature. Despite the aberrant
nature of the neovasculature, SMA immunoreactivity was
similar to that observed during normal development, re-
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vealing a distinction in labeling between arteries and
veins (Figure 5, A-B). As the leading edge of neovascu-
larization approached the edge of the retina at 10 dRA, a
lag of ~300 to 400 um between the neovascularization
front and the appearance of SMA immunoreactivity was
observed on radial vessels. The magnitude of this lag
was similar to that observed during normal development
(Figure 5B and Figure 2H). During the recovery phase,
the proximal-distal gradient of SMC maturation associ-
ated with normal selection of major vessels was pre-
served, as was the increase in intensity, extent, and
filamentous organization of SMA.

DER During Vasoproliferative and Recovery
Phases of Kitten ROP

During the vasoproliferative, angiogenic phase, the in-
traretinal neovasculature had a DER of 0.52 at 3 dRA. The
DER reached a minimum of 0.21 at 14 dRA, rose during
the recovery phase to 0.87 at 34 dRA, and remained
greater than 0.9 thereafter (Figure 4A, red squares).
Thus, a DER greater than 0.9 coincided with regression of
pathology in the kitten model of ROP.

Changes in the Vasculature, Mural Cells, and
DER in Preretinal Membranes

Preretinal membranes consisting of capillary-sized ves-
sels were present in the vitreous humor at 10, 14, 23, and
27 dRA. Desmin™ pericytes were associated with these
vascular membranes (Figure 5, C and D). The endothelial
cells were ensheathed by desmin filaments, although the
density of desmin coverage relative to the density of
vascular endothelial cells was markedly reduced, as
measured by DER, which varied between 0.2 and 0.4
(Figure 4A, open red squares). SMA ensheathment was
only evident on a small number of the slightly larger
caliber vessels within preretinal membranes (Figure 5, E
and F).

Mural Cell Ensheathment on Unstable VVessels:
Ultrastructural Evidence from Normal
Development and ROP

Ultrastructural analyses provided morphological evi-
dence of pericytes on all vessels including the most
primitive capillaries both in the normal developing vas-
culature and in the neovasculature of kitten ROP (Figure
6). Newly formed vessels in the region 40 to 200 um
central to the most anterior extension of the vasculature
were examined. During development pericytes (Figure 6;
Ato C) were seen on the most primitive vessels including

Figure 3. Determination of the DER. The figure shows representative fields of view during normal development and ROP. The actual grid with 100 intersection
points has been superimposed onto each image and the actual intersections with lectin and desmin present are shown with a white dot. The numbers on each
field of view indicate the intersection points with positive label. A and B: An area just proximal to the leading edge of vessel formation in a P6 kitten retina
representative of an immature vasculature in which the DER = 0.23. C and D: A central area in a P6 kitten retina representative of a remodeled, mature vasculature
where the DER = 0.89. E and F: An area just proximal to the leading edge of the intraretinal neovasculature in a kitten subjected to 4 days of hyperoxia from birth

followed by return to room air for 3 days (4dO,3dRA) in which the DER = 0.5.
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Figure 6. Pericyte ensheathment during normal development in a PO kitten retina (A—C) and during the vasoproliferative phase of the kitten model of ROP at
23 dRA (D-F). A: EM of developing capillaries proximal to the most anterior extension of the retinal vasculature in a PO kitten. A pale endothelial cell (E), that
on serial section was shown to be engaged in lumen formation, is ensheathed by a more darkly stained pericyte (P). There are extensive areas of close apposition
and possible adhesion (arrow) between the two cell types and the vessel is enmeshed in a flocculent basement membrane that separates the vascular cells from
the pale-stained processes of the surrounding glia (GL); L marks lumen of adjacent vessel. B: EM of primitive capillary adjacent to that depicted in A showing an
endothelial cell (E) with narrow lumen (L) and closely applied pericyte processes (P). C: Small vessel with established lumen (L) from same region but upstream
of those in A and B is surrounded by numerous pericyte processes (arrows). D: Electron micrograph showing a primitive capillary with a narrow lumen (L) and
plump endothelial cell. The vessel is primarily ensheathed by an immature pericyte, so defined by its close apposition to the endothelium, lack of basement
membrane, and cytoplasm rich in polysomes but without significant rough endoplasmic reticulum. E: Electron micrograph showing two transverse and one
longitudinal capillary profiles (lumena, L) within a neovascular complex. The plump endothelial cells (E) have euchromatic nuclei with prominent nucleoli and
a cytoplasm rich in cell organelles. Ensheathing pericytes have similar nuclear and cytoplasmic features and cover a significant proportion of the abluminal side
of the endothelium. Longitudinal section reveals that many pericyte processes (arrows) are extremely attenuated. F: Electron micrograph showing two
well-established capillary profiles within a neovascular complex. The plump endothelial cells (E) have euchromatic nuclei and cytoplasm rich in cell organelles.
Ensheathing pericytes have similar nuclear and cytoplasmic features and cover a significant proportion of the abluminal side of the endothelium. A scanty
basement membrane is present (arrow). All micrographs were taken from a region 40 to 200 wm central to the most anterior extension of neovascular tissue.



those undergoing lumen formation (Figure 6A). Similarly,
in the hypoxia-induced neovasculature of the ROP Kkit-
tens, pericytes were seen on primitive capillaries with
slit-like lumens (Figure 6D) as well as more established
vessels (Figure 6, E and F). Primitive capillaries during
the vasoproliferative phase of kitten ROP with narrow
lumen and plump endothelial cells were ensheathed by
immature pericytes characterized by their close apposi-
tion to the endothelium, lack of basement membrane, and
a cytoplasm rich in polysomes but without significant
rough endoplasmic reticulum. Established capillary pro-
files were characterized by endothelial cells with euchro-
matic nuclei and a cytoplasm rich in cell organelles.
Ensheathing pericytes had similar nuclear and cytoplas-
mic features and covered a significant proportion of the
abluminal side of the endothelium.

This analysis provided ultrastructural evidence that
even the most immature vascular segments are en-
sheathed by a pericyte, thus confirming our results above
and our earlier conclusion® that the mere presence of
mural cells is not an indicator of vessel stability.

Discussion

The limitations of earlier measures of vessel stability led
us to explore an alternative. Using the combined advan-
tages offered by the retinal whole mount preparation and
the feline model of ROP, our studies aimed to develop a
new measure of pericyte-endothelial interaction using the
intermediate filament desmin as an indicator of pericyte
ensheathment. We measured the DER during normal ret-
inal vascular development and during the various stages
of ROP in the kitten.

A DER of 0.9 Is Indicative of Vascular Stability

We have introduced a new measure of pericyte/endothe-
lial interaction using the frequency of desmin ensheath-
ment of lectin-labeled vasculature. During normal devel-
opment of the feline retina vascular beds deemed
immature by qualitative criteria had a low DER. The DER
increased with vessel maturation and reached a plateau
of 0.9 in plexuses with mature morphology. A DER of 0.9
was observed across the entire retina at P28. Stable
levels of DER emerged between P21 to P28 and took
place with disk to peripheral topography of maturation. In
ROP, the preretinal vascular membranes and the in-
traretinal neovasculature observed within the first 4
weeks of return to room air were characterized by a DER
between 0.2 and 0.5, which, during the recovery phase
increased in parallel with regression of pathology to
reach 0.9 at 34 dRA. We hypothesize that a DER of 0.9
and greater is indicative of vascular stability.
Stabilization of the DER by the fifth postnatal week was
temporally coincident with the development of resistance
to hyperoxia-induced vessel regression previously re-
ported in the kitten; obliteration was severe when hyper-
oxia was initiated at P1 to P14, mild at P15 to P21, and
doubtful or absent when started at P22 or later.*® Our
theory predicts that hyperoxia at P17 should selectively
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obliterate vessels in the peripheral retina with DERs less
than 0.4 and spare remodeled central vessels with DERs
greater than 0.9 (Figure 4). The observations of Ashton and
colleagues®® who noted that hyperoxia exposure at P15 to
P21 in the kitten resulted in partial vaso-obliteration, only in
the peripheral retina, fit exactly with our predictions from the
DER values during normal development.

We have shown that by P28 the DER in both the central
and peripheral vasculature is greater than 0.9 (Figure 4).
Our hypothesis predicts that at P28 and older, the kitten
retinal vasculature will not be susceptible to hyperoxia-
induced vessel regression. The early work of Ashton and
colleagues®® showed that kittens aged P29, P50, and
P58 were not susceptible to hyperoxia-induced vaso-
obliteration, which is in accord with our prediction. These
observations lead us to suggest that a DER of 0.9 repre-
sents a vascular stability threshold and that the DER
could serve as an indicator of vessel stability in disease
states, such as diabetic retinopathy. Further experimen-
tation is required to provide compelling evidence for this
claim in other disease models.

A higher DER value may reflect a decrease in capillary
endothelial density or it may reflect an increase in desmin
filament coverage of the endothelium. A decrease in
endothelial density is supported by our morphological
examination in which immature plexuses are character-
ized by the presence of plump, rounded, vascular endo-
thelial cells that mature into more narrow and linear net-
works. Desmin is a member of the family of intermediate
filament proteins with the widely accepted function of
providing structural rigidity to the cell’s cytoskeleton and
acting as an anchor for the cell's contractile machinery.
We posit that an absolute increase in desmin coverage
also contributes to the rise in DER with vessel maturation,
although further studies are needed to confirm this.

Other evidence for a potential role of desmin in vessel
stabilization comes from studies using the desmin-defi-
cient mice.>°In mice deficient of desmin, both passive
and active stress in arterioles was lower than in wild-type
animals.®® Further, Osborn and colleagues'® discussed
the possibility that desmin expression may coincide with
the turning on of a specially regulated contractility pro-
gram. Although these insights into desmin function have
come from studies of arterial SMCs, it is possible that
desmin may play a similar role in pericytes.

Comparisons with Earlier Indices of Mural Cell
Ensheathment: E/P Ratio, Mural Cell Coverage
Index

The accuracy of the E/P ratio derived from retinal digests
depended on the clear morphological distinction be-
tween endothelial and pericyte nuclei, as seen in the
human,'" dog,*® and cat.*' In the mouse, nuclear dis-
tinctions were ambiguous in at least 25% of the nuclei
counted, which led the authors to conclude that the cal-
culation of E/P ratio in this species had poor reproduc-
ibility.’ Thus, in the mouse any pathological changes
would require large perturbations to be detected be-
cause of the lower sensitivity of this measure.



1312 Chan-Ling et al
AJP October 2004, Vol. 165, No. 4

This may explain why our DER results for normal de-
velopment in the cat differ from the E/P ratio results of Wu
and colleagues,*? for the postnatal development of the
mouse retina in which they found no changes in this ratio
from P7 to P21. Another possible explanation for this
difference could be that the trypsin digest method might
also include somas of astrocytes, perivascular microglia,
as well as pericytes, whereas the DER is a measure of
desmin ensheathment by pericytes. The observed differ-
ences might also be explained by species differences,
because formation of the retinal vasculature involves both
vasculogenesis and angiogenesis in the human® and
kitten retina,®” whereas in the mouse, evidence for vas-
culogenesis in the mouse retina is currently lacking.

Abramsson and colleagues®® developed a mural cell
coverage index by quantifying vessel profiles associated
with SMA™ cells and showed that mural cell coverage
index varied between tumor types but is constant
throughout a range of vascular densities for a given tumor
type. The authors concluded that this index is influenced
by mural cell density, spreading, and shape and there-
fore provides limited information. However, our present
observations and our earlier report®> have shown that
SMA is expressed transiently by a population of mural
precursors and is again expressed by earliest appearing
SMCs as well as some pericytes found on mature capil-
laries. Thus, an index using SMA would be unable to
reliably distinguish between immature unstable vessels
and mature stable vessels.

Immature SMCs Do Not Stabilize VVessels

We have shown in this study that the mural cells of
undifferentiated vessels and immature SMCs do not pre-
vent hyperoxia-induced vessel regression and thus do
not stabilize vessels. Our earlier observation® that vessel
stability in the developing rat retina was coincident with
the expression of the regulatory proteins, caldesmon and
calponin in arteriolar SMCs, led us to suggest that SMC
maturation, as indicated by the expression of these two
regulatory proteins and the resulting capacity to fine tune
autoregulatory responses to changes in metabolic de-
mand, may play an important role in vessel stabilization.
Recent studies have shown that transforming growth fac-
tor-B1-expressing pericytes and SMCs are specifically
found on vessels resistant to oxygen-induced regression
and have been suggested to be another possible indica-
tor of vessel stability in the mouse during retinal devel-
opment.*®

Taken together, observations from the present study
and from previous work support the notion that vessel
stabilization results from a complex interplay of matura-
tion processes such as the expression of proteins that
contribute to the regulation of blood flow, as well as the
expression of other markers indicative of pericyte and
SMC maturation.

Role of Mural Cells in the Pathogenesis of ROP

Earlier reports have demonstrated the key role played by
astrocytes®® and vascular endothelial growth factor®? in

the pathogenesis of ROP, but little has been known of the
role of pericytes and SMCs in this disease. Given the end
stage of ROP, plus-disease has a poor prognosis in the
human infant and because this stage is characterized by
tortuosity and vasodilatation, which is thought to result
from the shunting of blood flow at the ridge, it suggested
to us that SMCs and pericytes play a key role in this
disease because of their functions, known and postu-
lated, in regulating retinal blood flow.

This study has shown that mural cells play a role in
virtually every stage in the pathogenesis of ROP. Our
observations show that mural cell immaturity as reflected
by a low DER determine the susceptibility of a vascular
bed to hyperoxia-induced vaso-obliteration, the initiating
event in ROP. During the vasoproliferative phase, the
retina undergoes an intense phase of hypoxia-induced
neovascularization. The neovasculature shows an ex-
tremely high vascular density and although all vessels at
the leading edge of neovascularization, as well as pre-
retinal vascular membranes, are ensheathed by desmin™
pericytes, the DER varied between 0.2 and 0.5. These
data support a low DER being associated with significant
pathology because preretinal vessels are never ob-
served except in significant sight-threatening disease.
The low DER appears to be associated with endothelial
abnormality and could be related to the inability of imma-
ture mural cells to constrain endothelial cell proliferation.
The DER increased in parallel with regression of pathol-
ogy, reaching 0.9 at 34 dRA. Although we have shown
that changes in DER correlated with disease regression,
it is unclear whether this is a causative.

Conclusions

The DER is an indicator of the extent of coverage of the
endothelium by an intermediate filament protein, desmin.
Using this novel measure, we have shown that during
normal development of the feline retina, vessel matura-
tion was associated with an increase in the DER, which
reached a plateau of 0.9 in remodeled vascular plexuses.
Stabilization of the DER across the entire retina by the fifth
postnatal week was temporally coincident with the devel-
opment of resistance to hyperoxia-induced vessel re-
gression previously reported in the kitten. A reduced DER
characterized the neovasculature of the vasoproliferative
phase of ROP, whereas a stable DER of 0.9 emerged
during the recovery phase. These observations led us to
suggest that a DER of 0.9 represents a vascular stability
threshold. What has to date been a qualitative and mor-
phological assessment of vascular maturation appears to
be embodied quantitatively in the DER. Further studies
are required to validate the robustness of this measure
and to determine whether the DER could serve as an
indicator of pericyte changes in other disease states.
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