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Abstract In this study, we introduce a technique for
repeated, microscopic observation of single regressing
capillaries in vivo in inflamed murine corneas. Natural
capillary regression was initiated by removal of inflam-
matory stimulus during an active pro-angiogenic phase,
while the additional impact of anti-angiogenic treatment
with triamcinolone or bevazicumab was investigated.
Capillaries regressed naturally within 1 week and treat-
ments did not further enhance the natural regression.
Morphologically, early-phase regression was characterized
by significant lumen narrowing and a significant reduction
in CD11b+ myeloid cell infiltration of the extracellular
matrix. By 1 week, vascular remodeling occurred con-
comitant with CD11b+CD68+KiM2R+ mature macro-
phage localization on capillary walls. Empty conduits
without blood flow, positive for collagen IV and devoid of
vascular endothelium and pericytes, were apparent in vivo
and by 3 weeks were more numerous than perfused cap-
illaries. By 3 weeks, macrophages aggregated around
remaining perfused capillaries and were observed in
apposition with degrading capillary segments. Abrupt ter-
mination of capillary sprouting in our regression model
further revealed vascular endothelial abandonment of
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sprout tips and perfused capillary loop formation within a
single angiogenic sprout, possibly as an intussusceptive
response to cessation of the stimulus. Finally, we observed
lumen constriction and macrophage localization on capil-
lary walls in vivo in a clinical case of corneal capillary
regression that paralleled findings in our murine model.

Keywords Inflammation - Capillary regression - In vivo
confocal microscopy - Cornea

Introduction

Capillary regression is a frequent occurrence in a number
of tissues and has been studied in several models including
development [1, 2], wound healing [3, 4], oxygen induced
retinopathy (OIR) [5-7], ovulation [8] and tumors [9]. The
cornea, by virtue of its normal avascularity, transparency,
and its robust angiogenic response under appropriate con-
ditions, has also been used as a model tissue to study
regression [10-13]. Using histology and electron micros-
copy of corneal tissue sections in tumor and inflammatory
angiogenesis models, Ausprunk and co-workers [10]
described a sequence of events including degradation of
vascular endothelium and removal of vascular debris by
macrophages. Macrophages have also been shown to play a
key role in other non-inflammatory models of capillary
regression [1, 2, 5-7] by initiating degradation of vascular
endothelium. Although vascular endothelium is believed to
be digested by macrophages, remnants of basement mem-
brane from regressing capillaries have been shown to
persist, constituting so-called ‘string’ or ‘ghost’ vessels in
various tissues [10, 14].

Capillary regression is also of interest from a clinical
perspective. Therapeutically-induced vascular regression
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has become a common treatment option for pathologic
angiogenesis in tumors, eye diseases, and inflammation.
Steroids have long been used to promote the regression of
undesirable neovessels and are well known for their anti-
inflammatory and anti-angiogenic effect [15-17]. More
recently, bevacizumab, a monoclonal VEGF-A antibody
approved for the treatment of metastatic colorectal cancer,
has been widely used off-label to successfully induce
regression in eye-related angiogenesis in cases of choroidal,
retinal and corneal neovascularization in patients [18-24].

In both clinical and experimental studies, corneal cap-
illary regression is commonly evaluated by degree of
vascular invasion at the tissue level, using photography of
visible blood vessels, fluorescein angiography, or by
immunostaining of vascular endothelium at fixed time
points [17, 21-32]. Little, however, is known about the
morphologic characteristics of regressing capillaries at the
cellular level following therapy. Furthermore, it has not
been possible to follow the same regressing vessels over
time with cellular level detail in an in vivo setting.

We have recently developed a model of inflammatory
angiogenesis in the rat cornea and a technique whereby
single angiogenic vessels are studied in a time lapse manner
[33]. The in vivo model preserves the complexity of the
physiologic milieu which includes tissue proteins, inflam-
matory cells, mesenchymal cells, pre-existing vessels and
the circulation, all of which may contribute factors regu-
lating the growth and regression of vessels. In this study, we
applied our model and technique to characterize the mor-
phology of regression in vivo, in a manner allowing vessels
and cell-vessel interactions to be observed over time in the
same tissue. Specifically, we sought to (1) examine temporal
changes in the morphology of vessels in natural and thera-
peutically-induced regression, (2) track the presence of
inflammatory, myeloid-lineage cells [33] during regression,
and (3) examine the post-regression microstructure of the
affected tissue. In our model, we abruptly terminated angi-
ogenesis in a strongly pro-angiogenic inflammatory envi-
ronment, relatively early during the course of inflammation.
By this approach we sought to investigate how regression
occurs in an active sprouting phase, and the potential spatio-
temporal role of tissue macrophages in this process. Finally,
we investigated whether findings from our in vivo murine
model reflected a similar situation of therapeutically-
induced capillary regression in human corneal tissue.

Materials and methods
Animals and induction of inflammatory angiogenesis

Twenty 12- to 16-week-old male Wistar rats weighing
200-400 g (Scanbur AB, Sollentuna, Sweden) were used.
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All animals were treated following the Association for
Research in Vision and Ophthalmology (ARVO) guide-
lines for the Use of Animals in Ophthalmic and Vision
Research. With approval from the Linkoping regional
animal ethics review board, eighteen rats were anesthetized
using intraperitoneal injection of dexmeditomedine (Orion
Pharma AB, Sollentuna, Sweden) and xylazine (Pfizer AB,
Sollentuna, Sweden) and after topical administration of 1%
tetracaine (Chauvin Pharmaceuticals Ltd, London, Eng-
land) a corneal stromal suture (10-0 nylon) was placed
1.5 mm from the temporal limbus as previously described
[34]. A second stromal suture was placed at the 3 o’clock
position, 1.5 mm from the nasal limbus, to provide addi-
tional tissue samples for ex vivo analysis. Left eyes were
left untouched and served as negative controls. In a sepa-
rate experiment, to explore the effect of subconjunctival
injection itself, two non-sutured rats were injected with
0.05 ml saline in the right eye under general anaesthesia,
and the corneas were observed after 24 h.

Initiation of capillary regression

Seven days after suture placement, the 18 rats were anes-
thetized and laser scanning in vivo confocal microscopy
(IVCM) of the corneas was performed after topical
administration of 1% tetracaine. The non-invasive IVCM
examination lasted for a maximum of 10 min, during which
time corneas were hydrated with Viscotears (Novartis
Healthcare A/S, Copenhagen, Denmark). Immediately after
the examination, sutures were removed (day 0) and animals
were divided into three groups of six rats each. One group
was left untreated to study natural regression (control
group). Other animals received a single subconjuncti-
val injection of either bevacizumab (0.05 ml, 25 mg/ml
Avastin®, Roche AB, Stockholm, Sweden—bevacizumab
group) or triamcinolone (0.05 ml, 40 mg/ml Kenacort®-T,
Bristol-Meyers Squibb AB, Bromma, Sweden—triamcin-
olone group). Treatment was administered directly after
suture removal. Anaesthesia was thereafter immediately
reversed by subcutaneous injection of 0.1 ml atipamezol
5 mg/ml (Orion Pharma AB, Sollentuna, Sweden).

In vivo confocal microscopy

In this study we used laser scanning in vivo confocal
microscopy, an instrument clinically approved for use in
imaging the eye. This microscope, (Heidelberg Retinal
Tomograph 3 with Rostock Corneal Module, Heidelberg
Engineering) was equipped with a 63x/0.95 NA water-
immersion objective (Zeiss, Oberkochen, Germany), that
provides an en face view of a 400 um x 400 um corneal
area at a selectable corneal depth. Images are formed
by endogenous light scatter from tissue structures after
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excitation by a 670 nm red laser. The instrument was
prepared as for a routine clinical corneal examination
according to the manufacturer’s instructions. Briefly, a
large drop of transparent tear gel (Bausch and Lomb,
Rochester, NY) was placed on the microscope objective
lens, and a sterile disposable plastic cap (Tomocap;
Heidelberg Engineering, Heidelberg, Germany) was
affixed over the gel-coated lens. A second drop of tear gel
was placed on the outer surface of the cap, and the gel-
coated cap was brought into contact with the cornea in the
suture region using the HRT3 manual alignment controls.
The focus depth of the HRT3 was initially adjusted to
image the corneal epithelial surface, and the lateral and
transverse microscope alignments were adjusted to locate
the suture in the real-time image display window. Once the
suture was located, the focal plane was adjusted axially to
locate blood vessels. Digital images were recorded at five
frames/s, and the probed region was adjusted in lateral,
transverse, and axial directions during image capture to
locate and follow the path of vessels from the suture area to
the limbus. IVCM has been shown to be a valuable tool for
imaging of various cells in transparent tissue, non-inva-
sively, in a time-lapse manner, without the need for cell
labeling [33, 34]. With IVCM it is possible to identify and
follow the same structures and thereby observe dynamic
processes in live tissue. The technique, however, is limited
to transparent tissues, and cells cannot be characterized by
marker expression in vivo.

In vivo follow up

At days 7 and 21 after suture removal, animals were
anesthetized, eyes were photographed in the operating
microscope, and IVCM was performed. Additionally, to
follow the same vessels in a shorter time interval, 4 of 6
rats in the bevacizumab group were anesthetized and
examined daily by IVCM after suture placement and on
day 1, 2, 5, 7, 12 and 21 after suture removal and bev-
acizumab injection. Once the suture was located, the
microscope field of view (400 pm x 400 um) was trans-
lated temporally to locate the limbal region. A typical
examination consisted of 10—40 image sequences with each
sequence containing 100 successive digital image frames.
Sequences could be analyzed frame-by-frame or in video
mode, played at the image acquisition rate. Identification of
the same vessels at different times was achieved by com-
parison of vessel patterns with previously stored images.
After examination, on day 7, anaesthesia was immediately
reversed in twelve of the animals. Following examination
at day 7 and 21, six and twelve animals, respectively, were
euthanized by intracardiac injection of 100 mg/kg pento-
barbital sodium (Apoteket AB, Linkoping, Sweden) while
under deep anaesthesia. The entire cornea with scleral rim

was then excised, and nasal and temporal portions were
prepared for flat-mounting.

Analysis of in vivo images

Corneas were examined in the operating microscope at day
0 (day of suture removal) and at days 7 and 21 to assess
regression at the tissue level. The degree of visible blood
vessels in the cornea was evaluated from photographs using
a grading of 0 (no visible blood vessels), 1 (1-5 vessels), 2
(5-15 vessels), 3 (15-25 vessels), or 4 (over 25 vessels). To
quantify lumen diameter, individual IVCM image frames
of blood vessels at each time point, from each animal and
from clinical observations, were analyzed (Image] soft-
ware, developed by Wayne Rasband, National Institutes of
Health, Bethesda, MD; available at http://rsb.info.nih.gov/
ij/index.html). Images with distinct vessels with blood flow
were selected and, where possible, were at the same cor-
neal depth. Blood vessels had a constant diameter and were
measured once per vessel or twice in a loop (once in each
connecting vessel). Forty to ninety values were measured
in each group and at each time point, for statistical
analysis.

To quantify inflammatory cell infiltration around blood
vessels, individual IVCM frames were chosen and ana-
lyzed by two different observers. To capture the total
inflammatory area within each cornea, three images (from
the limbus, stroma and suture) were used for each time
point and all visible inflammatory cells within the frames
were counted. Inflammatory cells were characterized as
distinct, hyperreflective, rounded or spindle-shaped struc-
tures in the stroma, representing early infiltrating cells.
Mature macrophages, appearing later in our model [33]
were fewer in number and were not quantified. Images
were evaluated semi-quantitatively at days 0, 7, and 21,
using a grading of 0 (0-10 cells/frame), 1 (10-30 cells/
frame), 2 (30-50 cells/frame), or 3 (more than 50 cells/
frame). In 138 images, observers differed by 1 scale point
in 20 cases. The mean grade from the two observers was
used in the analysis. Within each treatment group and at
each time point, the three mean grade values (from limbus,
stroma and suture) for all corneas were grouped for
statistical analysis.

Immunostaining in flat mounted corneas

Frozen corneas were thawed and rinsed in PBS; fixed in
acetone; rinsed in PBS 3 times; blocked in 10% normal
donkey serum (Jackson ImmunoResearch Europe, New-
market, UK) and incubated with primary antibodies over-
night. The next day, samples were rinsed, blocked, and
incubated with secondary antibodies overnight. For double
immunostaining, this procedure was repeated. The primary
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Fig. 1 Rapid capillary
regression is observed in all
groups following removal of
inflammatory stimulus from the
rat cornea at day 0. Visible
perfused vessels are indicated
with white and black arrows.
Non-perfused (ghost) vessels
(arrowheads) were observed at
day 7 and 21 in all groups. The
degree of vessel invasion (see
“Materials and methods”) is
indicated in the lower right
hand corner of each image

control

triamcinolone |4

bevacizumab

antibodies used were: pan-endothelial marker CD31/PE-
CAM-1 (Santa Cruz Biotechnology Inc. Santa Cruz, CA,
USA), myeloid lineage marker CDI11b (Santa Cruz),
mature pan-macrophage marker for rat tissue KiM2R
(Abcam PLC, Cambridge, UK), tissue macrophage marker
CD68 (Abcam), mature pericyte marker NG2 (Millipore
AB, Solna, Sweden) and marker for basement membrane,
Collagen IV (Abcam). Secondary antibodies (Jackson)
included Dylight 549, Dylight 649 and Dylight 488. All
imaging was performed using a laser-scanning confocal
fluorescence microscope (Nikon Eclipse E600 or Zeiss
LSM 700) equipped with 40x/1.30 NA oil-immersion or
20x/0.75 NA or 10x/0.75 NA objective lenses. Samples
were scanned under single or dual laser excitation and a
digital camera was used to record images. In all cases,
control samples were used and omission of the primary
antibody eliminated cell-specific staining.

Statistical analysis

Statistical analysis of blood vessel lumen diameter and
inflammatory cell presence across groups was performed
using Student ¢ test and one-way ANOVA where data was
normally distributed and the non-parametric Mann—Whit-
ney rank sum test otherwise. Pairwise multiple comparisons
were performed using Dunn’s Method. Normality was
determined by the Kolmogorov—Smirnov test. All compar-
isons were performed using statistical software (SigmaStat,
Syastat Software Inc. Chicago, IL, USA) and a two-tailed
value of P < 0.05 was considered statistically significant.
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Day 21

Results

Rapid natural regression following loss of inflammatory
stimulus is not enhanced by anti-angiogenic treatment

Using the standard clinical method of vessel assessment,
rat corneas were imaged under the operating microscope at
days 0, 7 and 21 in control and treated groups. At day 0 all
corneas were fully vascularized to the suture (grade 4).
Following suture removal and anti-angiogenic treatment,
by day 7 all corneas were grade 1 or 2 in control and
triamcinolone groups, while in the bevacizumab group all
corneas were grade 3. By day 21, the majority of corneas
were grade O or 1 in all groups (Fig. 1; Table 1). Staining
with the pericyte marker NG2 at day 21 revealed isolated,
pericyte-covered CD314 vessels (Fig. 2) that correlated
with the few remaining perfused vessels seen in the oper-
ating microscope (Fig. 1).

The lumen significantly constricts during the early
phase of corneal capillary regression

Measurement of lumen diameter from in vivo corneal
images revealed no significant difference in median
diameter between groups at day O prior to regression. At
day 7, median lumen diameter in all groups was signifi-
cantly reduced from day 0; by 70% in the control
(P <0.001), 64% in the triamcinolone (P < 0.001) and
49% in the bevacizumab group. (P < 0.001) At day 7,
median lumen diameter in the bevacizumab group
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Table 1 Time course of the regression of perfused blood vessels
from photographs

Grade 4 3 2 1 0
Control day 0 (6) 100%

Control day 7 (6) 83% 17%
Control day 21 (4) 50% 50%
Triamcinolone day 0 (6) 100%

Triamcinolone day 7 (6) 50%  50%
Triamcinolone day 21 (3) 33% 67%
Bevacizumab day 0 (6) 100%

Bevacizumab day 7 (6) 100%

Bevacizumab day 21 (3) 67%  33%

The values indicate the proportion of samples with each vessel grade
(0—4) from each group. Numbers in parentheses indicate number of
animals

significantly exceeded control and triamcinolone groups
(P < 0.001; Table 2). In vivo imaging revealed substantial
narrowing of capillary lumens, with thin wire-like strands
of blood flow evident by day 21 (Fig. 3). Substantial
thickening of capillary walls was also noted in some cases
(Fig. 3).

Effectiveness of bevacizumab in a rat corneal
inflammation model

Since all corneas in the bevacizumab group regressed more
slowly than in the other two groups, we conducted a pilot
experiment to assess the effectiveness of bevacizumab in
our model of suture-induced inflammation. Two rats were
sutured and treated with one drop of topical bevacizumab
(5 mg/ml) 4 times daily [22, 24, 25, 29] and were followed
for 7 days. Two untreated sutured rats served as controls.
The treatment had no visible effect on angiogenic sprouting
(Fig. 4).

A reduction in infiltrating CD11b+ myeloid cells
parallels the regression of angiogenic vessels

Cells infiltrating the corneal stroma were graded from
IVCM image frames taken on days 0, 7 and 21 in all
corneas (Fig. 5a—c). After semi-quantitative analysis of 138
images, as described in the methods, a significant decrease
in inflammatory cell infiltration was found from day O to 7
in all groups (P < 0.001 ANOVA), however, no significant
change occurred from day 7 to 21 in any group. To
determine the presence of macrophages among the
inflammatory cells, the myeloid marker CD11b and mature
macrophage markers KiM2R and CD68 were used. At day
0, the majority of infiltrating cells were CD11b+-, however,
a substantial number of CD11b+-KiM2R+ macrophages
were also observed in the stroma (Fig. 5d). Seven days
after loss of inflammatory stimulus, CD11b+KiM2R— and
CD11b+KiM2R+ cells both reduced in number (Fig. Se).
At day 21, a remaining population of mature CD68+
macrophages was found in close contact with CD31+
vascular endothelium (Fig. 5f).

Macrophages aggregate at regressing capillary sprout
tips and differ in in vivo morphology over time

Prior to initiation of regression at day 0, inflammatory cells
were occasionally observed at capillary walls or sprout tips
but did not appear to aggregate. From day 2 onward,
however, cells were seen aggregating at sprout tips
(Fig. 6). By day 5, the morphology of these cells in vivo
changed from round or elongated with hyper-reflective
center to larger, oval-shaped, uniformly diffusely reflective
cells. Many cells continued to be associated with sprout
tips as well as capillary walls at day 7, during which time
capillaries narrowed and vascular remodeling was observed
(Fig. 6). Characterization of these cells at day 7 revealed
that they were mature macrophages (Fig. 7). Starting at day
7 and continuing to day 21, macrophages were observed in

Fig. 2 Pericyte-covered vessels 21 days after loss of inflammatory stimulus. a, b and ¢ Expression of CD31 and NG2. (Scale bar = 50 pm)
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Table 2 Median lumen diameter of perfused blood vessels from IVCM images

Control Triamcinolone Bevacizumab ANOVA P value
Day 0 18.8 um (91) 17.8 pum (78) 19.5 pum (73) 0.248
Day 7 5.6 pum (91) 6.4 pm (83) 10.0 pm (91) 0.001*
Day 21 5.2 pm (61) 6.0 pm (41) 6.4 pm (43) 0.018°
Mann—Whitney
P value day 0-7 0.001 0.001 0.001
P value day 7-21 0.081 0.389 0.001

Bold values indicate significant inter-group (ANOVA) or within-group (Mann—Whitney) differences. The number of measurements is given in

parentheses

# Median diameter in the bevacizumab group was significantly greater than in control and triamcinolone

® Median diameter in the bevacizumab group was significantly greater than in control

Fig. 3 In vivo observations of regressing corneal vessels from day 0
to day 21. a, b and ¢ A reduction in vessel lumen diameter (white
arrows) was paralleled by a reduction in surrounding infiltrating
inflammatory cells. Macrophages (white arrowheads) are observed in

Fig. 4 There was no observable Y
effect of topical bevacizumab 4 .‘\7_-
times daily on inflammatory
angiogenesis at day 7. a Control
b Bevacizumab

close relation to vessel stalks, and in many cases had
changed in vivo appearance, exhibiting a hyper-reflective
cell body with hypo-reflective center (Fig 7). Moreover at
day 21, large, contiguous groups of macrophages with this
morphology were observed around remaining perfused
capillaries at their distal end. Immunohistochemical stain-
ing confirmed the in vivo observations of macrophage
morphology and aggregation on perfused capillary walls
(Fig 7). Proximally at day 21, segmented CD31+4 struc-
tures, likely representing remnants of vascular endothe-
lium, were observed among capillaries emanating from
the limbus (Fig. 8). In some cases, macrophages were
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close association with the regressing vessel wall from day 7 and
onwards. d Substantial thickening of a vessel wall (white arrowheads)
at day 7. (Scale bar = 50 pm)

observed in close apposition with these discontinuous
segments.

Angiogenic sprouts remodel into capillary loops
during regression

Tracking distal tips of single angiogenic sprouts in vivo on
days 5, 7, 12 and 21 revealed the remodeling of a single
sprout lumen into a capillary loop, a phenomenon which
occurred in all groups (Fig. 9). The formation of capillary
loops was often seen in combination with vascular pruning.
Lumen diameter decreased after loop formation and by day



Angiogenesis (2011) 14:393-405

399

Fig. 5 Inflammatory cell infiltration in capillary regression in vivo
and ex vivo. a, b and ¢ A marked reduction of small, rounded
hyperreflective inflammatory cells (white arrows) was observed at
day 7, while at day 21 remaining cells were macrophages in close
association with vessel walls (green arrows). Grade of cell infiltration

is indicated by yellow numbers. d At day O there was an intense
infiltration of CD11b+ (insert) and Ki-M2R+ cells. e At day 7, the
number of myeloid cells and macrophages was reduced. f At day 21,
CD68+4+ macrophages (green arrows) were closely associated with
CD31+ vascular endothelium. (Scale bar = 50 pm)

Fig. 6 Macrophage contribution to regressing capillary sprouts. a At
day 1, perfused sprouts (red arrow) are observed surrounded by round,
hyperreflective inflammatory cells. b At day 2, elongated, presumed
monocytes or macrophages (green arrows) are observed closely
associated with sprout tips (red arrows). ¢ At day 5, monocytes/
macrophages surrounding the sprout tips change morphology to larger,

7—-12, sprout tips appeared to be abandoned. The sprout tip
remnants were non-perfused in vivo and expressed base-
ment membrane component collagen IV but not vascular
endothelial marker CD31 (Fig. 9c, f). Proximally, in vivo
observation of the remodeled vasculature revealed perfused
capillary loops with a narrow lumen, present within a
network of vessel-like structures without visible blood
flow (Fig. 10a, c). Immunostaining indicated that the non-
perfused network was collagen IV4+CD31—-NG2— while
perfused capillary loops were collagen IV4+CD314+NG2+
(Figs. 10b, d, 11).

oval-shaped, diffusely reflective cells (green arrows). d Note macro-
phages (green arrows) some with pseudopod-like extensions (red
arrowheads) extending towards the vessel wall. e Vascular remodeling
at day 7. Narrow, perfused capillaries (red arrows) are present within
the remodeling sprout, and are surrounded by macrophages (green
arrows). (Scale bar = 50 pum)

Tracking sprouting angiogenesis and regression
in a single capillary in vivo

Two days before removal of the inflammatory stimulus, a
normally-resident capillary loop was located in a corneal
limbal region. The same capillary loop was subsequently
tracked by repeated imaging during a two-week period
(Fig. 12). On subsequent days, lumen expansion and bud-
ding was observed, followed by lumen relaxation and
sprouting at budding sites, as previously reported [33].
In the 2 days following suture removal and bevacizumab

@ Springer



400

Angiogenesis (2011) 14:393-405

Ki-M2R

Fig. 7 Macrophage contribution to regressing vascular loops and
vessel stalks in vivo and ex vivo. a and b At day 7, KiM2R + mac-
rophages (green arrows) appear attached to CD314 stromal vessel
walls. ¢ and d At day 21, CD11b+KiM2R+ macrophages (green
arrows) are observed in clusters and e and f individually around
perfused CD31+ vessels. (Scale bar = 50 pm)

treatment, myeloid cells infiltrated the stroma, lumens
re-expanded, and blood flow increased. On days 7 and 12,
infiltrating inflammatory cells were absent, sprout and
feeder lumens were markedly constricted, and flow had
diminished considerably (Fig. 12).

In vivo imaging of human corneal capillary regression:
report of a case

A 55 year old woman with corneal graft failure 30 years
after transplantation in the left eye was re-transplanted due
to vision-impairing corneal fibrosis secondary to contact
lens-associated corneal inflammation. Four months post-
operatively, corneal graft rejection occurred and was treated
with dexamethasone 0.1% eye drops (Alcon Sverige AB,
Stockholm) hourly, that was slowly tapered. Neovascular-
ization in the graft at the 12 o’clock position at the time of
rejection remained after symptoms declined, and was
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Fig. 8 Macrophages contribute to capillary degradation. a Remnants
of degrading CD31+4 vascular endothelium are indicated by red
arrows. b CD11b+ macrophages (green arrows) are seen in close
association with a degrading capillary (red arrows). (Scale
bar = 50 um)

deemed as a risk factor for future rejection. Treatment by a
single subconjunctival injection of 0.1 ml (2.5 mg) bev-
acizumab (Avastin®, Roche AB, Stockholm) was given to
reduce the neovascularization. On the day of injection (day
0), day 7 and 21, photography and IVCM were performed
(Fig. 13). By IVCM, median blood vessel lumen diameter
was 32 um (N = 16 measurements) at day 0 and reduced to
23 um (N = 14) by day 7 (28% reduction, P = 0.03). On
day 21, the median vessel diameter was unchanged from
day 7 (25 pm (N = 14), P = 0.45). In vivo examination of
the same vessels confirmed lumen constriction after treat-
ment, while inflammatory cells persisted in the stroma,
some of which had a macrophage-like appearance and were
located along vessel walls at days O and 21.

Discussion

In this study, several novel features in corneal capillary
regression were noted: (1) the role of early infiltrating
CD11b+ cells in maintaining a pro-angiogenic environ-
ment resistive to regression; (2) capillary remodeling by
abandonment of sprout tips and capillary loop formation by
presumed intussusceptive angiogenesis; and (3) vascular
endothelial abandonment of capillaries leaving a network
of pericyte free basement membrane tubes. The expected
natural regression in an un-stimulated, normally avascular
and immune-privileged cornea was confirmed, however,
this regression was surprisingly rapid and uninfluenced by
additional anti-angiogenic treatment. Delayed regression in
the bevacizumab group may have resulted from the local
injection itself. In a separate experiment, subjconjunctival
injection of saline into two healthy rat eyes prompted
myeloid cell infiltration into the cornea. The same effect
was observed in Fig. 12 in the days following injection,
and resulted in re-expansion of lumens and stronger blood
flow, paralleling the inflammation observed after initial
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Fig. 9 Remodeling of sprout tips in regressing capillaries in vivo and
ex vivo. a and b Observation of the same sprout at day 7 and 12. a By
day 7, the sprout has been remodeled into distinct perfused vessels
(red arrows). b At day 12, a vascular loop (white arrow) has formed
by pruning of a vessel segment; the sprout tip appears non-perfused
(yellow arrow). ¢ Sprout tips are CD31— and collagen IV+ (yellow
arrow) d and e Observation of the same sprout at day 5 and 12. d At

suture placement [33]. Presumably, the broader anti-
inflammatory activity of triamcinolone may have aided
regression in this group following this second inflammatory
insult, compared to a possible lack of VEGFA-specific
inhibition by bevacizumab in the other group. We showed,
in a separate experiment, that topical bevacizumab had no
observable effect on inflammatory sprouting angiogenesis
in our model. In the literature there are some controversy
concerning the effect of bevacizumab on murine VEGF-A
[16, 25, 27, 28, 31, 32, 35]. The effect of bevacizumab on
murine VEGEF, is possibly route and species dependent [16,
22, 25, 28, 31, 32].

Correlations we observed between capillary lumen
constriction and the absence of early infiltrating myeloid
cells (shown in Figs 5, 6, 12) further underscore the
importance of these cells in preserving a pro-angiogenic
environment. CD11b+ myeloid cells, consisting of popu-
lations of neutrophils, monocytes, and macrophages, are
known to stimulate and maintain angiogenesis by the
release of growth factors [36, 37]. Additional evidence of
the role of inflammation in regression was apparent from
our case report. Under sustained inflammatory stimulus,
inflammatory cells persisted despite bevacizumab treat-
ment, and although treatment induced lumen constriction
by day 7, the constriction was modest and no further

day 5, a vascular loop has formed within the sprout (red arrow), and
connecting vessels to the loop are observed (red arrowheads). e At
day 12, the connecting vessels have been pruned (red arrowhead) and
an abandoned sprout tip is observed (yellow arrow) f At day 7,
perfused vascular loops at sites of former sprouts are visible and
therefore CD314- while sprout tips are CD31— (yellow arrow). (Scale
bar = 50 pm)

constriction (and a possible rebound) was observed on day
21. Taken together, our observations suggest that targeting
the early infiltrating CD11b+ myeloid cell population and
not only VEGFA may be a more effective strategy [38] in
combating pathologic angiogenesis in the eye.

Within the myeloid cell population, in vivo observation
revealed an evolution of some cells into a mature macro-
phage phenotype that localized near capillary tips and
walls, survived the decline of the initial myeloid cell
infiltrate, and appeared to take part in vascular remodeling
and phagocytosis of vascular endothelial segments. Inter-
estingly, some of these macrophages were observed in vivo
with pseudopodia-like extensions connecting to vascular
endothelial cells over a distance. These findings are in
accordance with earlier reports of macrophages associated
with cells that are dying or are destined to be removed from
a regressing tissue [1, 2, 5, 7, 10]. Ausprunk et al. [10]
additionally suspected a similar monocyte-to-macrophage
transition of cells in close proximity to walls of regressing
capillaries. These cells were observed only after regression
was initiated and were presumed to originate from the
limbal blood vessels. This is in contrast to our earlier
findings of CDI11b+4 myeloid cells extravasating from
limbal vessels to infiltrate the corneal stroma shortly after
induction of inflammation, with an increasing number of
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Fig. 10 In vivo and ex vivo observation of remodeling of the
vascular endothelial network. a and ¢ At day 21, IVCM revealed a
network of non-perfused, diffusely reflective vessel-like structures
(white arrow), among which some perfused blood vessels were
observed (red arrow). b and d The non-perfused network was CD31—
and Collagen IV+ (white arrows) whereas perfused vessels were
CD31+ Collagen IV+ and always terminated in loops. (Scale
bar = 50 pm)

mature macrophages accumulating in the stroma during the
pro-angiogenic phase [33]. Our model could be used in the
future to investigate the emergence of various macrophage
subtypes as the angiogenic balance changes from a pro- to
anti-angiogenic environment [5, 7].

Significant lumen constriction was noted during the first
week of regression in both our rat model and case report,
echoing findings in earlier studies [10, 15, 22, 28]. In vivo
observation on days 7 and 21, however, revealed more ves-
sels with visible flow than were visible in high magnification

Coll IN

Fig. 11 Regression of the vascular network at day 21. a Immature
vessels and sprouts (white arrows) and perfused vessels (red arrow)
were Collagen IV+4. b Perfused vessels (red arrow) were NG2+,
while non-perfused structures were NG2—. ¢ Merged image of
Collagen IV and NG2. Note that mature, perfused vascular loops (red

@ Springer

photographs. Consequently, in vivo imaging may be a more
sensitive method to assess active vessel presence in the
cornea after therapy than current methods using photogra-
phy [16, 17, 22, 28, 30] or flourescein angiography [10, 26,
29, 31]. Atday 21, some persistent vessels were found in the
cornea in all groups, and likely reflected their maturity as
confirmed by perivascular NG2 staining in this study, and
earlier findings of aSMA+NG2+ cells lining vessels
7 days after stimulus in our model [33]. In another study,
Cursiefen et al. [11] noted the persistence of perfused
capillaries as long as 8 months after removal of an
inflammatory stimulus present for 14 days in the mouse
cornea. Compared with the 7-day period of inflammation in
this study, a longer period can be expected to result in
greater pericyte coverage of vessels [13] and their sub-
sequent persistence for an indefinite period.

In this study we followed a sequence of remodeling
events that included abandonment of sprout tips, capillary
loop formation by presumed intussusceptive angiogenesis,
and abandonment of immature capillaries leaving a net-
work of basement membrane tubes, that appeared as
‘ghost’ vessels under the operating microscope. Capillary
loops seemed to have the tendency to resist endothelial cell
abandonment, which could be attributed to a preferential
stabilization by pericytes or a more robust flow [2, 10]
compared to distal sprouts, which, although initially per-
fused, exhibit a more sluggish and intermittent flow, and
were not pericyte covered in our model [33]. This result is
consistent with an earlier report indicating a stasis of flow
preceding platelet sticking and endothelial cell death [10].
Abandoned vessels may provide a scaffold for regenerating
capillaries and thereby a route for rapid tissue revascular-
ization. In vivo detection of these remnants in tissue could
therefore have a prognostic value.

Our observations of capillary loop formation within a
single sprout may indicate a response to the sudden drop in
growth factors upon stimulus removal, subsequently

Coll 1V

arrow) expressed basement membrane and pericyte markers. Also
note that isolated corneal nerves (yellow arrows), distinguishable by
their characteristic branching pattern, also co-expressed collagen IV
and NG2
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Fig. 12 In vivo tracking of sprouting angiogenesis and regression in
the same capillary. a Two days prior to suture removal, a capillary
loop was identified with slight lumen expansion. b One day later,
further expansion of lumen diameter was paralleled by vessel wall
budding and an increased infiltration of inflammatory cells. ¢ At day
0, new sprouts (arrows) were identified as lumen diameter relaxed.
d At day 1, further narrowing of lumen diameter and prominent

capillary sprouts were observed (arrows). e At day 2, a new peak of
inflammatory cell infiltration was noted, paralleled by expansion of
vessel diameter and increased blood flow (arrows). f At day 7,
infiltrating inflammatory cells were absent, lumen diameter narrowed
(arrows) and flow was profoundly reduced. g At day 12, a similar
appearance as in day 7 was observed. (Scale bar = 50 pm)

Fig. 13 Report of a case with IVCM and photographs. a Appearance
of superior corneal graft neovascularization before a single subcon-
junctival injection of 2.5 mg bevacizumab. b At day 7, blood vessel
diameter narrowed. ¢ At day 21 vessel diameter slightly increased.
(Arrows in a and c¢ indicate the same blood vessel.) d and

promoting vascular endothelial cells to form new vessels
without proliferating as an angioadaptive recovery mech-
anism [39]. Our observations are in accordance with
intussusception, where transluminal pillar formation
subsequently leads to vessel ‘splitting’ through vascular

e Corresponding in vivo images of the same vessel at day 0 and 7.
Note a narrowing of the lumen at day 7. f and g In vivo images of the
same vessel at day O and 21. At day 21, a narrowing of lumen
diameter was observed while macrophages (green arrows) persisted
on the vessel wall. (Scale bar = 50 pm)

endothelial remodeling [40]. Interestingly, we also noted
the pruning of vessels in regions of presumed intussus-
ception, an associated sign of intussusceptive angiogenesis
[40]. Notably, no evidence of intussuception has ever been
observed in a pro-angiogenic environment in our model.
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To our knowledge, this is the first reported evidence of
intussusception in inflammatory capillary regression, and
the effect may parallel a response seen after tumor anti-
angiogenic treatment [41]. As intussusceptive angiogenesis
is a short-lived process (occurring over minutes to hours),
we did not observe it directly in our model. Future studies
with our in vivo time lapse method may reveal more details
of this specific event.

In conclusion, we introduce a new in vivo model for
characterizing regressing inflammatory capillaries at the
cellular level. The method offers the possibility to follow
single vessels over time within the complex in vivo envi-
ronment. Further development of this technique is war-
ranted to investigate in greater detail the local tissue
changes accompanying the regression of inflammatory
capillaries in a physiologic setting.

Conflict of interest None.
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