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SUMMARY

Previous analyses of developmentally programmed
capillary regression suggested two distinct causes of
vascular endothelial cell (VEC) death. The first appeared
to be macrophage-dependent (Lang, R. A. and Bishop, M.
J. (1993) Cell 74, 453-462) while the second was proposed
to result from cessation of blood flow (Lang, R. A., Lustig,
M., Francois, F., Sellinger, M. and Plesken, H. (1994).
Development 120, 3395-3403). Combined, these analyses
suggested a model in which initial, macrophage-mediated
endothelial cell apoptosis blocked blood flow within a
capillary segment and, as a consequence, caused apoptosis
of all remaining cellsin the affected segment.

In the current study, we have tested this model using a
new method that combines vital and histological analyses
as a means of determining the fate of whole capillary
segments and individual cells in vivo. This technique

revealed that one of the first events in regression was the
apoptosis of a single VEC in otherwise normal, flowing
capillary segments (initiating apoptosis). These isolated,
dying VECs projected into and restricted the capillary
lumen, imposing either atemporary or permanent block to
blood flow. Following cessation of flow, synchronous
apoptosis of VECs occurred (secondary apoptosis). In
addition, a quantitative analysisrevealed a reciprocal rela-
tionship between plasma flow and VEC apoptosis. These
observations are consistent with a model for capillary
regression in which macrophages induce apoptosis in a
limited number of VECs and, as a consequence of a block
to blood flow, also cause apoptosisin those remaining.
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INTRODUCTION

Programmed capillary regression is a frequent occurrence in
development. Despite the prevalence of this event, and the
potential therapeutic value of an understanding of its
mechanism, capillary regression is understood at only a rudi-
mentary level. Developmentally programmed capillary involu-
tion can be associated with regression of a complex tissue as
in the example of the interdigital web (Hurle et al., 1985). In
this case, surrounding mesenchymal and ectodermal cells are
undergoing programmed death at about the stage of develop-
ment that capillaries regress. Capillary involution is also asso-
ciated with differentiative events. This is true for the appear-
ance of avascular regions that arise prior to the condensation
of cartilage in the developing digital plate (Feinberg and
Noden, 1991). Yet another circumstance is evident in the
mammalian eye, where capillaries of the hyaloid system and
pupillary membrane undergo regression in the absence of any
additional cell death or radical differentiative events (Lang et
al., 1994).

A number of models have been proposed to explain the
different examples of developmental capillary regression at the
cellular level. Induced corneal capillaries have offered an
opportunity for analysis of the morphological events associated
with regression and have indicated that blood stasis may be a

requirement for the latter stages of regression (Ausprunk et a.,
1978). Vessel regression in the precartilaginous regions of the
chick foot plate was initially explained based on physical
restriction of capillaries when cartilage condensed (Wilson,
1986). This view was lent credence by the observation that a
simple physical block to plasma flow would result in the pro-
grammed death of vascular endothelial cells (VECS) in the cir-
culation supplying the ovary (Azmi and O’ Shae, 1984). Sub-
sequently, definitive marker studies in the chick digita plate
indicated that cartilage did not condense until after capillaries
had regressed (Hallmann et al., 1987), and the notion that con-
densation was the key factor was abandoned. The mechanism
of capillary regression in the chick digita plate prior to
cartilage condensation remains unclear.

A number of electron microscopy studies have examined the
morphological changes associated with regression of the
hyaloid vessels (Jack, 1972; Balazs et al., 1980; Latker and
Kuwabara, 1981; Wang et al., 1990). The presence of
macrophages (referred to as hyalocytes or vitreal cells) asso-
ciated with the hyaloid vessels had been noted (Balazs et dl.,
1980), though their low number and lack of phagosomes
perhaps suggested that macrophages did not play a major role
in regression (Latker and Kuwabara, 1981). More recent
studies have provided evidence that regression of the capillar-
ies of the pupillary membrane, a structure closely related to the
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Fig. 1. A model for developmentally programmed capillary
regression. Current evidence suggests that programmed capillary
regression may occur through atwo step mechanism. The model
suggests that the first apoptoses of vascular endothelial cells are
dependent upon the macrophage (Lang and Bishop, 1993). This
event is termed initiating apoptosis (A). We propose that
macrophage-mediated VVEC death ultimately resultsin lumen
restriction and a block to plasma flow within a capillary segment.
Red arrows indicate flow and the red bar, a block to flow (B). We
suggest that VECs die subsequently with a synchronous pattern
because they are denied survival factors present in plasma. Thisis
referred to as secondary apoptosis (C). The large blue arrows
indicate the likely chemotactic response of macrophages to apoptotic
cells.

hyaloid system, may be macrophage dependent (Lang and
Bishop, 1993). Furthermore, the pattern of programmed cell
death during pupillary membrane regression suggests a cellular
mechanism to explain the regression process (Lang et a., 1994;
Fig. 1). The current model proposes that apoptosis of VECs
early in the regression of a capillary segment is macrophage-
dependent. These events are discerned histologically as
isolated apoptotic VECs in otherwise normal segments and
will bereferred to asinitiating apoptosis (Fig. 1A). The model
further proposesthat initiating apoptosisresultsin the cessation
of plasma flow when the capillary lumen becomes narrow (Fig.
1B). In turn, the model proposes that lack of flow causes the
synchronous pattern of apoptosis that has previously been
observed, perhaps due to plasma survival factor deprivation
(Lang et a., 1994; Fig. 1C). For ease of reference, synchro-
nous apoptosis will be referred to as secondary apoptosis.

In the current study, we have combined conventional histo-
logical analysis with a new vital cell imaging system to
determine when blood flow ceases relative to initiating and
secondary apoptosis. We observed that initiating apoptosis
preceded and caused flow stasis due to the projection of
apoptotic VECs into the capillary lumen. Secondary apoptosis
always occurred after blood flow had ceased, arguing that the
two events are causally related. In agreement was the recipro-
cal relationship between plasmaflow and VEC apoptosis when
these events were quantitated. These observations are consis-
tent with the idea that secondary apoptosis is a consegquence of
a survival factor deprivation caused by lack of plasma flow.

MATERIALS AND METHODS

Vital cell imaging equipment
Vita cell imaging equipment was centered around a Zeiss Axiophot

objective

optic
fibre

optic
fibre

Fig. 2. Vita cell imaging technique. The diagram shows the
arrangement of elements for vital cell imaging. A water immersion
objective is optically linked to the cornea (c) of an anaesthetized rat
with abead of phosphate-buffered saline (pbs). Axially opposed
optic fibre guides deliver light to the orbit and the pupillary
membrane (pm). Each light guide is fitted with a curved nylon holder
at thetip.

microscope (Zeiss, Thornwood, NY') with custom designed stage plate
and long working distance, water immersion objectives. The micro-
scope stage plate was designed to allow coarse micromanipulators to
be attached at each side. The manipulators each carry an optic fibre
light guide of 1 mm diameter, which has the dual function of illumi-
nating and holding the eye (Fig. 2). Each light guide is fitted with a
terminal, nylon eye holder. Oblique illumination with dual, 180°
axially opposed light guides was found to give good quality images.

Image recording was provided by a combination of a CCD camera
(DXC-760, Sony) and Betacam SP UV W-1400 video recorder (Sony).
A Betacam SP PVW-2650 video deck (Sony) was used for its frame
search feature and digital images obtained from videotape using a
Matrox frame grabber board that was a component of an imaging
system combining Metamorph software and a DECpc XL560
computer (Universal Imaging, New Y ork). The presented vital images
were generated by combining overlapping, in focus video frames
captured as still images. Figures were assembled using Adobe
Photoshop and Quark Express software.

Vital cell imaging

Rat pups from postconception (p.c.) day 30.5 to p.c. 345 were
subdued with metaphane and subsequently anaesthetized with an
intramuscular injection of ketamine and xylazine at 1.6 mg/g and 32
mg/g respectively. Depth of anaesthesia was monitored by paw pinch
response and where necessary, animals maintained with additional
doses of ketamine and xylazine intraperitoneally. The eyelids of rat
pups were parted at the suture using microdissecting vannas (Storz,
St Louis), the orbit gently raised and the eyelids folded underneath to
permit illumination of the eye with optic fibre light guides. The rat
pup was then placed in a silastic body mold designed to reduce
movement and kept warm with an overlaid heating element from a
battery powered boot warmer (L. L. Bean, Maine). The liquid phase
for the water immersion objectives was provided by addition of abead
of phosphate-buffered saline between the orbit and objective. Capil-
laries of the pupillary membrane were readily detected by searching
through the focal axis. Regression events in pupillary membranes
could be observed for a maximum of about 4 hours. This limit was
imposed by a number of factors including reduction of image quality
due to gradual opacification of the cornea and sensitivity of the
animals to repeated doses of anaesthetic.



Animal breeding

Sprague-Dawley rats were obtained from Taconic Farms (German
Town, NY). The age of newborn rats was determined by the presence
of sperm in avagina fluid smear in the breeding female and the time
of conception assigned to the previous midnight. Ages of rats are
noted as days postconception (e.g. p.c. 31.5).

Scanning electron microscopy

Scanning electron microscopy was carried out on whole mounts of rat
eyes at various stages of development. Whole mounts were prepared
by dissecting the retina, sclera, choroid and cornea away from the
lens, iris diaphragm, hyaloid vessels and pupillary membrane. The
latter tissue group was then fixed overnight in 2% glutaraldehyde in
0.1 M cacodylate pH 7.4, 0.1 M sucrose. After fixation, the tissue was
washed in buffer alone and dehydrated in an ethanol series (50%,
70%, 80%, 90%, 95% and 100%). The specimens where then treated
for 1 hour in hexamethyldisilazane (Polysciences Inc. Pennsylvania)
and then air dried overnight. After drying, they were mounted and
sputter coated with approximately 100 angstroms of gold-palladium.
Specimens were visualized using a JOEL SEM 840 instrument.

Histological analysis

We have used a modified version of the TUNEL technique (Gavrieli
et a., 1992) as previously described (Lang et a., 1994) to identify
cells undergoing apoptosis during the regression of the pupillary
membrane. The pupillary membrane/iris diaphragm complex was
dissected from the rat eye as formerly outlined (Lang et al., 1994).
Since the TUNEL technique does not reliably label end-stage
apoptotic cells, we have used either TUNEL-labelling or apoptotic
morphology revealed by haematoxylin staining as criteria for identi-
fying apoptosis histologically.

In the current study, individual capillary segmentsvisualized vitally
were identified in stained preparations using a mapping technique.
Briefly, after pupillary membrane imaging, the most rostral point of
the cornea was marked with India ink. This served to orient the
dissected pupillary membrane preparation relative to the video frame.
During dissection, a ‘tag’ of ciliary body was left attached to the iris
diaphragm adjacent to the rostral cornea. Subsequently, TUNEL- or
haematoxylin-stained preparations were visualized on avideo monitor
and compared directly with video tape images obtained vitally. The
shape and pattern of capillary branch-points allowed consistent iden-
tification of single segments and comparison of vital and histological
morphology.

RESULTS

Vital imaging identifies events associated with
capillary regression

The morphological changes associated with pupillary
membrane regression have been characterised previously at the
histological level (Lang et al., 1994) and a temporal sequence
of events has been inferred (Fig. 1). In the current study, direct
observation of the pupillary membrane during its regression
has alowed inferences to be confirmed and has provided a
detailed picture of the regression process. Table 1 presents a
representative group of capillary segments that were subject to
combined vital and histological analysis and for which there
was a complete data set. The analysis has been performed with
the focus on the flow status of the capillary segments and the
number of apoptoses occurring in the different flow classes.
Furthermore, in the relevant classes, we have determined
whether apoptotic VECs are associated with restricted or
blocked blood flow.

Mechanism of programmed capillary regression 3931

The flow categories used in this study, in order of reducing
flow status, included (1) free-flowing capillaries (Fig. 3), (2)
slow-flowing capillaries (Fig. 8A,B), (3) sporadically flowing
capillaries (Fig. 6), (4) capillaries showing plasma flow only
(Fig. 8C,D), (5) capillaries showing oscillating movement of
contents indicative of arecently established block (Fig. 7), and
(6) capillaries without any discernible flow or movement of
contents (Fig. 8E,F).

Capillary segments with free flow were recognised based on
velocity and number of erythrocytes present. Thiswas also true
for slow-flowing capillaries. In vital images presented as still
micrographs, reduced flow in a segment is manifest as fewer
erythrocytes with discrete rather than blurred outlines (Fig.
8B). Capillaries with sporadic flow occurred with a transient
cell-mediated block as described below (Fig. 6). Plasma flow
only was observed in some capillaries that had a marked
restriction. Flow in these capillaries was discernible due to the
passage of small plasma bodies of unknown origin (Fig. 8C,D).
Capillaries showing oscillating contents movement were
presumed to be recently blocked and, consistent with this
assessment, had discrete blocks or short regions of lumen
collapse. Oscillating movements were presumably produced
with changes in pressure upstream of the block. Capillaries
with no discernible flow or movement of contents were
presumed to be in the final stage of regression.

Initiating apoptosis occurs in capillaries with
plasma flow

In order to determine whether the first apoptotic VECs
observed during pupillary membrane regression occur in cap-
illaries with or without plasma flow, we have combined vital
and histological analyses as described.

Initiating apoptosis can be identified histologicaly asisolated
TUNEL-labelled VECs in otherwise normal capillary segments.
In the example shown (Fig. 3A,B; capillary no. 191-1, Table 1),
a TUNEL-labelled apoptotic body was being engulfed by a
macrophage (Fig. 3B). Initiating apoptoses like this were dis-
cernible in vivo as cells in the capillary wall that have convo-
luted surface topology typical of programmed cell death (Wyllie
et a., 1980) (Fig. 5A). Thus, in the corresponding vital image,
both apoptosing VECs and macrophages were readily observed
(Fig. 3C,D). With good quality histology and vital images, indi-
vidual cedllscould beidentified. One of the macrophages |abelled
in Fig. 3B (m) was aso identifiable in the vital image (Fig. 3D)
and had clearly engulfed an apoptotic body (ap).

In some examples of initiating apoptosis, deformed VECs
projected into the capillary lumen forcing freely flowing white
and red blood cells to move around the projection (Fig. 3E,F).
Of 26 isolated apoptoses (representing 5.9% of total cells
within the examined segments) detected in free-flowing capil-
laries, 4 (1%) projected into the lumen. Thus, initiating
apoptosis was observed in capillaries through which plasma
was flowing, an observation consistent with the ideathat it rep-
resents one of the first events in regression and is independent
of flow stasis. Furthermore, the projection of deformed VECs
into the capillary lumen suggested that isolated apoptotic
events might promote flow stasis.

Macrophages are preferentially associated with
initiating apoptosis
Earlier experiments suggest that macrophages may actively
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Tablel
Apoptotic VECs
PM- Summary
Flow capillary Absolute Average At proportion Outside % outside Nature
category number proportion percentage restriction (%) restriction restriction of block
Free flowing 50-2 5/59 0 0 5 0
(total n=14) 79-3 12/100 0 12 0
79-5 1/45 0O 0 1 0
103-1 0/17 0 0 0 0
103-2 2/56 5.9% 2
107-3 3140 DD (26/443) DD None 3 DD All, 5.9%
119-1 1/45 0O 0 1 0
119-3 0/21 0 0 0 0
188-12 1/40 0O 0 1 0
191-1P 1/20 1
Sporadic flow 43-1 2/51 O ND ND ND
(total n=8) 43-2 411 0O ND ND ND
821 522 [ 27% 2 X 3 O o Projection
135-1 1828 O (4316 2 0O 5/5 16 0 0 of
137-1¢ 8/28 0 2 ] (100%) 6 [l 17% O ontotic
152-1¢ 516 [ 3 0 ° 2 O O PR
172-1¢ 1/6 0 1 O] 0 Il O
Oscillating 79-1 48/95 [ 2 0 46 O Focal
flow 118-2 37/102 [J 11 O 26 O Extended
(total n=9) 118-3 315 0O 2 0 1 a Focal
118-4 2/6 O 2 O 0 0 Focal
119-6 45 0 S 4 0 .0 8 O 3% Focal
141-1 2138 O ) 4 0 (000 17 0 Focal
144-1 828 [ 2 0 6 a Focal
172-2f 9/23 O 3 O 6 0 Focal
189-1 /32 0O 3 0 8 a Focal
No flow 43-3 6/6
(total n=30) 82-4 15115 0O a
98-1 1010 O Il
99-3 14/16 O g
103-7 3850 [ Il
103-8 209/35 O 89% O  Extensive
1071 s O (02 5 ol
- apge
107-2 38/38 [ Il
108-1 56 [ g
109-1 6/6 O Il
122-1 910 [ g
152-2 25/27

3Free flowing capillary segment shown in Fig. 3E and F.
bFree flowing capillary segment shown in Fig. 3A-D.
cSporadically flowing capillary shown in Fig. 6A-C.
dSporadically flowing capillary shown in Fig. 6D-G.

eSporadically flowing capillary shown in Fig. 7A and B. This capillary segment display temporay and permanent blocks to flow during the course of the

observational period.
fOscillating flow capillary shown in Fig. 7C and D.
af: Complete capillary segments are not always shown in the figure panels.

induce death of VECs during regression of the pupillary
membrane (Lang and Bishop, 1993). Given the additional
requirement that macrophages and target cells are in close
contact in an induction of apoptosis (Aliprantis et al., 1996), it
follows that macrophages should be found preferentially asso-
ciated with initiating apoptosis.

To examine thisissue, we measured, in stained preparations,
the distance from isolated apoptotic VECs to the nearest
macrophage (Fig. 4). For controls, we determined the distance
from the nearest macrophage to apoptotic VECs in secondary
apoptosis and to randomly chosen normal VECs. Macrophages
were in direct contact with initiating apoptosis in 22 out of 38
examples. By contrast, macrophages were, on average, further

from VECs undergoing secondary apoptosis and most distant
from randomly chosen normal VECs. These data indicate that
macrophages have a special association with VECs that are
undergoing apoptosis.

The distances measured between apoptotic VECs and
macrophages (Fig. 4) may have been overestimated since
macrophages extended pseudopodia over many cell diameters
toward apoptotic VECs (Fig. 5A). Macrophage pseudopodia
were also observed in samples prepared for scanning electron
microscopy (Fig. 5B). Pseudopodia such as these were not
readily observed in the histological preparations in which
macrophage-to-V EC distance was measured, leading to a minor
but systematic overestimate of macrophage-to-VEC distance.
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Fig. 3. Initiating apoptosisin the pupillary membrane. (A) Initiating apoptosis is shown as a TUNEL -labelled apoptotic cell (ap) in an
otherwise normal capillary. Three macrophages are indicated (m) and capillary branch-points are marked by large arrowheads (400x). (B) At
higher magnification, an apoptotic body (ap) is observed being engulfed by a macrophage (m). In vital images of the same capillary segment
(C,D) the apoptotic endothelial cell (ap) and accompanying macrophages (m) are readily observed (C, 400x; D, 800x). Vital observations of
another rat pupillary membrane at day 33.5 p.c. shows an initiating apoptotic event (ap) in which a deformed VEC can be seen projecting into
the capillary lumen. A macrophage (m) is positioned on the non-luminal surface of the capillary in close proximity to the apoptosis (E) (800x).

Thisevent is also identified histologically with morphology typical of apoptosis (F) (800x). Magnifications are given in brackets.

Extracellular matrix fibres are associated with the capillaries
of the pupillary membrane and were readily observed in scanning
eectron micrographs (Fig. 5B). The matrix fibres regress aong
with remaining components and regress from the centra region
of the pupillary membrane first (data not shown). In addition,
during vital observation, we occasionally observed erythrocytes
escaping in small numbers from the lumen of flowing capillar-
ies. Theerythrocytes appeared to be extruded through small holes
in the capillary wall as evidenced by their dumbbell shape upon
exit or entrgpment. These events can be visualized both vitally
(Fig. 5C) and histologically (data not shown) and indicate that
the basal lamina of capillaries can be discontinuous.

Discrete blocks to plasma flow occur adjacent to
initiating apoptoses

In order to determine whether initiating apoptosis could cause
cessation of plasma flow, we assessed individua capillary
segments that were making the transition from flow to stasis.
Capillary segments showing this characteristic were rare and
this is presumably an indication of the relative transience of
this condition. Capillary segments examined vitally were iden-
tified in histological preparations using the mapping technique
described in Materials and Methods.

The transition from flow to stasis in a capillary segment
occurswhen aformerly moving cell becomes trapped wherethe
capillary lumen is narrow, a condition that is invariably asso-
ciated with VEC apoptosis. Of 14 sporadic or oscillating flow
capillaries for which there was complete data, 100% showed
apoptotic VECs at the point of restriction (Table 1, column 6).

Some blocks to flow were temporary (sporadic flow). This
occurred when a white or red blood cell wedged into a

narrowed region of the lumen adjacent to an apoptotic cell, pro-
gressed slowly past the restriction, and then proceeded freely
(Fig. 6A-C; capillary number 137-1, Table 1). In some
examples, cells wedged into a narrow lumen were trapped for
an extended period of time (Fig. 6D-G; capillary number 152-

Macrophage to endothelial cell distance

Fig. 4. Macrophages are preferentially associated with apoptosing
cells. Chart representing the endothelial cell to macrophage distance
(in um) for initiating apoptosis, secondary apoptosis and as a control,
randomly chosen, non-apoptotic endothelial cells. In all cases counts
were taken from day 33.5 p.c. rat pupillary membranes.
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Fig. 5. Macrophages make cell-cell contact over large distances.
(A) Vital cell image of macrophage (m) with extended pseudopod
(pp) in which the pseudopod was in contact with an apoptotic cell
(ap). Additional macrophages, one of which isin contact with the
apoptosis, are indicated (m, arrows)(800x). (B) Scanning EM image
of whole mount pupillary membranes also revealed the presence of
macrophages (m) with extended pseudopodia (pp). Extracellular
matrix fibres that are part of the pupillary membrane can be seen
resting on the anterior surface of the lens capsule (800x).

(C) Erythrocyte (€) partially extruded through the wall of a capillary.

The erythrocyte has adopted a dumbell shape. The blue arrows
indicate the direction of flow at a branch-point (900x).
Magnifications are given in brackets.

Fig. 6. Apoptoses cause lumen restrictions and sporadic blocks to
flow. (A-C) Vita cell images of aday 32.5 p.c. capillary segment in
which ablock to flow is caused by trapping of awhite blood cell
(whbc, black arrow) in a narrowed region of the capillary. In this
region, the VEC shows membrane undulations indicative of
apoptotic changes (ap). These can be compared with anormal region
of the capillary wall (n). The direction of flow isindicated by blue
arrows and the time (t) elapsed between framesisindicated in
seconds. (D-G) A similar situation is seen in another pupillary
membrane at day 33.5 p.c. but in this case, atemporary block is
caused by the trapping of ared blood cell (black arrow) in aregion
where two VECs are apoptotic (ap). Macrophages (m) are seen
associated with apoptoses. An additional red blood cell that moves
against the direction of flow after the block is established isindicated
by an asterisk. All magnifications are 400x.



1, Table 1) and ultimately, we presume, caused a permanent
block to flow. Apoptotic morphology was discernible as subtle
undulations in the capillary wall that contrasted with the
smooth surface of normal cells (compare norma VEC (n) with
apoptotic VEC (ap) in Fig. 6A-C). In other instances, apoptosis
is more obvious due to the projection of apoptotic blebs into
the capillary lumen (Figs 3E, 6D-G).

Where flow stasis appeared permanent by vital observation,
apoptosis of VECs could be documented at the point of restric-
tion with TUNEL labelling (Fig. 7). Capillaries were presumed
to have a recently established block when erythrocytes within
the lumen were oscillating. The presence of an apoptotic event
adjacent to a block observed vitally was confirmed using either
TUNEL labelling or hematoxylin staining in a histological
preparation and in some cases, red blood cells were observed
oscillating upstream of the block (compare Fig. 7A with B;
capillary number 172-1, Table 1).

In others, white blood cells that were seen to cause a block
during vital observation could be confirmed as adjacent to an
apoptosis in TUNEL-labelled histological preparations.
Capillary number 172-1 (Fig. 7C,D) is of particularly interest
since during the course of vital observation, a number of white
blood cells became trapped adjacent to an irregularity in the
luminal wall and induced an oscillating movement of capillary
contents. White cell trapping was repeated a number of times
until the end of the observational period. The luminal projec-
tion was found to be an apoptotic VEC upon TUNEL labelling
of a histological preparation (Fig. 7D). Given that a cell-
mediated block occurred in 5/5 sporadic flow capillaries
observed, we presume that this represents the predominant
mechanism by which blood stasis occurs.

The question of whether initiating apoptosis aways
precedes secondary apoptosisisanswered through examination
of the percentage of apoptotic VECs found in capillaries that
are making the transition from flow to stasis. For capillaries
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Fig. 7. Apoptoses cause permanent blocks to
ap blood flow. (A) Vita image of day 33.5p.c.
\ capillary segment in which flow has ceased
and oscillating movement of erythrocytesis

wbec  apparent. Apoptotic morphology is observed

4 at two |ocations within the segment (ap). The
/ uppermost example of apoptotic morphology
4 is associated with a collapsed region of the

segment and is probably the cause of the
block to flow. Multiple macrophages are
associated with the apoptoses (m).
3 Oscillating flow is indicated by double-
headed blue arrows. (B) The corresponding
histological preparation shows apoptoses as
\ ra red TUNEL -labelled areas (ap).
Macrophages (m) are also observed in the
bright-field image. (C) Vital image of
capillary segment in which awhite blood cell
(whc) has become lodged in the lumen
/ adjacent to an apoptotic VEC (ap).
, (D) Corresponding bright-field image

probable nucleus of the trapped white blood
cell (wbc). All magnifications are 400x.

? showing TUNEL-labelled cell and the

displaying free flow or sporadic flow, the number of apoptotic
VECs is 5.9% and 27% respectively. This means that 1 in 17
(free flow) or approximately 1 in 4 (sporadic flow) VECs are
undergoing apoptosis at any one time. Given that any histo-
logical assessment is only a snapshot in time, it is very likely
that isolated apoptosis will be occurring continualy for a
period of time prior to the appearance of secondary apoptosis.

Secondary VEC apoptosis occurs after plasma flow
has ceased

To extend our conclusions from observation of individua
capillary segments, the overall relationship between flow status
and apoptosis was quantitated. For this purpose, we compared
vital and TUNEL images for a series of capillariesin different
states of flow. Since there was short-term variation in flow rate
through any one segment, it was not meaningful to directly
quantitate flow rate. Instead, capillary segments were grouped
into one of six categories relevant to flow status that were
easily distinguished from one another during vital observation
(see beginning of results for definitions). Once segments of
interest had been identified vitally, pupillary membranes were
removed, subject to TUNEL analysis, and the capillary of
interest located. Total and apoptotic VECs within the segment
were counted and the proportion of apoptotic cells expressed
as a percentage. The average was calculated for each group
(Fig. 9; Table 1) and shows that, as flow diminished, the pro-
portion of apoptotic cellsincreased. Thisis consistent with the
notion that reduced or completely blocked flow may be the
cause of secondary apoptosis in a capillary segment.

DISCUSSION

Programmed capillary regression is a frequently occurring but
poorly understood aspect of development. The subject of the
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current analysis, the pupillary membrane, is one example of a
capillary network that regresses in a developmentaly pro-

grammed manner. Our previous analysis of pupillary
membrane regression suggests that VEC apoptosis is a conse-
guence either of direct macrophage action (Lang and Bishop,

Fig. 8. Appearance of capillariesin various states of flow.

(A) Histological and TUNEL-labelled preparation of a capillary that
vitally (B) was identified as having slowed blood flow. Thiswas
apparent from areduced number of erythrocytes with discrete
outlines. Two apoptotic cells (ap) are present within this capillary
segment and several macrophages (m) are in direct contact with this
capillary. (C) Bright-field image of a short capillary segment that
showed plasma flow only in vital observation. A macrophage (m)
and an adjacent apoptotic cell (ap) located at one capillary junction
areindicated. (D) The same capillary segment asin (C) shown
vitally. No erythrocytes are apparent in the segment and the direction
of flow isindicated by the blue arrow. (E) Bright-field image of a
capillary with multiple, TUNEL-labelled apoptoses (ap) that vitally
(F) was observed to have no flow. Individual macrophages are
readily identified in both bright-field and vital images (m). All
magnifications are 400x.
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Fig. 9. Relationship between capillary flow and VEC apoptosis. Bar
chart representing the percentage of apoptotic cells within capillary
segments, compared with flow status (day 33.5 p.c. animals).
Capillaries were divided into one of six categories depending on
their blood flow status observed vitally (refer to text). The capillaries
were subjected to TUNEL analysis and the number of apoptotic cells
counted. The average number of apoptoses was determined for each
group and expressed as a percentage.

1993) or of cessation of blood flow (Lang et a., 1994). In this
study, we have examined the role that plasma flow may play
in capillary regression and determined whether eventsinferred
from histological analysis occur in vivo. To this end, a vital
cell imaging technique was developed and combined with con-
ventiona histological analysis to further probe the mechanism
of capillary regression.

The suggestion that macrophages are actively involved in
the induction of VEC apoptosis is based on the observation
that, in transgenic mice with limited macrophage function, the
pupillary membrane was seen to persist in viable form (Lang
and Bishop, 1993). Though not conclusive when viewed in
isolation, the observation that macrophages are preferentially
associated with initiating apoptosis is consistent with the pos-
sibility that macrophages induce apoptosis (assuming killing
requires contact (Aliprantis et al., 1996)). Other explanations
for this association include the action of a macrophage chemo-
taxin after VECs are committed to apoptosis. This possibility
is certainly more likely for secondary apoptosis where there
are compelling reasons to believe that VEC death may be a



conseguence of plasma stasis. Initiating apoptosis occurs in
capillaries that retain vigorous flow and this excludes the pos-
sibility that all VEC apoptosis is due to stasis.

The current model proposes that, directly or indirectly,
macrophages drive all aspects of programmed capillary regres-
sion. This necessarily implies that there is a link between
macrophage-induced apoptosis and the flow stasis that is
proposed to result in secondary apoptosis. This connection is
made by the observation that apoptotic VECs project into the
lumen of capillaries that are flowing normally and cause a
restriction. In some cases, it is clear that apoptotic VECs can
rapidly impose stasis by trapping white or red blood cells in
the capillary lumen.

Azmi and O’ Shae (1984) have documented that when there
is a mechanical block to blood flow, the consequence is
apoptosis of VECs within the involved capillaries. These
observations are important in the context of the current exper-
iments, since they suggest a cause for the synchronous pattern
of secondary apoptosis. Thus, indirectly, macrophages may
cause secondary apoptosis through the shape changes induced
in VECs undergoing initiating apoptosis.

Although all temporary or permanent flow restrictions are
associated with apoptotic VECs, the converse is not true. It is
clear (Table 1; Fig. 9) that some apoptotic VECs are found in
capillaries that were till flowing freely (5.9% of total cells, on
average) while those capillaries undergoing the transition from
flow to stasis showed some apoptotic VECs that were not asso-
ciated with the point of restriction (Table 1; sporadic flow,
17%; oscillating flow, 31%).

There presumably exists a complex relationship determin-
ing the number of apoptoses required to establish a block in
any given capillary. Thiswill be influenced by the diameter of
the capillary, the density with which cells are packed in the
endothelium, the pressure that produces flow and the relative
location of multiple apoptotic events. It is not surprising that a
single apoptotic VEC has little impact on flow in all but the
smallest capillaries. It islikely, asthe model suggests (Fig. 1),
that there is a period of time where macrophage-induced
apoptosis has aminimal overall impact on capillary regression.
Presumably though, macrophages will eventually produce a
threshold proportion of apoptotic VECs critical to the imposi-
tion of a block. Indeed, the data suggest that 5.8% apoptotic
VECsis, on average, insufficient to produce a block (i.e. free-
flowing capillaries) but that 27% (i.e. sporadic flow capillar-
ies) or a greater proportion is, on average, sufficient to cause
a block.

Quantitative analysis of many capillary segments indicates
that as the blood flow in a capillary segment is diminished, the
percentage of cells undergoing apoptosis increases (Fig. 9;
Table 1). This suggests that, for the second phase of regres-
sion, the two phenomena are interrelated. We have previously
suggested that if there were survival factors for VECs present
in neonatal plasma, a block to plasma flow would effectively
deprive al cells within one segment of the stimulus (Lang et
al., 1994). This can explain why regression is segmental and
why apoptosis is finally observed to occur synchronously
within a segment. Thus, one explanation for the relationship
between death and flow is that the level of survival factor to
which VECs within a segment are being exposed is being
reduced in proportion with reducing flow. Our observations
suggest that some cells within a segment may undergo
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apoptosis as a result of survival factor deprivation as flow is
reducing, but that ultimately, there is a catastrophic induction
of apoptosis when flow is stopped completely.

Also interesting is the recent observation that, in the
abnormal regression of retinal capillaries (due to conditions of
hyperoxia), vascular endothelia cell growth factor (VEGF)
acts as a survival factor and can prevent the apoptosis associ-
ated with regression (Alon et al., 1995). As a consequence, the
soluble VEGF isoforms must be considered prime candidates
for circulating survival stimuli that, when withdrawn, would
cause the observed secondary apoptosis within the pupillary
membrane.

While growth factor deprivation induced apoptosis is an
appealingly simple way to explain secondary apoptosis during
programmed capillary regression, it is likely that there is a
more complex relationship between blood flow and apoptosis.
It has long been recognised that oxygen availability influences
cell survival and it is possible that reduced blood flow in the
capillaries of the pupillary membrane could result in hypoxia
It is clear that expression of a number of growth factors that
might influence VEC survival is modulated by hypoxia
(Shweiki et al., 1992; Kuwabara et a., 1995; Brogi et a.,
1996). Furthermore, the expression of some growth factors
genesis modulated by shear force (Malek et al., 1993; Resnick
and Gimbrone, 1995) and this, too, may have implications for
regression of the pupillary membrane where flow cessation
appears to play an important role.

In an extension of the current model explaining pro-
grammed capillary regression, it is possible that where
complex tissues regress, the process is driven by vascular
involution. The interdigital region, for example, is richly
supplied with vasculature prior to its regression (Feinberg and
Saunders, 1982; Feinberg et al., 1986) and one can suggest
that a controlled involution of the vasculature supporting the
mesenchymal and ectodermal components might result in the
observed apoptosis (Zou and Niswander, 1996) also due,
perhaps, to growth factor deprivation. Certainly, evidence is
rapidly accumulating that all cell populations are dependent
upon survival factors in vivo (Angeletti et al., 1971; Raff,
1992; Chow et a., 1995; Campochiaro et al., 1996). Our
future experiments are aimed at further delineating the mech-
anistic possibilities.
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