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Occlusion of the microvasculature by blood clots, atheromatous fragments, or circulating debris is a frequent
phenomenon in most human organs. Emboli are cleared from the microvasculature by hemodynamic pressure
and the fibrinolytic system. An alternative mechanism of clearance is angiophagy, in which emboli are engulfed
by the endothelium and translocate through the microvascular wall. We report that endothelial lamellipodia surround
emboli within hours of occlusion, markedly reducing hemodynamic washout and tissue plasminogen activator–
mediated fibrinolysis in mice. Over the next few days, emboli are completely engulfed by the endothelium and
extravasated into the perivascular space, leading to vessel recanalization and blood flow reestablishment. We find
that this mechanism is not limited to the brain, as previously thought, but also occurs in the heart, retina, kidney,
and lung. In the lung, emboli cross into the alveolar space where they are degraded by macrophages, whereas in
the kidney, they enter the renal tubules, constituting potential routes for permanent removal of circulating debris.
Retina photography and angiography in patients with embolic occlusions provide indirect evidence suggesting that
angiophagy may also occur in humans. Thus, angiophagy appears to be a ubiquitous mechanism that could be a
therapeutic target with broad implications in vascular occlusive disorders. Given its biphasic nature—initially
causing embolus retention, and subsequently driving embolus extravasation—it is likely that different therapeutic
strategies will be required during these distinct post-occlusion time windows.
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INTRODUCTION

Thromboembolic occlusions of the microvasculature play a critical role
in the pathogenesis of conditions such as stroke (1), myocardial infarc-
tion (2, 3), pulmonary embolism (4), retinal ischemia (5), and others (6).
Occlusions occur as a result of spontaneous clot formation, dislodgment
of microemboli from atherosclerotic plaques, or after cardiovascular sur-
gical interventions (7). Furthermore, administration of thrombolytic agents
to break down large clots can generate embolic fragments that occlude
downstream microvessels (2). Despite their small size, microemboli can
cause significant tissue ischemia and morbidity (8, 9), and their cumu-
lative effect over time can lead to cognitive impairment (9, 10), decreased
myocardial contractility, and renal dysfunction (11, 12).

The fibrinolytic system and hemodynamic forces clear a large por-
tion of acute thromboemboli; however, it is not clear how effectively
they are able to eliminate blood clots in the microvasculature (13).
Furthermore, fibrinolytic enzymes cannot remove occluding materials
composed of cholesterol crystals, calcified emboli, and cellular debris,
which are not susceptible to fibrinolysis. We have recently discovered
a novel mechanism by which vessels are recanalized in the brain mi-
crocirculation. After embolic occlusion with diverse materials such as
fibrin, blood clots, or cholesterol crystals, the endothelium adjacent to
the occlusion site completely engulfs the emboli. This engulfment is fol-
lowed by opening of the endothelial barrier and extrusion of the embo-
lus into the surrounding parenchyma, leading to vessel recanalization
and flow reestablishment. This process, which we termed angiophagy,
occurs between 1 and 6 days after occlusion in mice (14, 15).
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Here, we used high-resolution two-photon in vivo imaging and
confocal and electron microscopy of mouse brain, lung, kidney, heart,
and retina to characterize the time course and cellular features of mi-
crovascular embolic washout, fibrinolysis, and angiophagy. We also
examined longitudinal retina photographs of patients with embolic
events to determine whether angiophagy occurs in humans. We identi-
fied several important and previously unknown features of microvascular
occlusions and the recanalization process. First, angiophagy is not unique
to the brain but, rather, occurs in all organs we tested, suggesting that it
is a ubiquitous mechanism of recanalization. Second, we found indirect
evidence that transvascular embolus extrusion and vessel recanalization
occur in humans. Finally, we show that endothelial engulfment begins as
early as 1 hour after embolization in mice and can initially lead to phys-
ical retention of emboli within the microvasculature, blocking hemo-
dynamic clearance and disrupting efficient clot fibrinolysis.

The biphasic nature of angiophagy suggests that it is likely to be
detrimental during early stages of engulfment, but beneficial for sub-
sequent extravasation and recanalization. Therapeutic targeting of
these distinct stages of angiophagy could be relevant for treating a va-
riety of thromboembolic disorders in humans.

RESULTS

Microvascular emboli washout by hemodynamic forces and
by the fibrinolytic system is inefficient
A mouse model of embolic occlusion was used to investigate the ef-
fectiveness of the fibrinolytic system and of hemodynamic forces in
inducing emboli degradation and washout. We injected fluorescently
labeled fibrin clots either into the internal carotid artery to embolize
the brain or retrograde into the left common carotid artery to embo-
lize the heart. Experiments were performed using transgenic mice with
endothelial cell–specific fluorescence (Tie2-GFP). We tracked the outcome
nceTranslationalMedicine.org 5 March 2014 Vol 6 Issue 226 226ra31 1
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of individual microvascular occlusions either by time-lapse transcranial
in vivo two-photon imaging of meningeal microvessels or by confocal
microscopy of brain and heart sections. We observed clot degradation
and washout in the first 6 hours after embolization (Fig. 1A); however,
the rate of emboli washout declined steadily in both the brain and the
heart (Fig. 1, B and C). After the initial 6 hours, there was minimal ad-
ditional washout, leaving a substantial microvascular embolic burden.
www.Scie
The relatively high washout failure was not due to a lack of initial
accessibility of fibrinolytic proteins, such as tissue plasminogen activa-
tor (tPA), as evidenced by the preservation of some plasma flow in the
occluded microvascular segment (Fig. 1D) and staining for tPA (Fig. 1E).
tPA labeling declined over time, with little residual labeling after 6 hours
(Fig. 1, E and F), coinciding with the decline in emboli washout (Fig.
1B). Intravenous administration of recombinant tPA modestly im-
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Fig. 1. Microvascular emboli washout has a substantial failure rate.
(A) Two-photon in vivo imaging of meningeal vessels 1 and 5 hours after

flow within vessels downstream (yellow and pink asterisks) and upstream
(blue asterisk) of occluding embolus. (E) Immunohistochemical labeling of
embolization with fluorescent fibrin clots (red). A residual clot fragment
near the green fluorescent protein (GFP)–labeled endothelium at 5 hours
is indicated by a white arrow. (B) Number of clots remaining in brain mi-
crovessels over time after embolization expressed as a percentage of clots
found at the first time point (n = 3 mice per time point and 4654 total
emboli). (C) Number of clots remaining in cardiac microvessels over time
after embolization expressed as a percentage of clots found at the first
time point (n = 3 mice per time point and 6984 total emboli). (D) In vivo
two-photon imaging of a fibrin embolus (red) lodged in a leptomeningeal
microvessel 4 hours after embolization. White arrow indicates direction of
blood flow. Two-photon line scan images (in gray scale bars) after fluores-
cent dextran (red) administration show plasma and some residual blood
endogenous tPA in unoccluded control brain microvessels and in occluded
microvessels over time after embolization. (F) tPA fluorescence intensity
around fibrin clots in cerebral microvessels at various time points after em-
bolization (n = 3 mice per time point and 73 total occlusion events). (G)
Number of clots (10 to 20 mm) that remained in cardiac microvessels 12 hours
after embolization in mice treated with intravenous saline (black bar) or
recombinant tPA (red bar) at 3 hours (n = 3 mice per time point and
1613 total emboli) or 6 hours (n = 3 mice per group and 1882 total emboli)
after embolization. Data reported as a percentage of clots found at the first
time point. P values in (B), (C), and (F) were determined by one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison test. P values in (G)
were determined by unpaired t test. All data are means ± SEM.
nceTranslationalMedicine.org 5 March 2014 Vol 6 Issue 226 226ra31 2
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proved the overall clot washout, with the greatest effect observed when
tPA was administered within 3 versus 6 hours of embolization (Fig. 1G).
The gradual reduction in tPA coupled with the overall lack of hemo-
dynamic flow could partly explain the low efficiency of embolic
washout in microvessels.
www.Scie
Endothelial lamellipodia engulf emboli and prevent their
early washout
We imaged Tie2-GFP mice at various time points after embolization
to characterize the early stages of endothelial remodeling after occlusion.
In both the brain and the heart, as early as 3 hours after embolization,
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Fig. 2. Endothelial lamellipodia engulf and retain emboli within micro-
vessels. Images of fibrin clots within vessels taken from Tie2-GFP mice. (A)

the clot. At z = +5 mm, the clot appears to be partially engulfed and retained
in the vessel by these processes (arrows). (E) Percentage of emboli in micro-
In vivo image 4 hours after embolization shows fibrin clot (red) blocking
the vessel lumen and projections from the adjacent endothelium (arrows)
contacting the clot surface. (B) Confocal image of a heart microvessel 3 hours
after embolization shows an occluding fibrin embolus (red) that is com-
pletely enveloped by endothelial lamellipodia (arrows). (C) In vivo image
of a brain microvessel shows a fibrin embolus completely enveloped by
endothelial lamellipodia (arrows) 6 hours after embolization. The tip of
the embolus is in the process of being extruded out of the endothelial wall
(arrowhead). (D) Two-photon in vivo imaging of a leptomeningeal arteriole
(green) at 4 hours after embolization shows two optical sections of a clot at
different z positions. At z = 0 mm, endothelial processes (arrowheads) with
bulbous ends (arrow) emanate from opposing sides of the vessel toward
vessels that were engulfed by endothelial lamellipodia at various time
points in Tie2-GFP mice (means ± SEM; n = 52 mice and 309 total emboli).
P values were determined by one-way ANOVA with Tukey’s multiple com-
parison test. (F) Confocal image of an intraparenchymal cerebral micro-
vessel labeled with phalloidin (red) shows the endothelial projections (arrow)
surrounding a fibrin clot (blue) (see movie S1 for Z-stacks). (G) Confocal
image 2 hours after embolization of a cardiac microvessel occluded by a
fibrin clot (blue), and is labeled with phalloidin (red). Multiple phalloidin-
positive filopodia project toward the embolus (arrow) (see movie S2 for
Z-stacks). (H) TEM image from the adult mouse cortex shows long endo-
thelial filopodia (black arrows) present in an unoccluded microvessel (see
movies S3 and S4 for Z-stacks).
nceTranslationalMedicine.org 5 March 2014 Vol 6 Issue 226 226ra31 3
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distinct lamellipodia projected toward the
embolus from adjacent endothelial cells
(Fig. 2, A to D). Within 4 to 6 hours of
embolization, more than 40% of emboli
were almost completely enveloped by these
projections (Fig. 2E). These lamellipodia
had strong F-actin labeling [Fig. 2, F and
G, and movies S1 (brain) and S2 (heart)],
suggesting active cytoskeletal remodeling.
Transmission electron microscopy (TEM)
demonstrated that, even in the absence of
any embolization, endothelial cells in brain
microvasculature had multiple filopodial
protrusions (2 to 10 per individual TEM sec-
tion) (Fig. 2H and movies S3 and S4). This
raises the possibility that the larger pro-
trusions observed after embolization are
extensions of these preexisting filopodia.

In capillaries, clots generally blocked
blood flow completely and were robust-
ly enveloped by the adjacent endotheli-
um (Fig. 2, A and B). In larger arterioles
(>20 mm in diameter), we observed par-
tially occluding clots attached to the ves-
sel wall, which appeared to be held in place
by the endothelial processes, even against
the hemodynamic forces (Fig. 2, C and D).
This suggests that endothelial lamellipodia
engulfing the emboli are capable of phys-
ically preventing their hemodynamic
washout. Furthermore, given the temporal
coincidence between the lamellipodial en-
gulfment (Fig. 2E) and the decline in tPA
immunolabeling (Fig. 1, E and F), it is
also possible that endothelial engulfment
limits the access of plasma and tPA to the
emboli, further reducing the effectiveness
of fibrinolysis and washout.

Capillaries and arterioles can be
recanalized by angiophagy, leading
to long-term vascular sparing
Brain parenchymal microvessels ranging
from 8 to 15 mm, when occluded with
emboli for greater than 24 hours, begin
a cellular process to extrude the emboli
through the endothelial barrier, resulting
in vessel recanalization (14). We sought to
determine the maximal embolus size that
could be successfully extruded out of cere-
bral vessels. Given that most large arterioles
in the mouse brain are extraparenchymal,
we focused on leptomeningeal vessels,
which are easily accessible for transcranial
in vivo two-photon imaging (16). We ex-
amined vascular dynamics in Tie2-GFP
mice embolized with fluorescently labeled
fibrin clots or cholesterol emboli ranging
Fig. 3. Time-lapse
in vivo imaging of lep-
tomeningeal vessel
recanalization by an-
giophagy. All fluores-
cent clots were tracked
in Tie2-GFPmice. (A) Fi-
brin clot (red) occluding
a leptomeningeal ves-
sel. One day after em-
bolization, part of the
embolus appeared to
www.ScienceTranslationalMedicine.org 5 March 2014 Vol 6
have been washed out. The remaining embolus was engulfed by the endothelium (in green) and broken
down into several small pieces (arrowheads). Three days after embolization, the disintegrated emboli frag-
ments were mostly extravasated out of the lumen. Vessel recanalization and restoration of blood flow
were demonstrated using intravenous red fluorescent dextran injection and subsequent line scan imaging
(yellow asterisk). (B) Fibrin embolus (red) appeared to be retained within the microvessel by fine endo-
thelial lamellipodia by 4 hours after embolization. By day 1, the same clot has been partly washed out, and
the remaining fragment was engulfed and extravasated by day 4. (C) Cholesterol crystals in cerebral mi-
crovessels. At day 1 after embolization, processes projecting from the endothelium (arrows) surrounded
the crystal. By day 3, the occluding embolus was completely engulfed by an envelope formed by the
endothelium. By day 5, the embolus was partially extravasated from the vessel lumen. The cholesterol
crystal was cleared from the lumen and extruded completely into the perivascular space by day 7. (D)
Live imaging 1 day after embolization with cholesterol crystals demonstrates an occluding embolus
blocking blood flow in a cerebral microvessel. Twenty-eight days after embolization, the cholesterol crystal
remained in the perivascular space. Two-photon line scan imaging of blood flow was performed after red
fluorescent dextran intravenous injection before imaging. The line scan image shown in gray scale demon-
strates blood flow and lumen patency at the site of previous embolization (arrow).
Issue 226 226ra31 4
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from 20 to 50 mm. As observed in the smaller parenchymal microves-
sels (14), clot extravasation and recanalization of larger meningeal ar-
terioles occurred within 1 to 6 days (10 of 11 fibrin clots imaged
in vivo had extravasated by day 4) (Fig. 3, A and B). Cholesterol crys-
tals were extravasated more slowly, with complete vessel patency gen-
erally restored within 3 to 8 days after occlusion (Fig. 3C). The faster
rate of extravasation of fibrin clots may be, in part, due to their frequent
lysis into smaller fragments, which may facilitate endothelial engulf-
www.Scie
ment (Fig. 3, A and B). Thus, fibrinolysis may contribute to more ef-
ficient angiophagy-mediated vessel recanalization.

Given the variability in the timing of angiophagy, it is likely that
many vessels are exposed to hypoxia for significant periods of time
before they are recanalized. Nevertheless, vessels demonstrated normal
morphological appearance and continuous blood flow 1 month after
recanalization (7 of 7 vessels that underwent angiophagy had contin-
uous blood flow) (Fig. 3D), and their ultrastructure appeared normal
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Fig. 4. Extravasated emboli in the
brain are engulfed by perivascular
pericytes and parenchymal mi-
croglia. (A) TEM image shows a
cerebral microvessel 7 days after
embolization. An extravasated fi-
brin clot (C) is seen in the perivas-
cular space engulfed by processes
of a cell, possibly a pericyte (P). The
endothelium (E) appears structural-
ly intact, and the lumen (L) is patent.
(B) In vivo two-photon imaging of
GFP-labeled pericytes (green) in
NG2cre:mT/mGmice, 7 days after em-
bolization, shows a fibrin embolus
(in red) that had extravasated from
a leptomeningeal microvessel and
was engulfed by pericyte processes
(arrow). (C) Confocal imaging 20 days
after embolization shows an extra-
vasated cholesterol crystal (blue)
that has moved beyond the layer
of smooth muscle actin (in red). (D)
Confocal imaging reveals a fibrin
embolus (arrow) that was extrava-
sated by day 4 after embolization
and completely engulfed by paren-
chymal brain microglia. (E) Confocal
imaging 6 days after embolization
shows multiple activated microglia
nceTranslationalMedicine.org 5 March
engulfing embolic fragments (arrows) and a large fragment that has not yet been engulfed (arrowhead). (F) Percentage of extravasated emboli engulfed
by parenchymal microglia at different time points after embolization. Quantifications at days 4 and 6 were done in mice embolized with fibrin emboli,
whereas quantifications at day 20 were with cholesterol crystals owing to the difficulty in visualizing degraded fibrin clots. Data are means ± SEM (n = 3 mice
per time point and 61 total extravasated events). (G) Confocal imaging in the brain shows a cholesterol crystal (arrow) that has extravasated 20 days after
embolization, and is engulfed by activated microglia (in green).
2014 Vol 6 Issue 226 226ra31 5
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by TEM (Fig. 4A). Thus, once recanalized, previously occluded vessels
appear to be permanently spared.

Extravasated emboli are gradually degraded by pericytes
and microglia
TEM revealed that fragments of extravasated fibrin emboli appeared
to be surrounded by processes from adjacent perivascular cells (Fig. 4A).
To further characterize this phenomenon, we analyzed angiophagy
in transgenic mice with fluorescent pericytes (NG2cre:mT/mG) using
in vivo two-photon imaging. Soon after extrusion from the vessel lu-
men, fibrin emboli were engulfed by pericytes where they resided for
several days (Fig. 4B). Emboli were eventually transported into the brain
parenchyma, as evidenced by their location beyond the labeled smooth
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muscle actin (Fig. 4C), and their engulf-
ment and degradation by parenchymal
microglia (Fig. 4, D and E, and fig. S1).
Most of the extravasated cholesterol embo-
li were also engulfed by microglia (Fig. 4F),
but in contrast to fibrin emboli, they under-
went almost no degradation and remained
in the juxtavascular brain parenchyma
for many months (Figs. 3D and 4G).

Angiophagy is a mechanism
of recanalization in the
heart microvasculature
Similar to the brain, microvessels in the
heart and other organs are susceptible
to occlusion by emboli generated from
rupture of atherosclerotic plaques and
thrombi (17) or from surgical cardiovas-
cular interventions (11, 18). We sought
to determine whether recanalization by
angiophagy is a specialized feature of
the cerebral microvasculature or whether
it is also present in vessels outside the
brain. We embolized various organs in
mice with fluorescently labeled fibrin or
cholesterol emboli. Owing to limitations
of organ accessibility, we did not image
microvessels in vivo outside of the brain.
High-resolution confocal microscopy in
fixed tissues revealed that the endothelium
adjacent to emboli in various vascular beds,
for example, in cardiac microvessels, un-
derwent an identical multistep process of
engulfment and embolus extravasation
as the one observed in the brain in vivo
(Fig. 5, A to E). Within the first 3 days af-
ter occlusion, emboli were generally found
to be enveloped by projections from the
adjacent endothelium (Fig. 5A). Concur-
rently, a breach formed in the abluminal
vessel wall (Fig. 5, A, B, D, and E), through
which the emboli were progressively shifted
out of the vessel and a lumen was re-
established (Fig. 5, B to E). The time course
of embolus extravasation in the heart was
www.Scie
similar to that in the brain (14), and by 4 days after embolization, more
than 70% of the fibrin clots had undergone extravasation (Fig. 5F).

Angiophagy in lung and kidney has unique cellular features
We next explored the possibility of angiophagy as a mechanism for ves-
sel recanalization in the lung and kidney. We injected emboli into the
tail vein and examined the pulmonary vasculature using high-resolution
confocal microscopy. Emboli were initially seen occluding the pulmonary
microvasculature (Fig. 6A and fig. S2), but subsequently, they were not
only transported across the endothelium, like in the brain, but also
frequently crossed into the alveolar space (Fig. 6, B to D).

In contrast to the brain and the heart, the extravasation process in
the lung was delayed, and even by day 6 after embolization, most
Fig. 5. Angiophagy leads to vessel recanalization in the cardiac microvasculature. Confocal imaging
of heart tissue from Tie2-GFP mice at various time points after embolization with 10 to 20 mm of fibrin

emboli (red) demonstrates angiophagy in the coronary microcirculation. (A) A fibrin clot is shown 1 day
after embolization. The clot is enveloped by lamellipodia from the adjacent endothelium (in green, arrow-
head). The original endothelial wall has partially retracted (arrow) forming an opening toward the juxta-
vascular space. (B) A fibrin clot is shown at day 3 after embolization. The abluminal wall has completely
retracted (white arrows), and a patent vessel lumen has formed (white asterisk). (C) A fibrin clot (red) has
completely crossed the endothelial barrier (green), and an apparently patent vessel lumen is observed
(white asterisk). (D) Transverse views of a microvessel 3 days after embolization of the cardiac micro-
circulation. Abluminal wall retraction adjacent to the enveloped emboli (white arrow) and a narrow vessel
lumen (asterisk) are observed. (E) Transverse view of a cardiac microvessel at day 4 after embolization
shows the extravasating embolus partially covered by endothelium, after vessel recanalization and lumen
recanalization have occurred, and a patent lumen has formed (white asterisk). (F) Angiophagy in cardiac
microvasculature was quantified as percentage of the total clots that had extravasated 4 days after em-
bolization (means ± SEM; n = 3 mice and 60 total emboli). P values were determined by one-way ANOVA
with Tukey’s multiple comparison test.
nceTranslationalMedicine.org 5 March 2014 Vol 6 Issue 226 226ra31 6
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emboli were still within the microvasculature (Fig. 6E). Nevertheless,
the process accelerated after day 6, and by day 11, more than 80% of
the occluding emboli had been extravasated (Fig. 6E), and adjacent
microvessels appeared to be patent (Fig. 6D). Even polystyrene micro-
spheres (Fig. 6F and fig. S3) and larger fibrin emboli 25 to 100 mm in
diameter (Fig. 6G and movie S5) were extravasated and crossed into
the alveolar space. Once extravasated into the alveolus, emboli attracted
macrophages (Fig. 6B), which phagocytosed (Fig. 6C) and degraded them
over time (fig. S2). These alveolar macrophages were labeled with isolectin
B4 (IB4) (Fig. 6, B, C, and F, and fig. S2) but rarely expressed the chemo-
kine receptor CX3CR1, suggesting that they were resident alveolar macro-
phages and not CX3CR1-expressing intravascular macrophages or
monocytes (Fig. 7) that had extravasated.
www.Scie
The kidney is also susceptible to occlusions of the microvascu-
lature, which can result in irreversible damage to nephrons and renal
failure (12, 19). We found that microvessels in the mouse kidneys re-
moved vascular obstructions similar to the lungs (Fig. 6, H to K, and
fig. S4). Extravasation in the renal microvasculature (Fig. 6I) occurred
at a rate comparable to those in the brain (14) and the heart (Fig. 5D).
Similar to the lung, where emboli were cleared by alveolar macrophages
(Fig. 6C and fig. S2), emboli in renal microvessels also appeared to
have a conduit for permanent removal from the body after extravasation
by entering the renal tubules (Fig. 6, H, J, and K), where they could
potentially be excreted.

We then explored reasons for the slower rates of angiophagy in the
lung. The interactions between CX3CR1-positive macrophages and
Fig. 6. Emboli extravasation in pulmo-

nary and renal microcirculation. (A to D)
Pulmonary fibrin clots (in red) were extrava-
sated from the microvessels (CD31 labeling,
in magenta) over time, as seen by confocal im-
aging. By days 7 and 9, alveolar macrophages
(in green, IB4-labeled) were recruited (B) and
engulfed a clot (C). (D) Pulmonary vessels
near an extravasated clot (red) appear pat-
ent (intravascular dye, cyan). (E) The number
of emboli extravasated was calculated as per-
cent of total emboli imaged at day 0. Data
are means ± SEM (n = 3 mice per time point
and 199 total occlusion events). P values were
determined by one-way ANOVA with Tukey’s
multiple comparison test. (F) A polystyrene
microsphere was extravasated and moved
into the alveolar space where it was engulfed
by macrophages (green). The macrophages
maintained attachments to the alveolar walls
via pseudopod-like structures. (G) A large
(~50 mm) embolus (red) had extravasated
outside the vessel (white asterisk) into the
alveolar space, 9 days after embolization.
(H) A fibrin clot (red) extravasated from a
peritubular microvessel (asterisk) and em-
bedded in the tubular epithelium (blue auto-
fluorescence), close to the tubular lumen (T),
20 days after embolization. (I) Percentage of
fibrin clots that had extravasated from mi-
crovessels near renal tubules (black bars) at
various time points after embolization, and
percentage of fibrin clots that had extrava-
sated by 7 days after embolization from mi-
crovessels in the renal capsule and pelvis
(white bar). Data are means ± SEM (n = 3mice
per time point and 100 total occlusion events).
P values were determined by one-way ANOVA
with Tukey’s multiple comparison test. (J and
K) Seven days after embolization, a fibrin
clot was extravasated from a renal micro-
vessel and appears to be in the process of
crossing into the tubular lumen (T) from
the adjacent epithelium (F-actin labeled with
phalloidin green) (J). The vessels around the
embolus are patent by day 7, as evidenced
by the intravascular dye (cyan, K).
nceTranslationalMedicine.org 5 March 2014 Vol 6 Issue 226 226ra31 7
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occluding emboli variedmarkedly in the brain and the lungs. In the brain,
only 8% of the emboli were surrounded by intravascular monocytes/
macrophages byday3 (Fig. 7,A andB). In contrast, in pulmonary vessels,
nearly 95% of the emboli were surrounded by intravascularmacrophages
as early as 1 day after embolization (Fig. 7C), and these macrophages
appeared to be engulfing them over the subsequent 6 days (Fig. 7, D
andE).However, beyond 6 days, there was amarked decline in the num-
ber ofmacrophages surrounding the remaining pulmonary intravascular
emboli (Fig. 7, C and F). This reduction in macrophages coincided tem-
porally with the acceleration in the rate of angiophagy (Fig. 6E). Because
of this inverse relationship, we hypothesize that intravascular macrophages
engulfandattempt todegrade theoccludingemboliwithinthevesselbut, in the
process,may inhibit the endothelial plasticity associated with angiophagy.

Microvascular recanalization is observed in the mouse and
human retina
Vessels in the retina are frequent sites of occlusions owing to sponta-
neous emboli dislodgment from atherosclerotic and calcific plaques in
www.ScienceTranslationalMedicine.org
arteries and heart valves (20), or as a re-
sult of iatrogenic dislodgment during car-
diovascular invasive procedures (21). Retinal
emboli can cause ischemia and impair
tissue functioning, frequently resulting in
loss of vision (5). We investigated mech-
anisms of recanalization in mouse retinal
vessels by introducing fluorescent emboli
through the internal carotid artery and
performing high-resolution confocal mi-
croscopy of retinal explants. Microvessels
in the mouse retina underwent an identi-
cal cellular process of endothelial engulfment
and embolus extravasation as observed
in other organs (fig. S5).

We further explored the possibility of
angiophagy in human retinal vessels. We
searched for incidences of microvascular
occlusions via a retrospective review of
fundus photographs with fluorescein
angiographies from patients with retinal
artery occlusions from the Yale Eye Cen-
ter from 2002 to 2013. From the 193 cases
selected for the study, 9 patients with se-
rial images with evidence of retinal arterial
emboli were identified. Careful examina-
tion of images collected at multiple time
points in each of these nine cases revealed
two patients with microvascular emboli
that were visible at consecutive time points.
In both cases, subsequent imaging 3, 32,
or 52 weeks after the first series of imag-
ing (conducted 1 day after symptom onset)
demonstrated emboli in the perivascular
space adjacent to previously occluded
microvessels (Fig. 8, A to E). These mi-
crovessels were recanalized, as demon-
strated by fluorescein angiograms (Fig. 8,
B to E). In patient 2, we observed the ap-
parent resolution of an adjacent area of
ischemia, evidenced by the disappearance of a patch of retinal dis-
coloration (Fig. 8, D and E). The occluding embolus had migrated dis-
tally from its initial position before it was extravasated (Fig. 8, D and E).
Therefore, embolus migration as well as its subsequent extravasation
could have contributed to the resolution of tissue ischemia.
DISCUSSION

Here, we characterized angiophagy in multiple organs using in vivo
imaging and histology, as well as human retinal photography. Our
study revealed several findings with potential clinical and therapeutic
relevance. First, we noted that, after microvascular embolization in
mice, there is rapid remodeling of the endothelium adjacent to the oc-
clusion, with lamellipodia projecting toward the embolus and engulfing
it within hours. This engulfment appears to be responsible for the me-
chanical retention of emboli within the vasculature against residual
hemodynamic forces beyond 3 to 6 hours after occlusion. Engulfment
Fig. 7. Recruitment of monocytes and macrophages to intravascular emboli. (A) Confocal imaging of
a fibrin clot (red)–occluded cerebral microvessel [labeled with platelet endothelial cell adhesion molecule

(PECAM), magenta] 3 days after embolization. CX3CR1-positive intravascular monocytes (arrows) sur-
rounded the embolus but did not engulf it. CX3CR1-positive parenchymal microglia adjacent to the clot-
occluded vessel (arrowhead) had ramified, nonactivated morphologies. (B) Percentage of occluding emboli
in cerebral microvessels that were surrounded by CX3CR1-positive intravascular monocytes/macrophages
at various time points after embolization (n = 3 mice per time point and 53 total occlusion events). (C)
Percentage of occluding emboli in pulmonary vessels that were surrounded by CX3CR1-positive intra-
vascular monocytes/macrophages at various time points after embolization (n = 3 mice and 74 emboli
per time point). Data in (B) and (C) are means ± SEM. P values were determined by one-way ANOVA with
Tukey’s multiple comparison test. (D and E) Confocal imaging of pulmonary microvessels at days 3 (D) and
6 (E) after embolization shows CX3CR1-positive intravascular macrophages (green) engulfing fibrin emboli
(red). (F) Most remaining fibrin emboli (red) at day 11 are not surrounded by macrophages (green), as seen
in this confocal image.
5 March 2014 Vol 6 Issue 226 226ra31 8
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may also insulate the emboli from plasma tPA, further reducing the ef-
ficiency of fibrinolysis and embolus washout. The 3- to 6-hour window
of successful embolus washout in mice is similar to the time window for
www.Scie
a favorable clinical response to tPA administration in patients with
stroke and myocardial infarction (22, 23). This raises the intriguing
possibility that clinical thrombolysis failure beyond 6 hours and the
Fig. 8. Recanalization of retinal microvasculature in humans. (A) Color
fundus photograph of patient 1, taken at the time of symptom onset,

70- to 90-mm retinal microvessel (black arrow) in which downstream blood
flow was blocked by a cholesterol embolus, likely resulting in retinal ische-
shows a cholesterol crystal (in yellow) that appeared to be occluding a ret-
inal arteriole (no angiography was available to confirm total occlusion). (B)
Color fundus photograph and fluorescein angiography of patient 1, taken
3 weeks after symptom onset, show the cholesterol clot and the potential
recanalization of the retinal arteriole (black arrow). (C) Color fundus photo-
graph and fluorescein angiography of patient 1, taken 1 year after initial
symptom onset, show the patent retinal arteriole (black arrow) with the
cholesterol embolus persisting in the adjacent perivascular space. (D) Color
fundus photograph from patient 2, at day 1 after symptom onset, reveals a
mia (green asterisk). Fluorescein angiography shows the occluded micro-
vessel (black arrow) with an unperfused segment downstream to the site
of occlusion. (E) Eight months after initial imaging of the retinal arteriole
occlusion in (D), repeat color fundus photography shows that the embolus
had moved downstream (blue arrow), but also had been translocated into
the perivascular space, as seen clearly in the magnified images (below). The
previously occluded vessel was recanalized and patent (black arrow), and
the previously observed ischemia in the adjacent tissue was resolved
(white asterisk).
nceTranslationalMedicine.org 5 March 2014 Vol 6 Issue 226 226ra31 9
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no-reflow phenomenon—wherein blood flow to ischemic tissues re-
mains impeded despite resolution of the vascular occlusion (2)—may
be partly mediated by downstream microvascular occlusions that fail
to recanalize owing to endothelial clot engulfment.

After the initial envelopment by lamellipodia, emboli were progres-
sively translocated into the perivascular space, leading to blood flow
reestablishment and long-term vessel sparing. Although recanalization
by angiophagy is limited to relatively small vessels (<80 mm), these
constitute the majority of vessels in most organs, including the heart,
brain, and lungs. Furthermore, although the time course of angiophagy
is on the order of days, it likely plays an important role in maintaining
vessel patency and limiting ischemia, given that cell death continues
to occur over weeks after microvascular occlusions, especially in the
ischemic penumbral regions (24).

Another important finding in our study is that angiophagy is a
ubiquitous mechanism present in all organs we tested: brain, retina,
heart, lungs, and kidneys. In the brain, extravasated fibrin clots were
initially engulfed by adjacent pericytes, where they underwent partial
degradation, and were later transported across the vessel wall into the
parenchyma, where they were phagocytosed and degraded by microglia.
In the lungs and kidneys, extravasated emboli were translocated across
the adjacent epithelia into the alveolar space and renal tubules, from
where they were eliminated. Thus, angiophagy may constitute a pre-
viously unknown mechanism for permanent removal of circulating
debris from the body via lung alveolar macrophages and the muco-
ciliary stream (25), as well as the urinary system.

In the lungs, we found angiophagy to have several unique features.
Emboli extravasation was delayed by several days compared to other
organs, but eventually accelerated 6 days after embolization, leading to
extravasation of most emboli (80%). Although the precise reasons for
this delay are unknown, one potential explanation relates to the spe-
cialized functions of the microvascular branches of the pulmonary ar-
tery. Instead of carrying oxygen to a particular tissue territory, these
branches carry deoxygenated blood near the alveolar surface for gas
exchange. Although occlusions in these vessels can cause morbidity,
they do not cause substantial focal tissue hypoxia. Given that hypoxia
induces hypoxia-inducible factor 1a and vascular endothelial growth
factor signaling pathways that are critical for endothelial remodeling
(26), the lack of endothelial hypoxia in lung microvascular emboliza-
tions may explain the delay in emboli extravasation. In addition, in
stark contrast to microemboli in other organs, we found emboli in
the lungs to be quickly engulfed by macrophages within the vascula-
ture. These cells may be attempting to degrade emboli within the ves-
sel lumens but, in that process, may inhibit the endothelial engulfment
process. These intriguing findings raise the possibility that immuno-
modulatory drugs that affect macrophage function, such as corticosteroids,
nonsteroidal anti-inflammatories, peroxisome proliferator–activated
receptor g agonists, and others, could have an effect on the rates of
emboli retention and extravasation in the lung. Preclinical studies
could directly test the effects of such therapeutics.

We explored the possibility of angiophagy in human retinal vessels
to determine whether this process is evolutionarily conserved and,
toward translation, whether this process might be a therapeutic target.
Given its accessibility for imaging and the frequent occurrence of
symptomatic embolic occlusions in its microvessels, the retina would
be one of the few places where detection of angiophagy in vivo might
be possible. Retina photography and angiography of human patients
revealed that emboli can be extruded out of occluded microvessels.
www.Scien
Given their reflective nature, we predict that these emboli are cholesterol
crystals because neither fibrin nor blood clots are reflective and thus are
unlikely to be visualized by retina photography. In support of our hy-
pothesis, cholesterol crystals from the aorta and the carotid arteries are
widely recognized as the most common cause of retina embolization.

Our experimental mouse data demonstrate unambiguously that
various organs undergo a phenomenon of microvascular plasticity
and embolus extravasation as seen in the brain. However, one caveat
of our study is that in most organs, we were unable to obtain time-
lapse in vivo images and thus cannot demonstrate definitively the
recanalization and flow restoration of individual vessels as a result
of the extravasation process, like in the brain. We also acknowledge that
the human retinal images have limitations in spatial and temporal res-
olution, raising the question of whether an extravasated embolus has
completely crossed the microvascular wall, and whether the time course
is similar to that in mice. Furthermore, retina photography likely un-
derestimates the frequency of extravasation of emboli, such as those
composed of fibrin, because only highly reflective and nondegradable
materials like cholesterol crystals can persist over time to be visualized
and identified in the adjacent perivascular space. Although these im-
ages cannot unambiguously prove that angiophagy occurs in humans,
they do provide preliminary evidence suggesting that this microvas-
cular mechanism may be conserved and could thus have potential clin-
ical and therapeutic relevance. Future studies of retinal embolism using
optical coherence tomography, adaptive optics, and confocal ophthal-
moscopy may provide additional information about the time course
and mechanisms of microvascular recanalization in humans. Finally,
although we show that emboli can cross into the alveolar and renal
tubular spaces, allowing us to speculate that these may be potential
routes for permanent removal of circulating debris, we did not directly
address the pathophysiological importance of such mechanisms,
which remains to be determined in future studies.

Towards translation of our findings into the clinic, we believe that
the earlier stages of angiophagy are likely to require therapies aimed at
inhibiting the formation of the endothelial envelope around clots to
increase washout after microembolisms. For example, drugs that tar-
get the actin cytoskeleton or microtubules could be tested for their
potential to disrupt the growth of endothelial lamellipodia before they
engulf emboli. Such approach could improve the access of adjuvant
fibrinolytic agents to emboli lodged in microvessels after stroke or
myocardial infarction, leading to reductions in the no-reflow phenom-
enon (2). Once the time window for early washout has passed and
emboli are completely engulfed, it is likely that another cellular ther-
apeutic target will be required to enhance the opening of the endothe-
lial barrier and promote emboli extrusion. Although we do not fully
understand the mechanisms through which emboli cross the endothelial
barrier, matrix metalloproteinase 2/9 (MMP2/9) inhibitors have pre-
viously been shown to inhibit angiophagy (14, 15). Therefore, one
potential approach to increase embolus extrusion could be to promote
MMP2/9 activity at the site of microvascular occlusion.

Further improvement in our understanding of the cellular mech-
anisms underlying angiophagy may lead to the design of therapies
that treat thromboemboli in a variety of organs, as well as iatrogenic
microembolic complications from cardiovascular interventions. In-
hibition of extravasation through angiophagy could also be relevant
in improving intravascular retention of microspheres commonly used
for therapeutic embolization procedures in a variety of medical con-
ditions (27).
ceTranslationalMedicine.org 5 March 2014 Vol 6 Issue 226 226ra31 10
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MATERIALS AND METHODS

Study design
The aim of our study was to characterize the early features and the
precise time course of angiophagy, as well as to explore the potential
occurrence of this embolus clearing mechanism in microvessels out-
side the brain and in humans. We studied embolus washout, early en-
velope formation, and angiophagy by two-photon live imaging of the
cerebral microvasculature in Tie2-GFP mice. Angiophagy in the heart
and retina was analyzed using cardiac and retinal fixed tissue from
Tie2-GFP mice. Immunohistochemistry for tPA and electron micros-
copy were performed on brain tissue from wild-type mice. Studies on
angiophagy in the lung and kidney were performed on tissue from
wild-type mice. The roles of monocytes and intravascular macro-
phages in angiophagy were investigated in CX3CR1-GFPmice. Sample
sizes were decided on the basis of our previous studies (14) and ranged
from 3 to 52 mice, with up to 309 occlusive events imaged per exper-
iment. Specific parameters for each experiment are provided in the
text. Quantifications of retained emboli, tPA levels, and extravasation
rates were analyzed with high-resolution confocal microscopy. Quan-
tifications of early emboli engulfment were performed with two-photon
live imaging. The transmission electron micrographs in Fig. 2 were ob-
tained from the collection at the open connectome project (http://www.
openconnectomeproject.org) with permission (D. Bock and C. Reid)
(28). Color fundus photographs and fluorescence angiographs from
human patients with retinal emboli were collected at Yale Eye Center.

Experimental animals
Tg(TIE2GFP)287Sato/J (stock number 003658), FVB-Tg(Cspg4-cre)
1AKik (Jackson Laboratory #008533), B6.129(Cg)-Gt(ROSA)
26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (Jackson Laboratory #007676),
B6.129P-CX3CR1tm1Litt/J (Jackson Laboratory #005582), and CD1 mice
(Charles River) ages 4 to 8 weeks were used for all experiments. All ex-
periments were in compliance with guidelines from the Yale and North-
western University Institutional Animal Care and Use Committee.

Embolization procedures
Fluorescent emboli were generated as described in Supplementary
Methods. Mice were anesthetized with an intraperitoneal injection
of ketamine/xylazine (100 mg of ketamine/10 mg of xylazine per kilo-
gram of body weight). A midline ventral incision in the neck was made,
and the common, external, and internal carotid arteries were freed
from the connective tissue and ligated with sutures. A small incision
was made in the common carotid artery, and a custom-made catheter,
preloaded with the fluorescently labeled emboli suspension, was in-
serted into common carotid artery. The cholesterol or fibrin emboli
solution (150 ml, ~80 embolic particles per microliter) was injected
gradually over a period of 1 to 2 min. For embolization of cerebral
and retinal circulations, the catheter was advanced from the common
carotid into the internal carotid artery, followed by injection of the
emboli suspension. For embolization of the coronary and renal circu-
lations, the catheter was inserted into the common carotid artery and
advanced in a retrograde manner to enter the heart, followed by the
injection of the emboli suspension into the left ventricle. After the in-
jection of the emboli suspension, the catheter was removed and the
common carotid was sealed with cyanoacrylate glue. Sutures ligating
the common, internal, and external carotid arteries were removed, and
normal blood flow was restored. The lungs were embolized by tail vein
www.Scien
injections. tPA (Activase, 1 mg/kg, Genentech) was administered in-
travenously 3 and 6 hours after embolization.

Human retina photography and angiography
Yale University Human Investigation Committee approved the study.
We retrospectively reviewed all fundus photographs and fluorescein
angiographies from patients with retinal artery occlusion (n = 193)
from Yale Eye Center from 2002 to 2013. Nine of these patients who
had retinal arterial emboli were selected for this study. Human retina
photography and fluorescein angiography were performed with Topcon
fundus camera. For fundus photography, 35° and 50° photos were
taken. For fluorescein angiography, fluorescein sodium was injected
intravenously followed by imaging of fundus starting at 5 s after
injection of fluorescein and continued for 10 min.

Statistical analyses
Statistical analyses were performed with GraphPad version 6. Com-
parisons between two time points were conducted with the unpaired
t test. Comparisons of more than two time points were conducted
with one-way ANOVA with Tukey’s multiple comparison test. Veri-
fication of statistical analysis was performed with repeated-measures
ANOVA with significance level a of 0.05 (95% confidence intervals).
All data are means ± SEM. P < 0.05 was considered to be significant.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/226/226ra31/DC1
Methods
Fig. S1. Fibrin emboli in the brain are degraded over time.
Fig. S2. Fibrin emboli are degraded in pulmonary alveoli.
Fig. S3. A large microsphere extravasated out from a pulmonary vessel.
Fig. S4. Extravasation of a microsphere from the renal pelvis microvasculature.
Fig. S5. Recanalization of retinal microvasculature in mice.
Movie S1. Endothelial cellular envelop surrounding a fibrin clot in a brain microvessel.
Movie S2. Endothelial cellular envelop surrounding a fibrin clot in a coronary microvessel.
Movie S3. Long endothelial filopodia are present at baseline in unoccluded microvessels.
Movie S4. Short endothelial filopodia are present at baseline in unoccluded microvessels.
Movie S5. Fibrin embolus extravasated out from a large pulmonary microvessel.
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Microvessels Through Embolus Extravasation
Angiophagy Prevents Early Embolus Washout But Recanalizes

 
Editor's Summary

 
 
 

procedures, aging, and disease.
vivo in mice could help develop new anti-embolic drugs that could prevent widespread complications from medical 
the early effectiveness of washout by other mechanisms. Nevertheless, knowing the time course of angiophagy in
limit access of exogenous clot-busting drugs and endogenous fibrin-degrading enzymes to the emboli, thus reducing 

apparently−−while trying to engulf the clot for removal−−One limitation of angiophagy is that endothelial lamellipodia
 Live imaging over time in several organ systems has shed light on the dynamics of this clot-clearing process.

across the vessel wall.
microvascular emboli in the perivascular spaces, just outside the blood vessels, suggesting migration of the clot 

 were able to seeet al.recanalization. Looking retrospectively at images of human retinal vessels, Grutzendler 
mouse kidney, eye, and lung microvasculature, suggesting that this is a general means of extravasation and 
formation, with most clots being removed by day 4. Angiophagy also appeared to play a role in clot clearance from the
in the vessel. The authors called this process ''angiophagy'' and noted that it occurred as early as 1 day after clot 
microvasculature of the heart and the brain, causing them to exit the blood vessel entirely and allowing flow to resume
of mice to watch clot dynamics. They saw that endothelial cells were able to engulf these emboli in the 

 then peered into the blood vesselset al.in the vasculature). Using sophisticated live-imaging techniques, Grutzendler 
Mice were given fibrin or cholesterol clots by a syringe to mimic the embolization process (where clots build up

remove clots from the vasculature.
possible clearance mechanism called angiophagy, where endothelial cells, which line the blood vessels, can actively 
mechanically (hemodynamic forces) or biochemically (fibrinolysis). Now, Grutzendler and colleagues describe another
crystals or fragments of atherosclerotic plaques. Much like a bathroom drain, these clogged ''pipes'' can be cleared 

Vessels in the body can be obstructed by tiny emboli, which are usually blood clots, but can also be cholesterol
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