
Recovery of Hypoxic Regions i
n a Rat Model of Microembolism
Theodosia Georgakopoulou, M.Sc,
1 Anne-Eva van der Wijk, Ph.D,

1

Erik N.T.P. Bakker, Ph.D, and Ed vanBavel, Ph.D, on behalf of the INSIST
investigators
From the Amsterdam U
Engineering and Physi
Amsterdam, the Netherla
Received January 11,

accepted March 2, 2021.
Corresponding author.
1Both authors shared fir
1052-3057/$ - see front
© 2021 The Authors. P

access article under the C
(http://creativecommons
https://doi.org/10.101

Journal of Stroke and Cer
Objectives: Endovascular treatment (EVT) has become the standard of care for acute
ischemic stroke. Despite successful recanalization, a limited subset of patients benefits
from the new treatment. Human MRI studies have shown that during removal of the
thrombus, a shower of microclots is released from the initial thrombus, possibly caus-
ing new ischemic lesions. The aim of the current study is to quantify tissue damage fol-
lowing microembolism. Materials and methods: In a rat model, microembolism was
generated by injection of a mixture of polystyrene fluorescent microspheres (15, 25 and
50mm in diameter). The animals were killed at three time-points: day 1, 3 or 7. AMIRA
and IMARIS software was used for 3D reconstruction of brain structure and damage,
respectively. Conclusions: Microembolism induces ischemia, hypoxia and infarction.
Infarcted areas persist, but hypoxic regions recover over time suggesting that repair
processes in the brain rescue the regions at risk.
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Introduction

Acute ischemic stroke accounts for about 80% of stroke
cases.1 The introduction of endovascular treatment (EVT),
where a thrombus is removed by means of a retrieval
device, has led to a breakthrough for the therapy of acute
ischemic stroke.2 However, although in the large majority
of cases successful recanalization of the occluded vessel is
attained3,4, only one third of patients is left with a good
clinical outcome, defined as modified Rankin Scale from 0
to 2 at 90 days follow-up.5

This discrepancy between successful recanalization and
poor clinical outcome has been attributed to, among
others, poor collateral status6, hyperglycemia and site of
occlusion.4 Less attention is given to the release of emboli
from the initial clot. There is evidence from human MRI
studies that during and following removal of a thrombus,
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a shower of microclots releases from the initial thrombus
and spreads in the arterial bed distal to the thrombus, pos-
sibly causing new ischemic lesions.7,8 Based on in vitro
simulations of EVT, hundreds of thousands of microem-
boli ranging in size from 10 mm to 1 mm were reported to
be released into the cerebral circulation.9 Although new
generation devices generate less microthrombi9, the num-
ber is still substantial and may be related to poor clinical
outcome. While release of mm-size thrombi should clearly
be avoided, less is known on the effect of small but very
numerous micro-thrombi. Such effects are relevant for
future device design.
Several studies have evaluated tissue damage and neu-

rological deficits caused by microembolism. It was shown
that the number of microemboli determines brain tissue
damage and neurological deficit10,11, and that the size of
the particle determines the different injury patterns of
cerebral infarction.12,13 However, there is a lack of quanti-
tative data regarding the course of brain damage in terms
of ischemia, hypoxia and infarction as well as three-
dimensional representations of tissue damage. This is
needed to increase our understanding of stroke and
improve EVT treatment.
The aim of the present study is to quantify tissue ische-

mia, hypoxia and infarction over time in a rat model of
microembolism. We therefore injected a mixture of micro-
spheres via the left common carotid artery and killed the
animals at day (D) 1, 3 or 7. We hypothesize that
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microembolism relevant for EVT, ranging in size from
15�50 mm, is sufficient to cause brain damage. We found
that microembolism induces ischemia, hypoxia and
infarction, yet hypoxic regions became significantly less
pronounced over time, indicating that the brain has the
capacity to recover from hypoxic injury.
Methods

Microembolism surgery

Female and male Wistar rats (16 to 20 weeks old,
Charles River) were used. Microembolism was generated
by injecting a mixture of polystyrene fluorescent micro-
spheres (25,000 of 15 mm, 5500 of 25 mm and 625 of 50
mm diameter). All experiments were performed under the
approval of the local committee on the Ethics of Animal
Experiments of the University of Amsterdam, University
Medical Center (permit number: DMF321AA) and accord-
ing to the ARRIVE guidelines and European Union guide-
lines for the care laboratory animals (Directive 2010/63/
EU). The rats were housed in pairs in standard plastic
cages with ad libitum food and water and a 12h:12h light-
dark cycle. Microembolism surgeries were performed
under anesthesia (isoflurane mixed with 100% O2). Anes-
thesia was induced at 4% isoflurane (Isoflutek 1000 mg/g;
Laboratorios Karizoo SA, Barcelona, Spain) in 1 L/min
O2, hair was removed from the neck caudal to the mandi-
bles and buprenorphine (TemgesicTM, 0.05 mg/kg, Scher-
ing-Plough, Welwyn Garden City, Hertfordshire, UK)
was injected s.c. 30 min pre-surgery as analgesic. After
placing the rat in a supine position on a heating pad, anes-
thesia was maintained (at 2-2.5% isoflurane in 1 L/min
O2) and body temperature was kept at 37.0§0.5 °C. Iodide
was used to disinfect the skin and a ventral midline inci-
sion was made in the neck. The left common carotid
artery, external carotid artery, and internal carotid artery
were exposed. The external carotid artery and occipital
artery were temporarily ligated with a 6.0 surgical suture.
A mixture of fluorescent microspheres (DiagPolyTM Plain
Fluorescent Polystyrene Particles, DFO-L011, DFO-L013,
DFO-L016, l Excitation 530 nm, l Emission 582 nm, Crea-
tive Diagnostics�, Shirley, NY) was administered via the
left common carotid artery using a 29 G insulin needle
over a period of 30 s (15 ,25 and 50 mm microspheres,
resuspended in a sterile 2% bovine serum albumin solu-
tion of phosphate buffered saline (PBS), in a total volume
of 200 ml). The selected range of injected microspheres
was based on the distribution of microemboli after in vitro
EVT9, but was limited only to sizes <50 mm to avoid
whole brain infarct volumes. Microspheres ended up in
the left hemisphere, leaving the contralateral side to serve
as a control. Following removal of the needle, pressure
was applied to the injection site to stop the bleeding.
Finally, interrupted sutures (size 4�0) were made to close
the wound and rats were allowed to recover on a heating
pad before being placed back into their cages. Rats were
randomly assigned to the three groups of D 1, 3 and 7.

Tissue preparation

Animals were killed on D1 (n=6; 3 female, 3 male), 3
(n=6; 2 female, 4 male) or 7 (n=7; 4 female, 3 male) post-
surgery. For the detection of hypoxia, 60 mg/kg pimoni-
dazole hydrochloride (HypoxyprobeTM Pacific Blue Kit,
HP15-x, Burlington, MA) was injected i.p. 90 min prior to
euthanasia. To label the vasculature, DyLight 594 labeled
tomato lectin (1 mg/kg; Vector Laboratories Cat# DL-
1177) was administered via the tail vein and allowed to
circulate for 5 min. Following injection of 100 ml heparin
i.p. to avoid formation of blood clots, transcardial perfu-
sion was done with heparinized PBS followed by tissue
fixation with 4% paraformaldehyde at 80 mmHg. All
aforementioned steps were performed while under anes-
thesia. Brains were then harvested for further processing.

Immunofluorescence staining

For immunofluorescent staining, brain sections (50 mm
thick) were washed in PBS and incubated in blocking buffer
(10% (v/v) normal goat serum (vector labs), 2 (v/v) Tri-
tonX-100 and 0.2% NaN3 in PBS) for 1 h at room tempera-
ture. Next, brain sections were incubated overnight at room
temperature with primary antibody mouse anti-NeuN
(1:200; Millipore Cat# MAB377). After washing, secondary
antibodies goat anti-mouse Cy5 (1꞉1000; Thermo Fisher
Scientific Cat# A10524) and mouse anti-pimonidazole
(1:500; HypoxyprobeTM Pacific Blue Kit, HP15-x) were
added and brain sections were incubated for 2 h (for each
antibody separately to avoid cross-reaction) at room temper-
ature. All antibodies were incubated in blocking buffer.
After washing, brain sections were sealed with fluorescence
mounting medium (DAKO North America Inc., s3023). All
staining procedures were performed under gentle agitation.

Confocal imaging and 3D analysis workflow

For each animal, ten consecutive coronal sections (50 mm
thick) without cutting damage or major artefacts were
selected within a distance between 1 and 5.5 mm from the
bregma. The thickness of the sections and their distance
from the bregma was chosen to facilitate 3D reconstruc-
tion.14 Tilescan images of whole brain sections and z-stack
tilescan images of the intervention hemisphere were
acquired using a confocal laser scanning microscope SP8
(Leica Microsystems, Wetzlar, Germany) with a 10x objec-
tive. The z-stacks (5 mm steps) of each 50 mm section were
then converted to maximum intensity projection images
using Image J (Rasband, W.S., ImageJ, U. S. National Insti-
tutes of Health, Bethesda, Maryland, USA). This conversion
was needed to facilitate the alignment of the sections, using
AMIRA software (Visage Imaging, Inc., San Diego, CA,
USA) as described by De Bakker et al, 2016.15 Each aligned
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maximum intensity projection section was inserted in IMA-
RIS 9.3 software (Bitplane Inc., St. Paul, MN, USA) as an
image of 50 mm thickness. As a result, a 500 mm thick brain
volume was reconstructed per animal and further analyzed
in IMARIS 9.3 software.
Lectin was injected intravenously to stain the endothelial

luminal surface and the absence of lectin was used as a
marker of ischemia. Pimonidazole hydrochloride (Hypo-
xyprobeTM) binds to cells that have a partial oxygen pressure
of �10 mmHg and was used as a marker of hypoxia. Anti-
NeuN antibody binds to healthy neurons, and therefore
absence of NeuN staining was used as amarker of infarction.
For the hypoxic volume segmentation, the same batch of set-
tings was applied to all brain volumes using the surface crea-
tion wizard of IMARIS 9.3. The ischemic and infarction
volumes were segmented manually. The microspheres were
automatically segmented using the spot creation wizard.
Measurements of ischemic, hypoxic and infarcted volumes
were performed in a randomized and blinded fashion
regarding the day of sacrifice. The data are available from
the corresponding author upon reasonable request.
Statistics

Normality of the data was tested by Shapiro-Wilk test.
Normally distributed data are depicted as mean § standard
deviation and not normally distributed data as median and
interquartile range. Differences between groups (D1, 3 and 7)
were determined using analysis of variance followed by
Tukey’s test for multiple comparisons or Kruskal-Wallis
Fig. 1. Multiple lesions following microembolism. (A) Multiple ischemic (absence
(white arrows, absence of NeuN; green) in the intervention hemisphere as compare
Example of a microsphere (white) causing ischemia (absence of lectin; red), hypoxia
hypoxia and infarction at D3 and causing infarction at D7. Control side showed no
color in this figure legend, the reader is referred to the web version of this article.).
followed by Dunn’s test for multiple comparisons. Differen-
ces were considered statistically significant when P � 0.05.
Statistical analyses and graphing were performed using
GraphPad Prism 6 software (GraphPad Software, La Jolla,
CA) and IMARIS 9.3.
Results

Microembolism causes ischemic, hypoxic and infarcted
regions in the brain

Microembolism caused multiple focal lesions spread
throughout the whole brain volume. Typical examples of
individual coronal brain sections at different time-points are
shown in Fig. 1A (white arrows indicate lesion locations). The
lesions were characterized by ischemia (absence of lectin),
hypoxia (hypoxyprobe) and infarction (absence of NeuN)
(Supplementary Material Video 1) and were present at D1
(Fig. 1B top), D3 (Fig. 1B middle) and D7 (Fig. 1B bottom). In
all cases, microspheres were confined to the intervention side,
and no signs of tissue damage were found on the control side
(Fig. 1B). In addition to the microscopic findings, macroscopic
perivascular and point-like hemorrhages were regularly
observed at all time-points when harvesting the brain (Sup-
plementary Fig. 1).
Little but persistent neuronal damage 7 days following
microembolism

To quantitatively assess tissue infarction, we recon-
structed 500 mm thick brain volumes and quantified the
of lectin; red), hypoxic (HP; hypoxyprobe; magenta) and infarcted regions
d to the intact control hemisphere at D1, 3 and 7. Scale bar = 1500 mm. (B)
(magenta) and infarction (absence of NeuN; green) at D1, causing ischemia,
signs of damage. Scale bar = 100 mm (For interpretation of the references to



Fig. 2. Infarcted areas persist over time. (A) Representative reconstructed brain volumes of the intervention hemisphere (blue) with segmented infarcted regions
(green) and lodged microspheres (red) at D1, 3 and 7. Scale bar = 500 mm. (B) Quantification of the number of infarcted regions per mm3 (left graph) and of the
percentage of hemisphere being infarcted (right graph) at D1, 3 and 7.N = 6,7 animals per time-point. Data are depicted as mean § standard deviation. Analysis
of variance with Tukey’s multiple comparison test (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.).
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number and volumes of the infarcted regions (absence of
NeuN). Tissue infarction was present at all three time-
points (Fig. 2A). The number of infarcted regions as well
as the total infarcted volume did not significantly change
over time (Fig. 2B, left graph; P=0.1599, right graph;
P=0.1492 not significant Analysis of variance). In brief, fol-
lowing microembolism a small fraction of the brain (<1%)
became infarcted and this neuronal damage persisted.
Local cerebral ischemia and hypoxia recover within 7 days
following microembolism

Next to infarction, we detected ischemic (absence of lectin)
and hypoxic (hypoxyprobe) regions which were present at
all three time-points (Fig. 3A,C; Supplementary Material
Video 2). The number and total volume of ischemic and
hypoxic regions significantly reduced over time (Fig. 3B, left
graph; D1 vs D3: P=0.0548, D1 vs D7: P=0.0132, D3 vs D7:
P>0.9999, right graph; D1 vs D3: P=0.1344, D1 vs D7:
P=0.0245, D3 vs D7: P>0.9999, Dunn’s multiple comparison
test after significant Kruskal-Wallis and Fig. 3D, left graph;
D1 vs D3: P=0.0071, D1 vs D7: P<0.0003, D3 vs D7:
P=0.3443, right graph; D1 vs D3: P=0.0129, D1 vs D7:
P<0.0026, D3 vs D7: P=0.7983, Tukey’s multiple comparison
test after significant analysis of variance). Notably, ischemia
and hypoxia at D7 was virtually absent, suggesting success-
ful reperfusion and recovery of hypoxic tissue at risk.
Discussion

To our knowledge, this is the first study to comprehen-
sively map ischemia, hypoxia and infarction over time after
cerebral microembolism. We found that microspheres of
sizes relevant for EVT induced persistent neuronal damage,
which did not change in terms of number and size over
time. However, hypoxic and ischemic volumes had virtually
disappeared after 7 days. These data suggest recovery of
brain regions at risk within seven days.
In the majority of cases, EVT is preceded by thromboly-

sis with tissue plasminogen activator (rt-PA). However,
the effectiveness of these agents is limited to the first 4.5 h
after symptom onset16, while also considerable time elap-
ses during transport from local centers performing the
thrombolysis to specialized centers for EVT. rt-PA would
only be able to dissolve the microclots after recanalization
of the major thrombus. As a result, a substantial number
of microthrombi could remain in the microcirculation
without being lysed. In mice injected with fibrin-rich
microclots, almost half of the injected clots were found in
the blood vessels even after administration of tissue plas-
minogen activator.17

This raises the question whether it would be sensible to
perform thrombolysis also after the EVT. To our knowledge,
no randomized clinical trials included rt-PA administration
after EVT18,19, as can be appreciated because of the high risk
of symptomatic intracranial hemorrhage20, a common com-
plication of the drug. The only data on the use of thrombo-
lytic treatment after EVT come from case reports of patients



Fig. 3. Ischemia and hypoxia decline over time (A) Representative reconstructed brain volumes of the intervention hemisphere (blue) with segmented ischemic
regions (yellow) and lodged microspheres (red) at D1, 3 and 7. Scale bar = 500 mm. (B) Quantification of the number of ischemic regions per mm3 (left graph)
and of the percentage of hemisphere being ischemic (right graph) at D1, 3 and 7. N = 6,7 animals per time-point. Data are depicted as median and interquartile
range. *P<0.05, D1 vs D7, Kruskal-Wallis with Dunn’s multiple comparisons test. (C) Representative reconstructed brain volumes of the intervention hemi-
sphere (blue) with segmented hypoxic regions (grey) and lodged microspheres (red) at D1, 3 and 7. Scale bar = 500mm. (D) Quantification of the number of hyp-
oxic regions per mm3 (left graph) and of the percentage of hemisphere being hypoxic (right graph) at D1, 3 and 7. N = 6,7 animals per time-point. Data are
depicted as mean § standard deviation. **P<0.01, *P<0.05, D1 vs D3 and D1 vs D7. Analysis of variance with Tukey’s multiple comparison test (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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with recurrent stroke within 90 days from their prior
event.21,22 Despite the contraindication of using rt-PA in this
subset of patients, a small systematic review23 concluded
that repeated rt-PA administration may not be as
harmful as initially thought. Due to the limited data it
is hard to determine whether such treatment will be
beneficial for patients. In addition, clots are very het-
erogeneous and can be rich in fibrin, but also in red
blood cells, white blood cells and platelets24 which
may impair their susceptibility to thrombolysis.25

Moreover, since microthrombi cannot be visualized
with the current clinical imaging modalities, their fate
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after such adjunctive therapy would remain unknown,
and only functional outcome could be assessed. Fol-
lowing successful thrombus removal, rt-PA might have
a higher likelihood of reaching the distal micro-
thrombi, but there seem few arguments for performing
clinical trials on this prior to more extensive transla-
tional research.
Next to thrombolysis, angiophagy is a complementary

mechanism of the brain for vascular recanalization, where
the embolus is enveloped by endothelial membrane pro-
jections and subsequently extravasated to the brain paren-
chyma.26,27 In the present study, the reduction in number
and size of ischemic volumes over time indicates success-
ful local reperfusion. The mechanisms of local flow recov-
ery were addressed in another study from our group,
where we showed that at D7 almost half of the lodged
microspheres are extravasated.28 Based on these findings,
the successful local reperfusion found in the current study
may relate to angiophagy.
The microembolism model we developed can be used

to quantify transient and persistent effects of microemboli
on the brain tissue, following EVT. The selection of micro-
spheres instead of fibrin clots was made for two reasons.
Firstly, microspheres are not biodegradable and not sus-
ceptible to thrombolysis, covering a broad spectrum of
persistent occluding materials. Secondly, the size, shape
and number of microspheres can be controlled, making it
possible to occlude the desired vascular level.
A limitation of this study is that we did not test the effect

of individual sizes of microspheres. Lam et al. observed tran-
sient hypoxia but no infarctions for 10 or 15 mm micro-
spheres in mice.26 It remains to be established whether the
current infarctions are caused by the combination of differ-
ent sizes or rather just the 25 and 50mmmicrospheres. Also,
future work needs to address the spatial relationship
between embolus and brain damage, as well as the coopera-
tive effects of multiple microspheres of varying size.
Here, we did not combine microembolism with a

large vessel occlusion. We intentionally chose this
approach in order to isolate the local consequences of
microemboli. We expect that the local effects due to
obstructed arterioles and capillaries will be analogous
for rat and human, since the capillaries have the same
diameter and arteriolar density is comparable for these
species.29,30 For the same reason we selected this partic-
ular range of microsphere sizes between 15 and 50 mm,
although the emboli released after in vitro EVT also
include larger sizes.9 It remains to be established how
representative these data are for penumbral and healthy
areas in stroke. A rat study found that unilateral proxi-
mal carotid occlusion is insufficient to cause stroke but
strongly increases lesion sizes caused by 50 micron
microspheres31, suggesting mutual influence of local
and global occlusions on cerebral injury.
In conclusion, our study demonstrated that micro-

spheres with sizes resembling microthrombi in EVT
induce irreversible micro-infarcts as well as areas of
ischemia and hypoxia that recover within 7 days.
These effects are relevant in major strokes for tissue
damage progression, in areas of the target downstream
territory with normal macroscopic perfusion, or in the
penumbra.
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