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Development of a carotid artery thrombolysis stroke model in mice
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» Development of a
mouse carotid artery
thrombolysis model
of stroke.

Recanalization with restored cerebral perfusion is the primary goal of thrombolytic
therapy in acute ischemic stroke. The identification of adjunctive therapies that can
be safely used to enhance thrombolysis in stroke remains an elusive goal. We report
here the development of a mouse in situ carotid artery thrombolysis (iCAT) stroke
model involving graded cerebral ischemia to induce unihemispheric infarction after

thrombotic occlusion of the common carotid artery (CCA). Electrolytic-induced

« iCAT enables
assessment of
adjunctive antithrom-
botic therapies on
arterial recanalization,
cerebral perfusion,
and stroke outcomes.

thrombotic occlusion of the left CCA enabled real-time assessment of recanalization and
rethrombosis events after thrombolysis with recombinant tissue-type plasminogen
activator (rtPA). Concurrent transient stenosis of the right CCA induced unihemispheric
hypoperfusion and infarction in the left middle cerebral artery territory. Real-time
assessment of thrombolysis revealed recanalization rates <30% in rtPA-treated animals
with high rates of rethrombosis. Addition of the direct thrombin inhibitor argatroban

increased recanalization rates to 50% and reduced rethrombosis. Paradoxically, this was
associated with increased cerebral ischemia and stroke-related mortality (25%-42%).
Serial analysis of carotid and cerebral blood flow showed that coadministration of

argatroban with rtPA resulted in a marked increase in carotid artery embolization,

leading to distal obstruction of the middle cerebral artery. Real-time imaging of carotid

thrombi revealed that adjunctive anticoagulation destabilized platelet-rich thrombi

at the vessel wall, leading to dislodgement of large platelet emboli. These studies

confirm the benefits of anticoagulants in enhancing thrombolysis and large artery

recanalization; however, at high levels of anticoagulation (~3-fold prolongation of
activated partial thromboplastin time), this effect is offset by increased incidence of
carotid artery embolization and distal middle cerebral artery occlusion. The iCAT
stroke model should provide important new insight into the effects of adjunctive
antithrombotic agents on real-time thrombus dynamics during thrombolysis and their

correlation with stroke outcomes.
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Introduction

Thrombolytic therapy with recombinant tissue-type plasminogen acti-
vator (rtPA) is the only approved pharmacologic approach to
achieve rapid vessel recanalization in acute ischemic stroke. rtPA-
mediated thrombolysis facilitates large artery recanalization and
improves clinical outcomes,"? although its efficacy is limited by a
time-constrained therapeutic window (itPA must be given within
4.5 hours of stroke symptom onset). Other limitations include incom-
plete recanalization in up to 50% of treated patients and rethrombo-
sis of successfully thrombolysed arteries in 14% to 34% of
individuals.® rtPA therapy is also associated with a 4% to 8% inci-
dence of symptomatic intracerebral hemorrhage (ICH).3° As a
result, the percentage of stroke patients who achieve clinical benefit
from thrombolytic therapy is low (<10%).

Adjunctive antithrombotic therapies, including heparin and aspirin,
have an important role in enhancing rtPA-mediated thrombolysis
and preventing rethrombosis.® This has been most clearly shown in
the acute coronary syndromes.®® However, in ischemic stroke, anti-
coagulants and antiplatelet agents combined with rtPA increase the
risk of symptomatic ICH and worsen patient outcomes.®'° Ongoing
clinical trials are evaluating potentially safer adjunctive antithrombotic
therapies for the hyperacute treatment of ischemic stroke. These
include anticoagulant agents with an improved bleeding profile,
such as the direct thrombin inhibitor argatroban, or antiplatelet
agents such as Revacept (advanceCOR GmbH, Martinsried,
Germany) or ACTO17, that reduce collagen activation of platelets.”
Argatroban provides an attractive option for adjuvant therapy, as
preclinical studies have shown that argatroban reduces cerebral
infarction after middle cerebral artery (MCA) occlusion (MCAO)
when used in combination with rtPA.'>'3 Thrombin inhibitors have
the potential to enhance recanalization and improve cerebral perfu-
sion, partly by reducing the formation of microvascular thrombi.'>'*
Clinically, the ARTSS-2 (Randomized Controlled Trial of Argatroban
With Tissue Plasminogen Activator [tPA] for Acute Stroke) trial
reported excellent outcomes when nPA was combined with argatro-
ban,'" although in humans it is unclear whether these benefits are
primarily related to improved recanalization, microvascular perfusion,
or a combination of both.

Insight into the ability of antithrombotic agents to enhance thrombol-
ysis, large-artery recanalization, and restore cerebral perfusion would
be facilitated by the development of an experimental mouse model
that enables simultaneous assessment of these events. Although
murine stroke models continue to play an important role in the
understanding of stroke pathogenesis, they have limitations in their
ability to assess adjunctive thrombolytic therapies. These limitations
include difficulties assessing recanalization in intracranial vessels,
susceptibility of thrombi to endogenous fibrinolysis,'®'® or lack of
thrombus for assessment, as in the intraluminal filament model of
transient MCAO (tMCAO).'” Models such as the embolic stroke
model commonly rely on injection of ex vivo clots.'®2' The intracra-
nial injection of these clots requires monitoring of cerebral perfusion
or assessment of kinetic changes of contrast dyes to assess recan-
alization events.®'*'® Other models initiate in vivo thrombus forma-
tion through photochemical or biochemical injury to the distal MCA
and cerebral cortex, respectively,>>>® or via thrombin injection into
the bifurcation of the MCA to generate cortical infarction.'® These
models often require craniectomy, which can induce cerebral
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inflammation and changes to intracranial pressure or local cerebral
temperature,?* ultimately affecting stroke outcome.

The development of a mouse stroke model in which thrombotic
occlusion of extracranial vessels is coupled with the realtime
assessment of thrombolysis and cerebral perfusion, under experi-
mental conditions leading to reproducible cerebral infarction, has
represented a significant technical challenge. As such, there are cur-
rently no experimental models in which extracranial thrombotic
occlusion of the carotid artery can be reliably coupled to a model of
graded cerebral ischemia, leading to the generation of reproducible
unihemispheric infarcts. This is primarily due to the variable nature of
the mouse collateral blood supply and anatomical variations in the
circle of Willis, such that unilateral occlusion of the extracranial
carotid artery produces unreliable cerebral hypoperfusion in the
ipsilateral hemisphere.

Here we present the development of the in situ carotid artery throm-
bolysis stroke model (termed iCAT) involving electrolytic-mediated
thrombotic occlusion of the left common carotid artery (CCA) that is
amenable to pharmacologic thrombolysis and the assessment of
adjunctive antithrombotic agents. Combining unilateral CCA throm-
botic occlusion with graded titration of blood flow through the con-
tralateral (right) CCA, we have been able to reproducibly induce
controlled depression of ipsilateral cerebral perfusion leading to
focal cerebral ischemia and infarction. We found that serial analysis
of cortical perfusion is predictive of infarct development and stroke
outcomes. Moreover, the ability to concurrently monitor large artery
recanalization and cerebral perfusion throughout stroke development
helps elucidate the benefits and limitations of adjunctive thrombo-
lytic therapies on cerebral blood flow (CBF) and stroke progression.
Our studies confirm the ability of anticoagulants to enhance large
artery recanalization when combined with tPA; however, at high lev-
els of anticoagulation, this increases the propensity to destabilize
platelet thrombi and induce embolization.

Methods

A comprehensive description of additional methodology is available
in the supplemental Data.

Animals

C57BI/6) mice were purchased from Australian BioResources
(Moss Vale, NSW, Australia) and housed at the Laboratory Animal
Services facility (University of Sydney, Sydney, NSW, Australia), the
PC2 Rodent Holding Facility (Heart Research Institute), and the
Precinct Animal center (Baker Institute) Alfred Medical Research
and Education precinct (Melbourne, VIC, Australia). All animals were
housed in a 12-hour light/dark cycle with access to food and water
ad libitum. For all studies, male mice aged between 8 and 12 weeks
(20-30 g) were used.

All studies were approved by the Alfred Medical Research and Edu-
cation precinct Animal Ethics Committee (E/1247/2012/M), the
University of Sydney Animal Ethics Committee (2014/647; 2018/
1343; 2018/1331), and the Sydney Local Health District Animal
Welfare Committee (2020-012) in accordance with the require-
ments of the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes.?®
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Surgical procedures and postoperative recovery

1. Surgical preparation: A complete and detailed description of
methods adopted for surgical preparation is available in the
supplemental Data.

2. Thrombotic occlusion of the carotid artery and stroke induction:
Thrombosis of the left CCA was induced with electrolytic injury,
as described previously?®2° (supplemental Figures 1 and 2).
The electrode was standardized and manufactured commer-
cially by Ugo Basile (Comerio, VA, ltaly); it comprised 2 platinum
arms, each terminating in a small hook, both stabilized in place
with insulated coating to prevent any increase in inter-arm dis-
tance over time, ensuring delivery of a uniform injury. To admin-
ister the electrolytic injury, the left CCA was gently placed in the
crook of the hook-shaped electrode and the artery clamped dis-
tally to induce stasis (Micro Serrefine Clamp, 18055-05; Fine
Science Tools, North Vancouver, BC, Canada). An electrical
current (8 mA) was delivered continuously for 3 minutes
through the platinum electrode using a lesion-making device
(Model 53500; Ugo Basile) (supplemental Figure 1), while the
site was constantly flushed with saline for the duration to enable
efficient conduction of current to the vessel. Inmediately after
injury, the clamp was released, the flow probe replaced, and
blood flow monitored for occlusion (defined as flow of 0 mL/min
per 100 g).

3. Stroke induction: After 10 minutes of CCA occlusion, ligature-
induced stenosis of the right (contralateral) CCA was com-
menced to reduce ipsilateral perfusion <25% of baseline, while
maintaining contralateral perfusion >25% of baseline for the
duration of ischemia (25, 45, and 60 minutes). Regional cere-
bral perfusion was continuously monitored with laser Doppler
flowmetry (LDF) (supplemental Figure 1C). After ischemia, the
ligature was removed to restore maximal blood flow through the
contralateral CCA, and animals were recovered to 24 hours’
postocclusion and assessed for cerebral infarction and func-
tional outcomes (supplemental Figures 1 and 2).

4. Cerebral Perfusion Monitoring: Cerebral perfusion monitoring
was conducted with laser speckle contrast imaging (LSCI) and
LDF through the mouse skull. LSCI of cerebral perfusion (desig-
nated flux units) was obtained by using a moorFLPI-2 blood
flow imager and associated software (moorFLPI-2 Measure-
ment V1.1, Moor Instruments, Oxford, UK). For perfusion moni-
toring during surgical procedures, LDF was used as previously
described with modifications.'® Further details are supplied in
the supplemental Data.

5. Delivery of thrombolytic and adjunctive therapies: Mice were
randomly allocated to treatment, with the operator blinded to
treatment allocation. In addition, animals within each cage were
randomized to different treatment groups or procedures (ie,
sham and stroke) to minimize cage effects on study outcomes.
Thrombolytic and adjunctive therapies were delivered IV via the
jugular vein, 15 to 20 minutes after stable CCA occlusion,
unless stated otherwise (supplemental Figures 1 and 2). rtPA
was purchased from Boehringer Ingelheim Pty Lid (Actilyse,
Alteplase; North Ryde, NSW, Australia) and dialyzed to remove
arginine components, as described in detail in the supplemental
Data and previously published data.*° Thrombolytic therapy
(rtPA, 10 mg/kg; 10% bolus with remainder infused over 30
minutes) was delivered IV alone or in combination with antico-
agulant argatroban (bolus 80 wg/kg; infusion 40 pg/kg per
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minute over 60 minutes). Dose of argatroban was selected to
elevate activated partial thromboplastin time (APTT) to 2- to
3-fold baseline values, in which the mean APTT at 15
minutes after IV delivery was 2.9-fold baseline values (range,
2.3- to 3.9-fold baseline; n = 5). To maintain overnight anti-
coagulation, ALZET Minipumps (Model 2001D; catalog no.
2001D0000294 [ALZ], BioScientific Pty Ltd. Kirrawee,
NSW, Australia) were loaded with freshly prepared argatro-
ban and aseptically implanted subcutaneously between the
mouse scapulae to maintain a dose of 40 pg/kg per minute
for the duration of recovery. The minipump was inserted in
accordance with the manufacturer’'s recommendations.

6. Postoperative recovery and temperature regulation: A detailed
description of methods adopted for postoperative recovery and
temperature regulation is available in supplemental Data.

Real-time imaging of mouse thrombi with carotid
artery transilluminator

To visualize thrombus formation and thrombolysis, the mouse carotid
artery transilluminator®'®? was positioned under the mouse carotid
artery distal to the flow probe, so the carotid artery was illuminated
from beneath the vessel. The transilluminator light guide was pre-
pared from a clear acrylic rod (6-mm diameter, 5-cm length)
attached to a 0.4-mm thick clear polycarbonate plastic strip (6-mm
wide at the input end, 50-mm long, and 1.5-mm wide at the output
end). The output end of the transilluminator was beveled (30-45
degrees) with a scalpel and bent at 4 mm to allow positioning of
the transilluminator under the carotid artery. The whole transillumina-
tor was wrapped in reflective tape (850 Polyester film tape; 3M, St.
Paul, MN) and the tip subsequently wrapped in black photographic
tape (Shurtape Technologies, Hickory, NC) to reduce light loss. The
transilluminator was connected to a single flexible Schott surgical
light guide (KL 1600 LED; Schott AG, Mainz, Germany) and
secured in position with a retort stand. Real-time imaging of throm-
bus formation and thrombolysis was captured with a TrueChrome
IIS (Tucsen Photonics, Fuzhou, China) camera attached to a Nikon
SMZ745T surgical microscope. Imaging commenced at the time of
treatment onset, or as described in the relevant figure legends, at a
capture rate of 25 fps for 60 minutes after treatment onset.

Imaging of cerebral thrombi

Platelets were labeled with DylLight 488 anti-glycoprotein 1b anti-
body (X488; emfret Analytics, Wiirzburg, Germany; 100 pg/kg)
before electrolytic injury of the mouse carotid artery. Ninety minutes
after thrombotic occlusion, the brain was excised to visualize cere-
bral platelet deposition. The excised brain was imaged on a Nikon
AZ100 Multizoom Macroscope fitted with AZ Plan Apo 1X NA 0.1
and AZ Plan Apo 4X NA 0.4 objectives (Nikon Instruments Inc.,
Tokyo, Japan), equipped with a CoolLED pE-300 Ultra-light source
(CoolLED, Andover, United Kingdom), Semrock BrightLine LED-DA/
FI/TR/Cy5-4X-B-NTE filter set (Semrock, West Henrietta, NY), and
an Andor Sona sCMOS 4.2b camera (SONA-4BV6U Andor Tech-
nology, Belfast, United Kingdom), operated by Nikon NIS-Elements
AR software (version 5.30.05; Nikon Instruments Inc.). Postimaging
processing was performed by using Nikon NIS-Element's Clarify.ai
algorithm module. Confocal imaging (20IMM objective x NA 0.7) of
platelet emboli was performed by using a Leica SP8 (Wetzlar,
Germany) confocal system and the three-dimensional data set
acquired using LAS X version 3.5.7 (Leica Microsystems, Buffalo
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Grove, IL). Three-dimensional data were rendered by using Imaris
version 9.8 (Bitplane AG, Switzerland).

Data presentation and analysis

Statistical analysis was performed with GraphPad Prism version
8 (GraphPad Software, La Jolla, CA) or IBM SPSS Statistics
version 26 (IBM Corporation, Armonk, NY) software packages. Sta-
tistical significance was assessed by using the appropriate statisti-
cal test as dictated by each individual data set, including (where
indicated) the unpaired t test, Mann-Whitney test (for nonparametric
distribution), ordinary one-way analysis of variance (corrected for
multiple comparisons using one of Tukey, Dunnett's, or Sidak tests,
where indicated), XQ test, or Fisher's exact test. The number of inde-
pendent experiments is stated in the figure legends, and statistical
significance is determined by P value, where "™P > .05, *P < .05,
*P < .01, **P < .001, and ***P < .0001.

Results

Unilateral carotid artery occlusion inconsistently
produces cerebral infarction

Restoration of arterial blood flow is the primary objective of
thrombolytic therapy in stroke. Currently, there are no mouse
stroke models involving extracranial thrombotic occlusion that
allow assessment of the impact of thrombolytic therapies on
large vessel recanalization and cerebral perfusion. We initially
investigated the impact of unilateral carotid artery occlusion on
cerebral infarction in the mouse. Electrolytic thrombotic occlu-
sion of the ipsilateral CCA did not induce consistent cerebral
infarction, with only 50% of animals presenting with
2,3,5-triphenyltetrazolium chloride (7TC)-delineated infarct at
24 hours (n = 6). Mean infarct volume was typically small after
unilateral occlusion and predominately located within the hippo-
campal regions of the brain (supplemental Figure 3A). The
absence of lesions or small lesions produced by unilateral
carotid artery occlusion was unlikely to be a result of spontane-
ous carotid recanalization leading to incomplete hypoperfusion,
as permanent carotid ligation also failed to produce consistent
cerebral infarction. LDF analysis over the MCA territory
confirmed that carotid artery thrombotic occlusion resulted in
variable hypoperfusion within the ipsilateral hemisphere. Impor-
tantly, mice with sustained ipsilateral hypoperfusion (<30% of
baseline perfusion) presented with small hippocampal infarcts
at 24 hours (n = 3 of 6) (supplemental Figure 3B). In contrast,
mice with sustained perfusion in the MCA territory (>30% of
baseline) had no evidence of cerebral infarction at 24 hours.

Global cerebral hypoperfusion and infarction results
in a high mortality rate

Natural variations in the vascular architecture of the mouse circle of
Willis, particularly related to the posterior communicating artery, are
likely to contribute to the variations in ipsilateral hypoperfusion
induced by unilateral carotid artery occlusion. To circumvent this, we
combined electrolytic-induced thrombotic occlusion of the ipsilateral
(left) CCA with transient mechanical occlusion of the contralateral
(right) CCA (thrombotic bilateral CCA occlusion) (supplemental
Figure 1B) to reduce cerebral perfusion to a level necessary for the
induction of neuronal death. The resultant transient global ischemia
was sufficient to induce global hypoperfusion within the MCA
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territory, resulting in the development of small cerebral infarcts at 24
hours (supplemental Figure 3C-D). The extent of cerebral infarction
correlated with the duration of ischemia (supplemental Figure 3D).
We restricted global ischemia to 25 minutes, as prolonged ischemia
(=30 minutes) was associated with a high mortality rate (20% mor-
tality rate at 25 minutes vs 61.5% at 30 minutes). With global ische-
mia, 68.4% (n = 13 of 19) of surviving mice displaying evidence of
infarction at 24 hours. Bilateral hypoperfusion =80% reduction from
baseline perfusion was predictive of stroke-related mortality, cerebral
infarction, and functional deficits (supplemental Figure 3E). Induction
of severe global ischemia (LDF = 90% of baseline in both hemi-
spheres) was poorly tolerated, resulting in rapid death in 21% of
mice (h = 10 of 47; mean *= SD time to death, 12.12 + 4.09
minutes).

Graded ischemia leads to reproducible unilateral
hypoperfusion and cerebral infarction

Given the variable infarction with global hypoperfusion and the rela-
tively high mortality rate, we examined the feasibility of combining
thrombotic occlusion of the left CCA with controlled stenosis of the
right contralateral CCA, with the aim of producing left ipsilateral
cerebral hypoperfusion and focal ischemia (supplemental Figures
1C and 2). To depress ipsilateral cerebral perfusion, we used a silk
suture to transiently stenose the contralateral right CCA until
CBF in the left (ipsilateral) hemisphere was <25% baseline
(mean = SD, 14.19% = 5.34%; n = 25) (Figure 1A ). Compared
with the global CBF depression observed with the thrombotic bilat-
eral common carotid artery occlusion procedure, stenosis of the
right CCA ensured that average CBF in the contralateral hemi-
sphere remained above the ischemic threshold for the duration of
the 60-minute stenosis period (mean + SD, 84.13 + 27.16%; n =
25) (Figure 1A).

After 60 minutes of ischemia, cerebral infarction was detectable in
the ipsilateral hemisphere of >85% of surviving mice, predominantly
in the hippocampus, cerebral cortex, and striatal regions (n = 8/9)
(Figure 1B-C). Cerebral infarction was associated with prominent
motor defects, manifest as a decline in movement and travel dis-
tance (Figure 1D). No TTC-measurable infarction was evident on
the contralateral hemisphere (Figure 1C). In contrast, only 25%
and 62.5% of surviving animals subjected to 25 (n = 1 of 4) or 45
(h = 5 of 8) minutes of ischemia, respectively, exhibited TTC-
measurable cerebral infarcts. Sixty minutes of ischemia in the iCAT
model generated prominent cerebral infarcts at 24 hours (mean =+
standard error of the mean, 30 = 8 mm®; n = 8 of 9) (Figure 1B).
Consistent with previous reports,®® the extent of cerebral ischemia
and infarction was highly dependent on the ambient room tempera-
ture during the surgical procedure, with infarct volumes increasing
up to 1.5-fold when the room temperature was increased by 2°C.
Based on these findings, subsequent studies reported in this article
used a stenosis time of 60 minutes to achieve consistent stroke
induction (Figure 1; supplemental Figures 1 and 2).

Cerebral perfusion monitoring predicts infarction

in the iCAT stroke model

The importance of cerebral perfusion monitoring for predicting tis-
sue salvageability and persistent microvascular hypoperfusion is well
recognized.*>**° In the iCAT stroke model, LSCI of the ipsilateral
hemisphere was predictive of cortical infarction (Figure 2). Severe
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Figure 1. The iCAT stroke model causes unihemispheric infarction. C57BL/6 male mice underwent the iCAT procedure (25, 45, and 60 minutes’ stenosis) or
thrombotic bilateral common carotid artery occlusion (tBCCO) procedure (25 minutes). (A) Dot plot depicting the average perfusion drop (percentage of baseline) for mice
in each cohort, in which the ischemic threshold is indicated by the solid gray line (25% baseline). The average cerebral perfusion of the ipsilateral (left, red symbols) and
contralateral (right, blue symbols) cerebral hemispheres was assessed with LDF for the duration of the stroke induction period and presented as a percentage of baseline
perfusion. Specifically, LDF readings are presented as the average cerebral perfusion immediately after bilateral occlusion until clamp removal (supplemental Figure 1Bii a-b)
or immediately after stenosis application to immediately after stenosis release (supplemental Figure 1Cii; between a and b). (B-D) A subset of animals from panel A were
recovered to 24 hours’ postischemia induction at Site 1. Site 2 represents experiments completed at a secondary site where ambient room temperature was >2°C warmer
than Site 1. (B) Infarct volume was assessed with TTC staining, with dot plots depicting infarct volumes at 24 hours in surviving animals. Data in panels A and B represent
the mean =+ standard deviation, analyzed to assess statistical significance using one-way analysis of variance, where "*P > .05, *P < .05, ****P < .001. (C) The infarct area
of individual mice subjected to 60 minutes of graded stenosis at either Site 1 or 2 (quantified in panel B) was demarcated and overlaid onto a single image of the relevant
brain section, with layers color-coded to reflect the number (n) of animals presenting with cerebral infarction within the denoted region (as indicated by the color key). (D)
Post 24-hour recovery, functional evaluation of animals undergoing either sham or 60 minutes of iCAT-induced ischemia was conducted with open-field assessment using
MouseMove®' at Site 1. The histogram depicts quantification of travel distance in animals undergoing either sham or 60 minutes of iCAT-induced ischemia (i) or depicts
travel patterns taken from representative mice for each of sham and iCAT (mild and severe injury) (ii). ns, not significant.

hypoperfusion of the ipsilateral hemisphere was predictive of mortal-
ity in 80% of cases (n = 8 of 10), whereas moderate hypoperfusion
within the ipsilateral hemisphere was predictive of cerebral infarction
or stroke-related mortality in 96% of cases (n = 26). Furthermore,
the extent of cerebral injury in the iCAT model was predicted by the
area of severely hypoperfused tissue and the degree of hypoperfu-
sion within that area. Infarction was predicted by moderate
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hypoperfusion (18%-45%) over a large area of ipsilateral hemi-
sphere (45%-68%) with 90.5% accuracy (Figure 3). In animals in
which large regions of the brain (area >68%) experienced severe
hypoperfusion (CBF <20%), mortality was predicted in 80% of
cases (n = 12 of 15). Overall, LSCI analysis at 90 minutes' postin-
duction of stroke was a reliable predictor of cerebral injury in the
iCAT model.
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Figure 2. Cortical perfusion measurements are predictive of stroke outcomes in the iCAT model. C57BL/6 mice were subjected to the iCAT stroke model

(60 minutes’ ischemia), with LCSI assessed at 90 minutes’ poststroke onset (stenosis on). Mice were then recovered and assessed for stroke outcomes, including mortality

and presence of infarction at 24 hours. (A) Quantification of cerebral perfusion at 90 minutes, grouped according to 24-hour stroke outcome (mortality, infarct/no infarct),

with data depicted as the mean * standard deviation, with statistical significance analyzed by using an ordinary one-way analysis of variance with Sidék’s multiple

comparisons test, where **P < .01, ****P < .0001. (B) LSCI examples show flux readouts of cortical cerebral perfusion in the ipsilateral (left; L) and contralateral (right; R)

hemisphere at 90 minutes () and 24 hours (i) after stroke onset, with a representative image taken from 1 of all 3 stroke outcome categories assessed (ie, mortality, no

infarct, and infarct). Experiments were conducted at ambient temperature <21°C (Site 1).

Impact of anticoagulation on thrombolysis in the
iCAT stroke model

To assess the suitability of the iCAT for testing thrombolytic thera-
pies, we examined recanalization and associated stroke outcomes
when mice were treated with tPA alone. Our initial studies revealed
that rates of recanalization achieved with rtPA in the iCAT model
were low, typically occurring in <30% of treated mice. Recanaliza-
tion was mostly transient, due to a high rate of rethrombosis after
the initial recanalization event (Figure 4A), resulting in only 5% of
treated mice exhibiting sustained recanalization. As a result, tPA
was ineffective at restoring cerebral perfusion (Figure 4C) and did
not significantly reduce infarct size (Figure 5B).

The release of clot-bound thrombin after successful thrombolysis
plays an important role in promoting platelet activation and fibrin
generation, leading to rethrombosis.®® We therefore investigated the
impact of the direct thrombin inhibitor argatroban on rtPA-mediated
recanalization and rethrombosis. As shown in Figure 4A,
argatroban-treated mice with high levels of anticoagulation (~3-fold
prolongation of APTT) improved the rate of rtPA-mediated recanali-
zation from ~30% up to ~45%, with sustained recanalization
achieved in 28% of mice. Where recanalization occurred, carotid
artery patency improved ~2-fold compared with rtPA therapy alone
(Figure 4B). However, improved carotid artery blood flow (supple-
mental Figure 5) failed to translate to improved cortical cerebral per-
fusion (Figure 4C). Moreover, increased recanalization with
argatroban resulted in an increase in stroke-related mortality (from
25% to 42%). Notably, the highest mortality occurred in success-
fully recanalized mice (67%) (Figure 5A); the mortality rate in mice
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without successful recanalization was similar between the rtPA- and
rtPA/argatroban—treated animals (Figures 4C and 5A).

To gain insight into the mechanism by which argatroban exacer-
bated cerebral injury in the iCAT stroke model, we examined the
carotid blood flow traces in mice that were successfully recanalized
with tPA and argatroban therapy. We observed sudden and sus-
tained return of carotid artery blood flow in 86% of iCAT mice that
successfully recanalized with rtPA/argatroban therapy (Figure 5C).
However, sudden carotid artery recanalization (Figure 5Di) was
associated with persistent hypoperfusion within the ipsilateral MCA
territory. Similarly, assessment of carotid artery flow and CBF
revealed a paradoxical reduction in perfusion of the MCA territory
upon successful recanalization (Figure 5Dii). This inverse relation-
ship between recanalization and cortical hypoperfusion was likely to
be thrombus related, rather than a vasomotor response, as sudden
carotid artery mechanical recanalization with a microvascular clamp
resulted in a concomitant increase in CBF (supplemental Figure 5).
Impaired perfusion within the rtPA/argatroban—treated animals
raised the possibility that anticoagulation was causing embolization
and distal vascular obstruction.

To investigate this possibility, we developed a transillumination
method that allows real-time analysis of thrombus dynamics in the
carotid artery of mice.®" Platelet-rich thrombi rapidly form at the site
of electrolytic injury and are readily identified with this imaging
method (Figure 6A; supplemental Figure 6). Real-time imaging of
thrombolysis with rtPA confirmed transient and incomplete lysis of
carotid artery thrombi, with subsequent rapid accrual of platelets
onto the thrombus surface (n = 8), resulting in complete vessel
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correlated predictive outcome, based on the analysis presented in panel B. Experiments were conducted at ambient temperature <21°C (Site 1).

reocclusion. In contrast, in the presence of argatroban, sudden assessment of the brain revealed hypoperfusion of the left cerebral
recanalization was associated with the destabilization of platelet-rich MCA territory (Figure 6C). Fluorescent imaging of the brain con-
thrombi from the vessel wall, leading to rapid and complete em- firmed the presence of platelet-rich thrombi occluding the MCA in
bolization (Figure 6A-B; supplemental Video 1). Subsequent rtPA/argatroban—treated mice (Figure 6D). The generation of these
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emboli correlated with cerebral hypoperfusion (Figure 6C-D). These
studies confirm the ability of argatroban to enhance rtPA-mediated
thrombolysis; however, at high levels of anticoagulation, this benefit
is offset by an increased propensity to induce platelet emboli.

Discussion

Thrombolysis with tPA remains the only pharmacologic agent for
acute stroke therapy. The development of safe and effective adjunc-
tive therapy is critical to address the shortcomings of rtPA and
enhance the pharmacologic treatment of ischemic stroke. Despite
clinical evidence for the importance of both large artery recanaliza-
tion and microvascular cerebral reperfusion on outcome, current
rodent models are not optimally designed to simultaneous assess
these processes during thrombolysis. The studies outlined here
show the potential utility of the iCAT stroke model in allowing
assessment of adjunctive thrombolytic therapies on thrombolysis
and correlate these changes with stroke outcomes (Figure 7).
Our proof-of-concept studies have confirmed that argatroban can
enhance thrombolysis and reduce rethrombosis and reocclusion;
however, unexpectedly, at high levels of anticoagulation, this was
associated with an increased propensity to produce platelet emboli,
leading to distal vascular obstruction and an exacerbation of
cerebral injury. The ability to examine large vessel thrombolysis in
realtime and correlate this with macrovascular and microvascular
changes in blood flow should provide useful new insight into
the benefits and limitations of existing antithrombotic agents and
assist with the future identification and optimization of alternative
approaches.

Figure 4 (continued) 15 minutes after occlusion of the carotid artery
(supplemental Figure 2E). Treatment dosing regimens: rtPA (10 mg/kg [1/9 mg/kg
bolus/infusion over 30 minutes]); argatroban (80 pg/kg bolus; 40 pg/kg per minute
infusion over 60 minutes + osmotic minipump 40 pg/kg/min infusion 23 hours).
Blood flow was monitored for 60 minutes after treatment onset, and recanalization
defined as measurable return of blood flow, classified as: stable (steady flow),
unstable (fluctuating flow), transient with reocclusion, or none, as defined in the
supplemental Methods. (A) Graph represents the percentage of animals exhibiting
each specified category of blood flow, where n represents the total number of
animals in each cohort. Recanalization data in the rtPA and rtPA/argatroban cohort
represent pooled data from separate experimental cohorts. (B) Graph represents
the amount of time vessels remain patent, quantified as a function of the area
under the curve for tPA and rtPA/argatroban cohorts. (C) A subset of animals was
recovered to 24 hours for assessment of stroke outcomes (Recanalization details
of this cohort alone are provided in supplemental Figure 4.) Cerebral perfusion
(LSCI) was assessed at 90 minutes’ post-stroke onset in sham (n = 4) and
control (n = 8) animals or in animals treated with rtPA (n = 8) or rtPA/argatroban
(n = 14) from a single experimental cohort. Animals that died before the 90-minute
time point were not included in cerebral perfusion assessment. Quantification of
ipsilateral cerebral perfusion at 90 minutes’ post-stroke onset is presented in a
boxplot depicting the middle 50% (box) and minimum to maximum data values
obtained (whiskers), with all data points shown for clarity. Statistical analysis was
performed by using an ordinary one-way analysis of variance with Tukey's multiple
comparisons test, where ***P < .001, **P < .005 and "*P > .05. Cohort mortality
Skull and crossbones ([skull and crossbones]) denote mortality rate

as a percentage of animals treated (sham, n = 8; vehicle, n = 8; rtPA, n = 8;

rtPA/argatroban, n = 14). ns, not significant.
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Figure 5. Combined fibrinolytic and anticoagulant therapy causes sudden recanalization and paradoxical cerebral hypoperfusion. Treatment cohorts
described in Figure 4C were further analyzed for cerebral perfusion (A, LDF, left hemisphere [LHS]; LSCI, right hemisphere [RHS]), mortality (A, [skull and crossbones],
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recanalized (Recan) vs those that remained occluded (No Recan). (B) Cerebral infarct was assessed with TTC staining of excised brain sections from the mouse cohorts

presented in Figure 4C. Animals that died before the 24-hour point were not included in the infarct

nent. Infarct ment was performed on experiments

conducted at Site 2. In panels A and B, open circles represent animals in which embolization was observed on the flow trace, as characterized by a sudden and sustained

recanalization event; half circles represent recanalization without embolization; and closed circles represent sustained occlusion. (C) Based on blood flow (LDF), the
incidence of sudden and sustained recanalization events in rtPA vs rtPA/argatroban cohorts was expressed as percentage of the total number of animals in each treatment
group (as indicated). (D) Examples of real-time flow traces from the iCAT procedure (i) or electrolytic injury alone (i), and the corresponding LDF (i) shows the sudden
recanalization events, in which an abrupt return of blood flow (1, i,ii) was observed concomitant with a reduction in LDF (i), and sustained deficient in cerebral perfusion

(LSCI heat map images, i, i), despite full carotid recanalization. LSCI images depict CBF at baseline (pre-injury) and 90 minutes’ post-carotid occlusion . ns, not significant;

RBCs, red blood cells.

Murine models are the most experimentally tractable mammalian
systems for the basic understanding of human biology and disease.
The use of transgenic and knockout mice has been instrumental to
many important basic scientific discoveries during the past 2 deca-
des. Although murine stroke models continue to play an important
role in the understanding of stroke pathogenesis, they have
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limitations in their ability to assess adjunctive thrombolytic therapies,
including difficulties assessing recanalization in intracranial vessels,
susceptibility of thrombi to endogenous fibrinolysis'®'® or lack of
thrombus for assessment, as in the intraluminal filament model of
thrombotic MCAO. The development of the iCAT stroke model for
the assessment of adjunctive thrombolytic agents was dependent
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version 9.8. Treatment dosing regimens: rtPA (10 mg/kg [1/9 mg/kg bolus/infusion over 30 minutes]); argatroban (80 pg/kg bolus; 40 pg/kg/min infusion over 60 minutes).

Scale bars = 1 mm (panel Di); 30 = um (panel Dii).

on the fulfilment of 4 essential criteria: (1) the development of a
highly reproducible electrolytic thrombosis model that was amenable
to pharmacologic thrombolysis and the assessment of adjunctive
antithrombotic agents; (2) the establishment of a transilluminator
imaging method that enabled real-time visualization of large vessel
recanalization and reocclusion during the administration of thrombo-
lytic and antithrombotic agents; (3) the combination of LSCI with
LDF measurements of the MCA territory that allowed assessment of
macrovascular and microvascular changes in cerebral perfusion dur-
ing thrombolytic therapy; and (4) finally, and most importantly, the
coupling of carotid artery thrombotic occlusion with controlled
graded depression of ipsilateral CBF that was essential to achieve
consistent cerebral hypoperfusion and reproducible focal brain
injury. Fulfillment of these 4 criteria has resulted in the establishment
of a highly reliable and reproducible method of arterial thrombosis
and cerebral ischemia that is readily amenable to pharmacologic
interventions (Figure 7).

The electrolytic injury model has not been evaluated for the study of
thrombolytic therapy in mice.?®2° Our characterization studies with
the murine electrolytic model highlight that transient recanalization
patterns with rtPA reflect the rethrombosis patterns observed in
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large animal studies and mimic aspects of gradual rtPA-mediated
thrombolysis observed clinically.3”**° In humans, arterial reocclusion
after successful recanalization with tPA is variable, ranging from
14% to 34%.2*' Transcranial Doppler monitoring has indicated
that rethrombosis is associated with a poorer in-hospital and long-
term outcome.® Arterial rethrombosis is more common in patients
with severe ipsilateral carotid disease and in individuals with intra-
cranial atherosclerotic disease (ICAD), occurring in up to 57.1% of
cases.*?** Although rates of ICAD are low in Western populations
(5%-10%), ICAD contributes up to 30% to 40% of ischemic
strokes in Asian populations and is more prevalent in African-
American and Hispanic populations.*® It is likely that the findings
from the iCAT stroke model would have greater relevance to ICAD
and patients with concomitant extracranial atherosclerotic disease
(tandem stenosis), in whom advanced atherosclerotic lesions are
more prone to rethrombosis and vascular reocclusion after success-
ful thrombolysis.

The inability of rtPA to induce sustained recanalization in the iCAT
thrombolysis model may reflect the extensive arterial damage
induced by electrolytic injury, with exposure of potent platelet
activating molecules, including fibrillar collagens and tissue
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factor-generated thrombin.?® Consistent with this, the direct throm-
bin inhibitor argatroban improved recanalization. Interestingly, in
those mice surviving to 24 hours, >80% of vessels showed that
initial recanalization had subsequently reoccluded 24 hours after
stroke initiation, despite maintaining therapeutic levels of anticoagu-
lation during this period. This may reflect incomplete, sustained inhi-
bition of clot-bound thrombin, leading to persistent platelet
activation and rethrombosis.®® It is also conceivable that plasmin
enhances platelet activation.*® Nonetheless, the importance of both
platelets and thrombin in this model makes it attractive for the
assessment of adjunctive antithrombotic approaches.

From a practical perspective, the iCAT model shares many of the
same surgical and methodologic features as the well-established
intraluminal filament model MCAO. Use of the intraluminal filament
MCAO model alongside the iCAT model could provide a compre-
hensive and complementary assessment of the neuroprotective
potential of adjunct therapies. The multistep induction of carotid
artery thrombosis and ischemia requires continual monitoring of
carotid artery blood flow and CBF to provide insight into the rela-
tionship between recanalization and reperfusion. Consequently, the
requirements of the iICAT model restrict a single operator to one
iCAT stroke induction at a time, with stroke induction requiring 3 to
3.5 hours from initial anesthesia induction to recovery. Overall, in
our hands, the infarct sizes, functional defects, level of reproducibil-
ity, and mortality rates between the iICAT model and MCAO model
are broadly similar, with the added advantage that the iCAT model
provides a wealth of data on thrombus composition and dynam-
ics during thrombolysis, as well as concurrent temporal analysis
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of the effects of thrombolysis on carotid and MCA blood flow
and cortical perfusion.

From a clinical standpoint, our demonstration that argatroban enhan-
ces rtPA-mediated recanalization and reduces rethrombosis in mice is
consistent with the findings in humans, in whom the combination of
anticoagulant and thrombolytic therapies reduces reinfarction in
ST-segment elevation myocardial infarction (STEMI) patients.‘”'51
Notably, rethrombosis rates in STEMI are further reduced by adding
antiplatelet agents with tPA and anticoagulants, supporting an impor-
tant role for platelets in promoting rethrombosis after successful
thrombolysis.>®°2 Our transilluminator intravital experiments have con-
firmed the potent platelet aggregation response that occurs after suc-
cessful thrombolysis, leading to rapid and persistent arterial
reocclusion. Full therapeutic doses of argatroban were unable to pre-
vent this platelet build-up but, instead, led to the formation of unstable
platelet thrombi that had an increased propensity to embolize. Emboli-
zation events are difficult to identify and are rarely reported in STEMI
clinical trials, with most studies reporting on hemorrhagic and rethrom-
bosis/reinfarction.>*>* Transcranial Doppler studies on stroke patients
receiving rtPA have confirmed that emboli are common in the MCA
during thrombolysis, with the extent of embolization correlating well
with success recanalization.®® Currently, there is limited information
on the impact of adjunctive anticoagulant agents on MCA emboliza-
tion, particularly in patients with proximal atherosclerotic disease.

A critical issue for future investigation will be to determine whether
rates of arterial embolization are dependent on the level of anticoa-
gulation during thrombolysis.®® In this context, we were surprised
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that high, therapeutic levels of anticoagulation with argatroban dur-
ing thrombolysis (3-fold increase in APTT above baseline) worsened
cerebral perfusion and stroke outcomes in a subset of mice due to
increased carotid artery embolization. It is notable that doses of
argatroban that produce moderate levels of anticoagulation (APTT
1.75X or 2.25X baseline) are well tolerated clinically with rtPA and
have a good safety profile, with no increased risk of symptomatic
ICH or mortality.""” Cerebral bleeding risk is directly related to the
degree of anticoagulation, although the relationship between antico-
agulant dose, recanalization, rethrombosis, and/or embolic risk
remains poorly defined. Anticoagulants are particularly effective at
reducing emboli from venous thrombi®® but are less effective with
thrombi that form on atherosclerotic lesions in large arteries.”® The
potential deleterious effects of arterial emboli on stroke outcomes
have been previously reported in preclinical studies investigating the
effects of inhibitors of the von Willebrand factor—glycoprotein Ib
interaction.®® This adhesive mechanism is critical for the initiation of
platelet adhesion and aggregation at sites of arterial injury; however,
in the context of thrombolysis, inhibiting this adhesion mechanism
can increase arterial embolization and exacerbate cerebral injury.
With a growing focus on the identification and development of anti-
coagulant and antiplatelet therapies with improved bleeding profiles,
the insights afforded by the iCAT model may help identify the opti-
mal combination of anticoagulant and antiplatelet agents required to
facilitate large artery recanalization and microvascular blood flow,
without causing excessive embolization.
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