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Dual antiplatelet treatment (DAPT) increases the risk of tPA-associated hemorrhagic

transformation (HT) in ischemic stroke. To investigate the effects of DAPT in rodents,

reliable indicators of platelet function utilizing a minimally invasive procedure are required.

We here established a fluorescence-based assay to monitor DAPT efficiency in a

mouse model of ischemic stroke with HT. Male C57/BL6 mice were fed with aspirin

and clopidogrel (ASA+CPG). Venous blood was collected, stimulated with thrombin,

labeled with anti-CD41-FITC and anti-CD62P-PE, and analyzed by flow cytometry.

Subsequently, animals were subjected to experimental stroke and tail bleeding tests.

HT was quantified using NIH ImageJ software. In ASA+CPG mice, the platelet activation

marker CD62P was reduced by 40.6± 4.2% (p < 0.0001) compared to controls. In vitro

platelet function correlated inversely with tail bleeding tests (r = −0.8, p = 0.0033,

n = 12). Twenty-four hours after drug withdrawal, platelet activation rates in ASA+CPG

mice were still reduced by 20.2 ± 4.1% (p = 0.0026) compared to controls, while

tail bleeding volumes were increased by 4.0 ± 1.4µl (p = 0.004). Conventional tests

using light transmission aggregometry require large amounts of blood and thus cannot

be used in experimental stroke studies. In contrast, flow cytometry is a highly sensitive

method that utilizes small volumes and can easily be incorporated into the experimental

stroke workflow. Our test can be used to monitor the inhibitory effects of DAPT in mice.

Reduced platelet activation is indicative of an increased risk for tPA-associated cerebral

hemorrhage following experimental stroke. The test can be applied to individual animals

and implemented flexibly prior and subsequent to experimental stroke.

Keywords: dual antiplatelet therapy, aspirin, clopidogrel, flow cytometry, CD62P, CD41, hemorrhagic

transformation, MCAO

INTRODUCTION

The use of dual antiplatelet treatment (DAPT) in the acute phase of stroke is becoming increasingly
common (1, 2). Apart from patients prescribed DAPT for other indications (3), this includes the
application of DAPT in patients with transient ischemic attacks and minor strokes, as well as
DAPT treatment during acute revascularization procedures (4, 5). By irreversibly impairing platelet
function, DAPT increases the risk of hemorrhagic complications after thrombolysis with tPA (6–8).
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Current European and American guidelines do not
recommend to perform platelet function tests during the
acute phase of ischemic stroke (9, 10). Although platelet function
testing has become widely accessible with the use of point of care
devices, investigations whether patients could potentially benefit
are still lacking. On the other hand, rapid testing of the platelet
count is a well-established standard in the treatment of stroke.
Here, low platelet counts are excluded from tPA treatment due
to the significantly increased risk of hemorrhagic transformation
(HT) in platelet depleted patients (11). However, the question of
whether and how platelet function contributes to tPA-associated
HT has not been answered to date.

To address this gap of knowledge, we recently established
a model of tPA-associated hemorrhagic transformation (HT)
in mice pretreated with Aspirin and Clopidogrel [ASA+CPG,
(12)]. While establishing antiplatelets in rodents, the individual
hemostatic status of the single mouse becomes relevant. We
therefore looked for a simple platelet function test to check for
individual drug response.

Conventional platelet function tests like light transmission
aggregometry (LTA) require significant volumes of blood (13),
which means either collecting a lethal amount of blood from one
mouse or collecting and pooling blood from different animals
(14). As a result LTA is too invasive to be used as a measure
of platelet status at the time of experimental stroke surgery. A
simple-to-conduct but unspecific method is the tail bleeding test,
which illustrates platelet adhesion in vivo and corresponds to
the bleeding time test formerly used in patients (15, 16). The
principle underlying this test is that platelet function directly
affects primary hemostasis after tissue damage, resulting in
prolonged bleeding time (time to complete cessation of the
bleeding) and increased blood volumes during testing in mice.
It can only be done once at the end of an experiment, and
precludes the evaluation of drug efficacy in advance and repeated
measurements. Accordingly, methods are required that utilize
small sample volumes. Flow cytometry is a highly sensitive
method requiring only small volumes of blood. Platelet activation
assays based on flow cytometry have been introduced (17–19) but
at present they are not widely used and have not been tested in the
context of experimental stroke studies.

The aim of this study was to demonstrate the feasibility of
incorporating flow cytometry-based platelet function testing in a
mouse model of DAPT followed by an ischemic stroke and tPA
infusion. In addition to monitoring the efficacy of antiplatelet
therapy, we also sought to further investigate the impact of
platelet function on the development of HT in order to predict
bleeding risks and to define inclusion and exclusion criteria for
subsequent experiments.

MATERIALS AND METHODS

Animals and Experimental Design
In total 28 male C57/B6 mice (Jackson, Bar Harbor, ME, USA)
aged 9–10 weeks with a mean body weight of 26 ± 2g were used
in this study. All experiments conformed to an institutionally
approved protocol in accordance with the National Institute of
Health’s guide for the care and use of laboratory animals. We

used exclusively male animals to limit variability due to sex
differences. The operators performing surgical procedures and
the investigators evaluating data were blinded to the treatment
groups. At first, we assessed platelet function in vitro using our
flow cytometry-based assay (as explained below) in mice treated
with ASA+CPG and in controls. Mice were then subjected to
2 h MCAO followed by tPA administration. Twenty-four hours
later, standard tail bleeding tests were conducted (14, 20), and
mice were sacrificed to quantify HT development. A second in
vitro analysis of platelet function was performed at the end of the
experiment in order to demonstrate the feasibility of monitoring
treatment effects beyond drug withdrawal (Figure 1A).

Antiplatelet Pretreatment
Mice were allocated randomly to a treatment or control group.
ASA (Bayer Health Care, Morristown, NJ, USA) and CPG (Dr.
Reddy’s Laboratories Ltd., Beverley, UK) diluted in drinking
water (ASA 0.4 mg/mL, CPG 0.15 mg/mL) were supplied ad
libitum for 72 h. Awater consumption of 15ml/100 g per 24 h was
assumed, providing an estimated daily intake of 60 mg/kg ASA
and 22.5 mg/kg CPG per mouse. These dosages were selected
based on previous experimental stroke studies (14, 21). Control
mice received regular drinking water.

Flow Cytometry Based Platelet Function
Test
In vitro platelet function testing was based on the platelet
expression of CD41 and CD62P. We used the platelet marker
CD41 to distinguish platelets from other events. CD62P is
usually located in the membrane of platelet α-granules in
the cytoplasm and only translocates to the plasma membrane
after platelet activation (22). By detecting the surface co-
expression of these antigens following thrombin treatment
using a BD LSRII analyzer (Becton-Dickinson, San Jose, CA,
USA), we gained an individual platelet activation rate for each
single mouse. A high activation rate (indicated by increased
CD62P expression) demonstrates sufficient platelet function,
whereas a lower activation rate indicates impaired platelet
function due to the partial inhibition of platelets, hence also
serving as an indicator for an efficient anti-platelet treatment.
Briefly, mice were anesthetized with isoflurane (1.25–1.5% in
a nitrous oxide/oxygen mixture with spontaneous respiration).
Venous blood (10–20µl) was collected from the left jugular
vein and given into sodium citrate (final 0.32%, Sigma) to
prevent unintended platelet activation and blood clotting. Five
microliters of whole blood were diluted in thirty microliters
of PBS containing 0.32% sodium citrate. Fifteen microliters
of vehicle or agonist solution were added, where the vehicle
was composed of PBS containing 0.32% sodium citrate, and
the agonist solution consisted of thrombin (final 2µ/ml)
supplemented with 10mM GPRP (final 2.5mM) and 6mM
CaCl2. The samples were then incubated shaking at 37◦C for
5min. Mouse blood was incubated with 1:100 dilution of CD41-
FITC and CD62P-PE monoclonal antibodies (BD Biosciences
and eBioscienceTM, respectively) for 15min at room temperature
in the dark. After staining, samples were fixed with 650µl
of fixative solution containing 0.1% formalin, 0.1% dextrose,
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FIGURE 1 | (A) Timeline diagram of the experimental procedures: platelet function in control and ASA+CPG mice was tested in vitro using flow cytometry at the end

of 3 days pretreatment. Mice were subjected to 2 h MCAO and tPA administration. Twenty-two hours later, tail bleeding tests and a second flow cytometry analysis

were performed, followed by sacrifice and histological assessment of hemorrhage. (B–D) Gating strategy: Ungated whole blood (B). Gated cells scored high for

platelet identification marker FITC-CD41 (C) and low for the platelet activation marker PE-CD62P (D), consistent with the properties of resting platelets (Analysis

performed with FlowJo).

and 0.2% BSA in PBS. Labeled, diluted and fixed samples
were analyzed. Platelets were gated based on their characteristic
forward and side scatter properties (Figure 1B), as well as for
antiplatelet immunoreactivity for CD41 (Figure 1C). The third
gate was set on a positive staining with monoclonal antibody
CD62P-PE (Figure 1D). Analyses were performed with BD FACS
DIVA software (BD Biosciences) and FloJo (v10).

MCAO
Animals were anesthetized, and a 6–0 silicone-coated
monofilament was introduced into the right internal carotid
artery until the tip occluded the ostium of the MCA. Regional
cerebral blood flow was monitored by laser doppler flowmetry
with the use of a probe fixed to the intact skull above the territory
of the right MCA. Rectal temperature was maintained between
36.5 and 37◦C with a heating pad. After surgery, animals were
allowed to recover from anesthesia. Hundred and twentyminutes
after MCAO, the filament was withdrawn to initiate reperfusion,
and 62.5µL of tPA (4 mg/ml, final 10 mg/kg BW) were given by
intravenous infusion into the right jugular vein over 15min using
a perfusion pump. 0.1 mg/kg BW buprenorphine hydrochloride
(Buprenex R©, Reckitt Benckiser Healthcare Ltd, UK) were
administered at the end of all procedures.

Standard Tail Bleeding
To control for confounders, we first assessed the body
temperature: Hypothermic mice were excluded, while

normothermic mice were anesthetized and placed on a
heating pad in prone position. A distal 5mm segment of the
tail was amputated with a razor blade. Tails were immediately
inserted into microtubes containing 1 microliter saline placed
in a water bath pre-warmed to 37◦C. After 3min, the tail was
removed from the microtube, and hemostatic measures were
taken by electro-cauterization using Bovie R©. The microtube was
vortexed, and ultrasound was applied for 15 s to lyse erythrocyte
cell membranes. 3 × 100µL were transferred to a 96 well plate
containing 40µL of Drabkin’s reagent and incubated for 15min.
Absorption rates at 540 nm were determined using a SpectraMax
M5 photometer. Bleeding volumes were calculated using a
standard curve (14, 20, 23).

HT Determination
For HT measurement in the brain, mice were lethally
anesthetized and perfused transcardially with saline. The brains
were removed and sectioned into 1mm thick slices and
photographed. HT was assessed as red areas in brain sections,
outlined and measured using ImageJ. Hemorrhages were
classified according to the ECASS II morphologic definitions (24,
25) adapted to animal models as used in previous publications
(12, 26, 27). Therefore, every section was individually scored on a
5 point ordinal scale (1 = no HT; 2 = hemorrhagic infarction
type 1; 3 = hemorrhagic infarction type 2; 4 = parenchymal
hemorrhage type 1; 5 = parenchymal hemorrhage type 2) and
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an overall grade for every brain was determined according to the
highest grade occurring among the sections.

Exclusion Criteria
Death within the 22 h recovery period led to exclusion
from further assessment. Post-stroke tail bleeding tests
were not performed in surviving animals when the
general condition was too severe (indicated by a low body
temperature (<32◦C) and slow breathing rate, for details please
see Supplementary Material).

Post-stroke Flow Cytometry Analysis of
Platelet Function
Post-stroke flow cytometry analysis was performed with blood
collected from 5 randomly chosen control mice and 3 ASA+CPG
treatedmice by cardiac puncture at the time point of sacrifice and
conducted as described above.

Statistics and Data Analysis
Data is presented as mean ± SEM. Values were tested
for Gaussian distribution with D’Agostino-Pearson omnibus
normality test and Kolmogorov test. Statistical significance was
determined for two group comparisons with Welch’s t-test or
Mann-Whitney test, and data sets were considered different if
p < 0.05. Correlations were calculated with Spearman’s test. All
statistics were performed using Prism 7 graphpad software.

RESULTS

Pre-stroke Platelet Function Testing
In control mice (n = 12) platelet pre-activation in unstimulated
samples was 3.6 ± 2.0% vs. 2.0 ± 0.7% in unstimulated blood
obtained from ASA+CPG treated mice (n = 15, p = 0.365,
Figure 2A). In vitro stimulation with thrombin platelet activation
was 88.0 ± 0.6% in controls compared to 47.5 ± 3.7% in

FIGURE 2 | (A) Platelet activation rates in unstimulated samples: Control: 3.6 ± 2.0%, n = 12; ASA+CPG: 2.0 ± 0.7%, n = 15, p = 0.3649 with selected example

images of fluorescence intensity for platelet activation marker anti-CD62P-PE in unstimulated blood samples (FACSDiva software). (B) Platelet activation rates in

thrombin stimulated samples: Controls: 88.0 ± 0.6%, n = 12; ASA+CPG: 47.5 ± 3.8%, n = 15, p < 0.0001, images of anti-CD62P-PE fluorescence intensity after in

vitro thrombin stimulation. (C) Blood volumes in post-stroke tail bleeding testing: Controls: 1.4 ± 0.2µl/3min, n = 4; ASA+CPG: 5.4 ± 0.9µl/3min, n = 8,

p = 0.004. (D) Correlation of in vitro platelet function with in vivo tail bleeding volumes: Linear regression: R2 =0.5518, y = −0.08175 (95% CI: −0.134 to

−0.03)*X+8.846). Correlation: r = −0.7902, p = 0.0033, n = 12. **p < 0.01; ****p< 0.0001.
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ASA+CPG treated mice (p < 0.0001, Figure 2B), indicating a

partial platelet inhibition in these animals. Thus, we sufficiently
demonstrated the in vitro detection of ASA+CPG drug effects

in whole blood collected from mice following 3 days of oral
drug administration.

Implementation Into Experimental Stroke
Subsequently, we subjected all mice to 2 h MCAO and tPA
infusion, followed by a 22 h recovery period before performing
tail bleeding tests (Figure 1A). During the recovery period,
4 control mice and 2 ASA+CPG treated mice died. We
examined the deceased animals, focusing on intracerebral- or
gastrointestinal bleeding or any other obvious hemorrhagic
complication. Neither the ASA+CPG mice nor the control
mice showed severe hemorrhages, suggesting that mortality was
mainly related to the fairly severe ischemia induced by 2 h
of MCAO. Tail bleeding volumes measured in 8 ASA+CPG
treated mice were on average 5.4 ± 0.9µl compared to 1.4
± 0.2µl measured in 4 control mice (p = 0.004, Figure 2C),

suggesting platelet inhibition was still effective 24 h after
cessation of treatment.

In comparing the individual results of pre-stroke platelet
function testing with post-stroke tail bleeding volumes (the
standard in vivo measure of platelet function), we found that
low platelet activation rates upon in vitro thrombin stimulation
correlated significantly with increased blood loss in the tail
bleeding test and vice versa (r = −0.7902, p = 0.0033, n = 12;
Figure 2D), suggesting our method is feasible to depict platelet
function in mice.

Investigating the effect of platelet function on HT
development, we found that HT did not occur in mice that
demonstrated beforehand high activation rates upon in vitro
stimulation with thrombin (CD62P expression >80%), whereas
mice showing reduced platelet activation rates (CD62P
expression <80%) were at higher risk for HT development
(CD62P expression >80%: 0.9 ± 0.3mm2; CD62P expression
<80%: 10.8± 4.4mm2, p= 0.0335, Figure 3A). No hemorrhages
were found remote from the infarct. The morphological
classification of the HT types showed that 0/7 control mice

FIGURE 3 | (A) Hemorrhage area measurements in brain sections: Platelet activation rate >80% CD62P expression: 0.9 ± 0.3mm2, n = 7; Platelet activation rate

<80% CD62P expression: 10.8 ± 4.5mm2, n = 11, p = 0.0335. (B) Morphological classification of the bleeding types: 0/7 control mice were rated HI-2, compared

to 6/11 mice in the ASA+CPG (p = 0.0125). (C) Platelet activation rates in thrombin stimulated samples (post-stroke): Controls: 91.9 ± 2.1%, n = 5; ASA+CPG: 71.6

± 4.1%, n = 3, p = 0.0026. (D) Platelet activation following thrombin stimulation pre- and post-stroke in ASA+CPG pretreated mice: Platelet activation rates

increased significantly by 22.9 ± 8.9% (p = 0.0204) within 24 h between the two measurements. *p < 0.05; **p < 0.01.

Frontiers in Neurology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 85

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Lieschke et al. Monitoring DAPT in Stroke Mice

were rated HI-2, compared to 6/11 mice in the ASA+CPG
(p= 0.0125, Figure 3B, Supplementary Table I).

Post-stroke Platelet Function Testing
In analogy to the post-stroke tail bleeding testing, we performed a
second in vitro platelet function testing post-stroke in randomly
selected mice at the time point of sacrifice. In ASA+CPG
pretreated mice, platelet activation upon in-vitro thrombin
stimulation 24 h after drug withdrawal was 71.6 ± 4.1%
compared to 91.9 ± 2.1% in controls (Figure 3C, p = 0.0026).
Although the antiplatelet effect of ASA+CPG pretreatment
was still detectable 24 h after stroke and drug withdrawal,
platelet function in ASA+CPG pretreatedmice already improved
significantly compared to the platelet activation rates of the first
in vitro testing (Figure 3D platelet activation rates in ASA+CPG
mice pre-stroke 47.5 ± 3.8% vs. 71.6 ± 4.1% post-stroke). We
here present the feasibility of repeated sampling within a stroke
model using our flow cytometry-based platelet function assay.

DISCUSSION

With this study, we successfully developed a practical and
straightforward method to test platelet function in vitro using
flow cytometry, and we applied this assay to ASA+CPG treated
mice in the context of experimental stroke studies in order
to monitor antithrombotic treatment efficacy. Furthermore,
we demonstrated that our method can be implemented at
different time points within the stroke model and that repeated
measurements are also feasible. Our method can be used to
identify animals that are at a higher risk for developing HT,
in order to study the pathophysiology and to explore new
therapeutic approaches.

Thus, far, tail bleeding has been the only measure that assesses
platelet function in an individual mouse without the need to
pool blood from different subjects (which is needed for LTA).
However, when it comes to its implementation into stroke
models, this approach faces serious limitations. First, tail bleeding
testing can only be performed at the end of an experiment before
sacrifice due to a high risk of severe and uncontrolled bleeding.
Secondly, the tail bleeding test is relatively unspecific (20). It can
be affected by secondary hemostasis, blood pressure and body
temperature. Another disadvantage is that mice cannot be tested
repetitively, precluding dynamic measurements. In contrast, our
flow cytometry based technique of platelet function analysis
requires only 0.5–1% of the total blood volume of a mouse,
allowing for repeated sampling.

We showed that there was no significant difference in platelet
activation in unstimulated blood between ASA+CPG treated
mice and control mice prior to stroke, which indicates that
our samples were handled equally, resulting in acceptable pre-
activation rates. However, pre-activation rates in ASA+CPG
treatedmice were slightly reduced compared to controls, which is
in line with the findings of Kassassir et al. (19), who demonstrated
that pre-activation rates in mice intravenously treated with
cangrelor (another ADP-receptor antagonist like CPG) were
reduced compared to untreated controls (19).

As we had hypothesized, ASA+CPG treatment led to
significantly reduced platelet activation rates upon in vitro
stimulation with thrombin. These treatment effects occurred in a
comparable range to previously reported results in humans (28),
although relatively high treatment dosages (of 60 mg/kg ASA
and 22.5 mg/kg CPG) were used. The faster metabolism of mice
and different administration protocols (crushing and diluting
tablets which are designed for enteric resorption in humans) may
explain these comparable effects in spite of a higher absolute dose
(19, 22, 29, 30). Ultimately, while there was some variability in
the response, we did not identify any non-responders, and all
ASA+CPG mice showed reduced platelet reactivity.

Accordingly, we demonstrated that the impaired platelet
function after ASA+CPG pre-treatment is strongly correlated
with higher tail bleeding volumes. Thus, our method can be
used to identify mice with decreased platelet function. Based
on this, cohorts with an overall increased risk of HT could be
identified. However, HT prediction on an individual animal level
remains difficult. Similar to humans, not every pretreated mouse
developed HT following thrombolytic treatment, although mice
that showed hemorrhages generally had lower activation rates.
These findings are in line with previous attempts to better stratify
the risk of tPA-associated HT in human patients (7, 31–36),
which aimed to define risk scores and predictors for HT.
With only modest predictive power, those models failed to
identify common key contributors. More research on pre-stroke
platelet function and its impact on later HT development and
neurological outcome may help to fill this gap of knowledge.

The current literature also revealed that despite the higher
risk of tPA-associated HT in patients on DAPT, mortality and
neurologic outcomes did not differ from patients without DAPT;
thus, the benefit of tPA seemed to outweigh its risk (37–39). In
order to get a clearer picture, it may be useful to implement
platelet function testing during the early phase of acute ischemic
stroke through using flow cytometry-based assays or point of
care devices, which have already replaced the previous standard
screening methods for platelet dysfunction (40). Testing the
platelet function rather than the platelet count could potentially
make discussion about platelet threshold superfluous (41).

We also need to address the limitations of our study.
In conventional aggregation assays, typically ADP is used to
demonstrate CPG effects (32). ADP receptor activation in mice
leads to the release of platelet dense granules but not to the
release of alpha granules (14). We used CD62P which is only
located in alpha granules; thus, ADP stimulation could not be
illustrated using anti-CD62P. Another consideration addressing
the flow cytometry test relates to our method of quantification.
An accepted strategy to quantify platelet aggregation using flow
cytometry is the determination of the loss of single platelets
due to aggregation upon platelet activation (17, 18, 28, 42, 43).
Since we were using two separate samples when comparing
unstimulated vs. stimulated blood, we were unable to consistently
detect and quantify the loss of single platelets in these samples.
A complementary strategy to deal with these limitations for
future studies is to use only one sample and repeat measurements
before and after platelet stimulation. However, this would require
the platelet count to be determined. Which implies another
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limitation to our study, since platelet function can be affected
by platelet count (44, 45). Also, we have not tested platelet
function following long-term treatment yet, in which other
hemostatic factors besides platelets may also be affected. In
addition, our study was designed as a single-center study at the
Neuroprotection Research Laboratory (Massachusetts General
Hospital), and needs to be confirmed by replication in other
laboratories. A last but major concern is the validation of our flow
cytometry assay by using tail bleeding. Since platelet function
in vitro and in vivo may differ (44, 46, 47), it is insufficient
to base examinations on either in vitro or in vivo only. By
combining the FACS analysis with tail bleeding, we intended
to achieve a complementary insight into the hemostatic status
of an individual mouse. As expected, tail bleeding volumes
were increased in the pretreated mice 24 h after the ischemic
event. At the same time, FACS analysis of blood from the
same mice showed reduced platelet activation in the DAPT
treated mice, and these results correlated well (r = −0.7902, p
= 0.0033, Figure 2D). We also considered cross-validation by
comparison with aggregometry, but decided against it because
(a) Due to the large volume required for the aggregometer
used in the MGH pathology core facility, we would have had
to pool the blood of several mice, which practically could
not be combined with a stroke model; (b) The procedure
used to initiate platelet activation differs significantly from
our approach. For example, the core facility uses ADP or
arachidonic acid to activate the platelets in vitro, while we used
thrombin in our study; (c)Measurements with aggregometers are
manufacturer and laboratory specific, which implies a restricted
comparability between centers. These limitations would have
ruled out a quantitative comparison of the two methods.
However, the previous study by Lauer et al. demonstrated
that the dosages of ASA and CPG used in our study were
sufficient to significantly reduce platelet aggregation as measured
by aggregometry (14), which is in line with our current results
based on FACS measurements.

In summary, we describe a versatile and easy-to-implement
tool to investigate the impact of platelet function in experimental
stroke. We demonstrated that ASA+CPG treatment resulted
in significantly impaired platelet function contributing to
an increased risk of HT after experimental stroke and tPA
administration. Our test can be used in animal studies to
monitor drug effects. To identify and exclude mice with
insufficient platelet inhibition from future experiments, it can
be implemented at various times within the model and repeated
using dynamic measurements. We here offer an experimental

model to better investigate and understand the mechanisms
underlying the impaired platelet function contributing to HT.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee (IACUC) at Massachusetts
General Hospital (MGH).

AUTHOR CONTRIBUTIONS

CF, KL, and FL conceived the idea, designed the model and
analyzed the data. FL carried out the experiments and performed
the flow cytometry measurements. YZ performed the MCAO
surgery. FL processed the experimental data, performed the
statistical analysis, drafted the article, and designed the figures.
JS aided in interpreting the results. KL and CF supervised the
work. CF and KL made critical revisions of the article for
important intellectual content. All authors discussed the results
and commented on the article.

FUNDING

This work was supported by the National Institutes of
Health (R01NS049430 to KL); the American Heart Association
(17GRNT33460100 to KL); and the Faculty of Medicine, Goethe
University Frankfurt (FPF doctoral scholarship to FL).

ACKNOWLEDGMENTS

The authors thank Dr. Xiaoying Wang, Dr. Eng H. Lo, Dr.
Ken Arai, and Dr. Gen Hamanaka for helpful discussions, and
Kelly Kin Chung for help with the manuscript. We gratefully
acknowledge the National Institutes of Health and the American
Heart Association for their financial support of this work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2020.00085/full#supplementary-material

REFERENCES

1. Johnston SC, Easton JD, Farrant M, Barsan W, Conwit RA, Elm JJ, et al.

Clopidogrel and aspirin in acute ischemic stroke and high-risk TIA. N Engl

J Med. (2018) 379:215–25. doi: 10.1056/NEJMoa1800410

2. Wang Y, Wang Y, Zhao X, Liu L, Wang D, Wang C, et al. Clopidogrel with

aspirin in acute minor stroke or transient ischemic attack. N Engl J Med.

(2013) 369:11–9. doi: 10.1056/NEJMoa1215340

3. Levine GN, Bates ER, Blankenship JC, Bailey SR, Bittl JA, Cercek B, et al.

2011 ACCF/AHA/SCAI guideline for percutaneous coronary intervention. J

Am Coll Cardiol. (2011) 58:e44–122. doi: 10.1016/j.jacc.2011.08.007

4. Brott TG, Hobson RW, Howard G, Roubin GS, Clark WM, Brooks W, et al.

Stenting versus endarterectomy for treatment of carotid-artery stenosis. N

Engl J Med. (2010) 363:11–23. doi: 10.1056/NEJMx100035

5. Valgimigli M, Bueno H, Byrne RA, Collet JP, Costa F, Jeppsson A, et al.

2017 ESC focused update on dual antiplatelet therapy in coronary artery

Frontiers in Neurology | www.frontiersin.org 7 February 2020 | Volume 11 | Article 85

https://www.frontiersin.org/articles/10.3389/fneur.2020.00085/full#supplementary-material
https://doi.org/10.1056/NEJMoa1800410
https://doi.org/10.1056/NEJMoa1215340
https://doi.org/10.1016/j.jacc.2011.08.007
https://doi.org/10.1056/NEJMx100035
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Lieschke et al. Monitoring DAPT in Stroke Mice

disease developed in collaboration with EACTS. Eur J Cardio-thoracic Surg.

(2018) 53:34–78. doi: 10.1093/eurheartj/ehx419

6. Yang Y, Zhou M, Zhong X, Wang Y, Zhao X, Liu L, et al. Dual versus mono

antiplatelet therapy for acute non-cardioembolic ischaemic stroke or transient

ischaemic attack : a systematic review and meta-analysis. Stroke Vasc Neurol.

(2018) 3:107–16. doi: 10.1136/svn-2018-000168

7. MazyaM, Egido JA, Ford GA, Lees KR,Mikulik R, Toni D, et al. Predicting the

risk of symptomatic intracerebral hemorrhage in ischemic stroke treated with

intravenous alteplase: Safe Implementation of Treatments in Stroke (SITS)

symptomatic intracerebral hemorrhage risk score. Stroke. (2012) 43:1524–

31. doi: 10.1161/STROKEAHA.111.644815

8. Diedler J, Ahmed N, Sykora M, Uyttenboogaart M, Overgaard K, Luijckx

GJ, et al. Safety of intravenous thrombolysis for acute ischemic stroke in

patients receiving antiplatelet therapy at stroke onset. Stroke. (2010) 41:288–

94. doi: 10.1161/STROKEAHA.109.559724

9. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC,

Becker K, et al. 2018 guidelines for the early management of patients with

acute ischemic stroke: a guideline for healthcare professionals from the

American Heart Association/American Stroke Association. Stroke. (2018)

49:46–110. doi: 10.1161/STR.0000000000000163

10. The European Stroke Organisation (ESO) Executive Committee and the

ESO Writing Committee. Guidelines for Management of Ischaemic Stroke

and Transient Ischaemic Attack 2008. Cerebrovasc Dis. (2008) 25:457–

507. doi: 10.1159/000131083

11. Gensicke H, Al Sultan AS, Strbian D, Hametner C, Zinkstok SM, Moulin

S, et al. Intravenous thrombolysis and platelet count. Neurology. (2018)

90:e1–8. doi: 10.1212/WNL.0000000000004982

12. Zheng Y, Lieschke F, Schaefer JH, Wang X, Foerch C, van Leyen K.

Dual antiplatelet therapy increases hemorrhagic transformation following

thrombolytic treatment in experimental stroke. Stroke. (2019) 50:3650–

3. doi: 10.1161/STROKEAHA.119.027359

13. Hughes CE. How to perform aggregometry and lumi-aggregometry in mouse

platelets. Platelets. (2018) 29:638–43. doi: 10.1080/09537104.2018.1478074

14. Lauer A, Schlunk F, Van Cott EM, Steinmetz H, Lo EH, Foerch

C. Antiplatelet pretreatment does not increase hematoma volume in

experimental intracerebral hemorrhage. J Cereb Blood Flow Metab. (2011)

31:1736–42. doi: 10.1038/jcbfm.2011.22

15. Kruse-Jarres R, Singleton TC, Leissinger CA. Identification and basic

management of bleeding disorders in adults. J Am Board Fam Med. (2014)

27:549–64. doi: 10.3122/jabfm.2014.04.130227

16. Peterson P, Hayes TE, Arkin CF, Bovill EG, Fairweather RB,

Rock William AJ, et al. The preoperative bleeding time test lacks

clinical benefit: college of American Pathologists’ and American

Society of Clinical Pathologists’ position article. JAMA Surg. (1998)

133:134–9. doi: 10.1001/archsurg.133.2.134

17. Armstrong PCJ, Kirkby NS, Chan MV, Finsterbusch M, Hogg N, Nourshargh

S, et al. Novel whole blood assay for phenotyping platelet reactivity in mice

identifies ICAM-1 as a mediator of platelet-monocyte interaction. Blood.

(2015) 126:e11–8. doi: 10.1182/blood-2015-01-621656

18. De Cuyper IM, Meinders M, Van De Vijver E, De Korte D, Porcelijn L, De

Haas M, et al. A novel fl ow cytometry – based platelet aggregation assay.

Blood. (2013) 121:70–80. doi: 10.1182/blood-2012-06-437723

19. Kassassir H, Siewiera K, Sychowski R, Watała C. Can the antiplatelet

effects of cangrelor be reliably studied in mice under in vivo and in

vitro conditions using flow cytometry? Pharmacol Rep. (2013) 65:870–

83. doi: 10.1016/S1734-1140(13)71068-5

20. Liu Y, L JN, M DA, Du X-J. Standardizing a simpler, more sensitive

and accurate tail bleeding assay in mice. World J Exp Med. (2012)

2:30. doi: 10.5493/wjem.v2.i2.30

21. Momi S, Pitchford SC, Alberti PF, Minuz P, Del Soldato P, Gresele P.

Nitroaspirin plus clopidogrel versus aspirin plus clopidogrel against platelet

thromboembolism and intimal thickening in mice. Thromb Haemost. (2005)

93:535–43. doi: 10.1160/TH04-07-0464

22. Tsakiris DA, Scudder L, Hodivala-Dilke K, Hynes RO, Coller BS. Hemostasis

in the mouse (Mus musculus): a review. Thrombosis Haemostasis. (1999)

81:177–88. doi: 10.1055/s-0037-1614439

23. Saito MS, Lourenço AL, Kang HC, Rodrigues CR, Cabral LM, Castro HC,

et al. New approaches in tail-bleeding assay in mice: improving an important

method for designing new anti-thrombotic agents. Int J Exp Pathol. (2016)

97:285–92. doi: 10.1111/iep.12182

24. Von Kummer R, Broderick JP, Campbell BCV, Demchuk A, Goyal M, Hill

MD, et al. The heidelberg bleeding classification: Classification of bleeding

events after ischemic stroke and reperfusion therapy. Stroke. (2015) 46:2981–

6. doi: 10.1161/STROKEAHA.115.010049

25. Yaghi S, Willey JZ, Cucchiara B, Goldstein JN, Gonzales NR, Khatri P, et al.

Treatment and outcome of hemorrhagic transformation after intravenous

alteplase in acute ischemic stroke: a scientific statement for healthcare

professionals from the American Heart Association/American Stroke

Association. Stroke. (2017) 48:e343–61. doi: 10.1161/STR.0000000000000152

26. García-Yébenes I, Sobrado M, Zarruk JG, Castellanos M, De La Ossa NP,

Dávalos A, et al. A mouse model of hemorrhagic transformation by delayed

tissue plasminogen activator administration after in situ thromboembolic

stroke. Stroke. (2011) 42:196–203. doi: 10.1161/STROKEAHA.110.600452

27. Copin J-C, Gasche Y. Effect of the duration of middle cerebral

artery occlusion on the risk of hemorrhagic transformation after

tissue plasminogen activator injection in rats. Brain Res. (2008)

1243:161–6. doi: 10.1016/j.brainres.2008.09.025

28. Van Velzen JF, Laros-Van Gorkom BAP, Pop GAM, Van

Heerde WL. Multicolor flow cytometry for evaluation of platelet

surface antigens and activation markers. Thromb Res. (2012)

130:92–8. doi: 10.1016/j.thromres.2012.02.041

29. Li Y, Landqvist C, Grimm SW. Disposition and metabolism of ticagrelor, a

novel P2Y12 receptor antagonist, in mice, rats, and marmosets. Drug Metab

Dispos. (2011) 39:1555–67. doi: 10.1124/dmd.111.039669

30. Wientjes MG, Levy G. Nonlinear pharmacokinetics of aspirin in rats. J

Pharmacol Exp Ther. (1988) 245:809–15.

31. Cucchiara B, Tanne D, Levine SR, Demchuk AM, Kasner S. A Risk score

to predict intracranial hemorrhage after recombinant tissue plasminogen

activator for acute ischemic stroke. J Stroke Cerebrovasc Dis. (2008) 17:331–

3. doi: 10.1016/j.jstrokecerebrovasdis.2008.03.012

32. Lou M, Safdar A, Mehdiratta M, Kumar S, Schlaug G,

Caplan L, et al. The HAT score. Neurology. (2008) 71:1417–

23. doi: 10.1212/01.wnl.0000330297.58334.dd

33. Strbian D, Engelter S, Michel P, Meretoja A, Sekoranja L, Ahlhelm FJ, et al.

Symptomatic intracranial hemorrhage after stroke thrombolysis: the SEDAN

Score. Ann Neurol. (2012) 71:634–41. doi: 10.1002/ana.23546

34. Saver JL. Hemorrhage after thrombolytic therapy for stroke:

the clinically relevant number needed to harm. Stroke. (2007)

38:2279–83. doi: 10.1161/STROKEAHA.107.487009

35. Menon BK, Saver JL, Prabhakaran S, Reeves M, Liang L, Olson DM, et al.

Risk score for intracranial hemorrhage in patients with acute ischemic stroke

treated with intravenous tissue-type plasminogen activator. Stroke. (2012)

43:2293–9. doi: 10.1161/STROKEAHA.112.660415

36. Whiteley WN, Bruins SK, Peter F, Peter S, Joanna W. Risk Factors

for intracranial hemorrhage in acute ischemic stroke patients treated

with recombinant tissue plasminogen activator. Stroke. (2012) 43:2904–

9. doi: 10.1161/STROKEAHA.112.665331

37. Luo S, Zhuang M, Zeng W, Tao J. Intravenous thrombolysis for acute

ischemic stroke in patients receiving antiplatelet therapy: a systematic

review and meta-analysis of 19 studies. J Am Heart Assoc. (2016) 5:1–

14. doi: 10.1161/JAHA.116.003242

38. Xian Y, Federspiel JJ, Grau-Sepulveda M, Hernandez AF, Schwamm

LH, Bhatt DL, et al. Risks and benefits associated with prestroke

antiplatelet therapy among patients with acute ischemic stroke treated

with intravenous tissue plasminogen activator. JAMA Neurol. (2016) 73:50–

9. doi: 10.1001/jamaneurol.2015.3106

39. Tsivgoulis G, Katsanos AH, Mavridis D, Gdovinova Z, Karlinski M, Macleod

MJ, et al. Intravenous thrombolysis for ischemic stroke patients on dual

antiplatelets. Ann Neurol. (2018) 84:89–97. doi: 10.1002/ana.25269

40. Chen F, Maridakis V, O’Neill EA, Beals C, Radziszewski W, De Lepeleire I,

et al. A randomized clinical trial comparing point-of-care platelet function

assays and bleeding time in healthy subjects treated with aspirin or

clopidogrel. Platelets. (2012) 23:249–58. doi: 10.3109/09537104.2011.604806

41. Breuer L, Huttner HB, Kiphuth IC, Ringwald J, Hilz MJ, Schwab S, et al.

Waiting for platelet counts causes unsubstantiated delay of thrombolysis

therapy. Eur Neurol. (2013) 69:317–20. doi: 10.1159/000345702

Frontiers in Neurology | www.frontiersin.org 8 February 2020 | Volume 11 | Article 85

https://doi.org/10.1093/eurheartj/ehx419
https://doi.org/10.1136/svn-2018-000168
https://doi.org/10.1161/STROKEAHA.111.644815
https://doi.org/10.1161/STROKEAHA.109.559724
https://doi.org/10.1161/STR.0000000000000163
https://doi.org/10.1159/000131083
https://doi.org/10.1212/WNL.0000000000004982
https://doi.org/10.1161/STROKEAHA.119.027359
https://doi.org/10.1080/09537104.2018.1478074
https://doi.org/10.1038/jcbfm.2011.22
https://doi.org/10.3122/jabfm.2014.04.130227
https://doi.org/10.1001/archsurg.133.2.134
https://doi.org/10.1182/blood-2015-01-621656
https://doi.org/10.1182/blood-2012-06-437723
https://doi.org/10.1016/S1734-1140(13)71068-5
https://doi.org/10.5493/wjem.v2.i2.30
https://doi.org/10.1160/TH04-07-0464
https://doi.org/10.1055/s-0037-1614439
https://doi.org/10.1111/iep.12182
https://doi.org/10.1161/STROKEAHA.115.010049
https://doi.org/10.1161/STR.0000000000000152
https://doi.org/10.1161/STROKEAHA.110.600452
https://doi.org/10.1016/j.brainres.2008.09.025
https://doi.org/10.1016/j.thromres.2012.02.041
https://doi.org/10.1124/dmd.111.039669
https://doi.org/10.1016/j.jstrokecerebrovasdis.2008.03.012
https://doi.org/10.1212/01.wnl.0000330297.58334.dd
https://doi.org/10.1002/ana.23546
https://doi.org/10.1161/STROKEAHA.107.487009
https://doi.org/10.1161/STROKEAHA.112.660415
https://doi.org/10.1161/STROKEAHA.112.665331
https://doi.org/10.1161/JAHA.116.003242
https://doi.org/10.1001/jamaneurol.2015.3106
https://doi.org/10.1002/ana.25269
https://doi.org/10.3109/09537104.2011.604806
https://doi.org/10.1159/000345702
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Lieschke et al. Monitoring DAPT in Stroke Mice

42. Ramström S, Södergren A, Tynngård N, Lindahl T, Lindahl TL. Platelet

function determined by flow cytometry: new perspectives? platelet function

determined by flow cytometry -new perspectives? Semin Thromb Hemost.

(2016) 3:268–81. doi: 10.1055/s-0035-1570082

43. Gremmel T, Koppensteiner R, Panzer S. Comparison of aggregometry

with flow cytometry for the assessment of agonists’-induced platelet

reactivity in patients on dual antiplatelet therapy. PLoS ONE. (2015)

10:e0129666. doi: 10.1371/journal.pone.0129666

44. Vinholt PJ. The role of platelets in bleeding in patients with

thrombocytopenia and hematological disease. Clin Chem Lab Med. (2019)

57:1808. doi: 10.1515/cclm-2019-0380

45. Krishnegowda M, Rajashekaraiah V. Platelet disorders:

an overview. Blood Coagul Fibrinolysis. (2015) 26:479–91.

doi: 10.1097/01.mbc.0000469521.23628.2d

46. Panzer S, Rieger M, Vormittag R, Eichelberger B, Dunkler D,

Pabinger I. Platelet function to estimate the bleeding risk in

autoimmune thrombocytopenia. Eur J Clin Invest. (2007) 37:814–9.

doi: 10.1111/j.1365-2362.2007.01855.x

47. Frelinger AL, Grace RF, Gerrits AJ, Berny-Lang MA, Brown

T, Carmichael SL, et al. Platelet function tests, independent

of platelet count, are associated with bleeding severity in

ITP. Blood. (2015) 126:873–9. doi: 10.1182/blood-2015-02-6

28461

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Lieschke, Zheng, Schaefer, van Leyen and Foerch. This

is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction

in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 9 February 2020 | Volume 11 | Article 85

https://doi.org/10.1055/s-0035-1570082
https://doi.org/10.1371/journal.pone.0129666
https://doi.org/10.1515/cclm-2019-0380
https://doi.org/10.1097/01.mbc.0000469521.23628.2d
https://doi.org/10.1111/j.1365-2362.2007.01855.x
https://doi.org/10.1182/blood-2015-02-628461
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Measurement of Platelet Function in an Experimental Stroke Model With Aspirin and Clopidogrel Treatment
	Introduction
	Materials and Methods
	Animals and Experimental Design
	Antiplatelet Pretreatment
	Flow Cytometry Based Platelet Function Test
	MCAO
	Standard Tail Bleeding
	HT Determination
	Exclusion Criteria
	Post-stroke Flow Cytometry Analysis of Platelet Function
	Statistics and Data Analysis

	Results
	Pre-stroke Platelet Function Testing
	Implementation Into Experimental Stroke
	Post-stroke Platelet Function Testing

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


