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ABSTRACT

Platelets are key mediators of thrombus formation and inflammation during the acute phase of ischaemic stroke.
Particularly, the platelet glycoprotein (GP) receptors GPIba and GPVI have been shown to mediate platelet
adhesion and activation in the ischaemic brain. GPIba and GPVI blockade could reduce infarct volumes and
improve functional outcome in mouse models of acute ischaemic stroke, without concomitantly increasing
intracerebral haemorrhage. However, the functional role of platelets during long-term stroke recovery has not
been elucidated so far.

Thus, we here examined the impact of platelet depletion on post-stroke recovery after transient middle ce-
rebral artery occlusion (tMCAO) in adult male mice. Platelet depleting antibodies or isotype control were applied
from day 3-28 after tMCAO in mice matched for infarct size. Long-term functional recovery was assessed over
the course of 28 days by behavioural testing encompassing motor and sensorimotorical functions, as well as
anxiety-like or spontaneous behaviour. Whole brain flow cytometry and light sheet fluorescent microscopy were
used to identify resident and infiltrated immune cell types, and to determine the effects of platelet depletion on
the cerebral vascular architecture, respectively.

We found that delayed platelet depletion does not improve long-term functional outcome in the tMCAO stroke
model. Immune cell abundance, the extent of thrombosis and the organisation of the cerebral vasculature were
also comparable between platelet-depleted and control mice. Our study demonstrates that, despite their critical
role in the acute stroke setting, platelets appear to contribute only marginally to tissue reorganisation and
functional recovery at later stroke stages.

1. Introduction

leading cause of long-lasting disability worldwide (Collaborators, 2019).
Mechanical thrombectomy and lysis therapy with recombinant tissue

Ischaemic stroke is the second leading cause of death and third plasminogen activator (rt-PA) remain the only treatment options. The
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application of both approaches is restricted to the acute phase after
stroke. To date, there are no pharmacological treatments available to
enhance neurological recovery. Unlike acute stroke treatment, focusing
on the recanalisation of the occluded vessel, recovery treatments target
processes such as brain remodelling and plasticity. Preclinical research
over the past decades has identified several promising candidates for the
treatment of stroke sequelae, but none have been translated to the clinic.
Latest clinical trials, e.g. treatment with fluoxetine, failed, regardless of
promising data from experimental animal studies (Lundstrom et al.,
2021).

As central cellular players in haemostasis and thrombosis, platelets
have been thoroughly investigated as mediators of thrombus formation
leading to ischaemic stroke. An emerging body of evidence increasingly
indicates a wider role of platelets in the complex pathophysiology of
stroke, as well as other diseases such as atherosclerosis, Alzheimer’s
disease and in the context of immune-related functions (Birnie et al.,
2019; Ghoshal and Bhattacharyya, 2014; Golebiewska and Poole, 2015;
Jenne et al., 2013; Nording and Langer, 2018; Wuescher et al., 2015).
Since thrombosis and inflammation are closely intertwined during
ischaemic stroke, a phenomenon referred to as thromboinflammation,
platelets become increasingly important in stroke research.

We previously demonstrated that blocking the platelet glycoprotein
receptors GPIba or GPVI in cerebral ischaemia results in decreased
infarct sizes and improved neurological performance, without
increasing the risk of intracerebral haemorrhage (Kleinschnitz et al.,
2007). Inhibition of GPIba has been associated with reduced inflam-
matory responses (Schuhmann et al., 2017), and targeting GPVI atten-
uated infarct progression (Bieber et al., 2021). These protective effects
were retained in aged and comorbid mice (Kraft et al., 2015) and even in
combination with thrombolysis via rt-PA (Schuhmann et al., 2019). In
particular, platelets appear to modify post-stroke neuroinflammation
and angiogenesis through interaction with various immune -cells
(Nording et al., 2021; Packham et al., 2014; Schuhmann et al., 2020).

To date, the multifactorial contribution of platelets to stroke and
ischaemia/reperfusion injury (Burkard et al., 2020; Stegner et al., 2019)
was exclusively demonstrated in the acute phase up to 24 h after cere-
bral ischaemia. The potential for platelets to also contribute to long-term
restorative processes in the central nervous system remains unknown.

Differences in study designs between experimental and clinical
research are likely accountable for failed clinical translation. In almost
all experimental studies, infarct volume was reported as the main end
point, whereas in most clinical trials, the focus was put on neurological
outcomes. In addition, the onset of treatment is significantly delayed in
the clinical trials compared to experimental trials (Schmidt-Pogoda
et al., 2020). In the study presented herein, we took these difficulties
into account.

We subjected male C57BL/6 mice to 30 min of transient middle ce-
rebral artery occlusion (tMCAO). Treatment with either platelet deple-
tion or isotype control antibodies was initiated after infarct maturation 3
days post ischaemia (dpi) and continued until the end of the observation
period at 28 dpi. To assess long-term functional recovery with clinically
relevant parameters, we performed extensive behavioural testing, as
well as flow cytometry and light sheet microscopy. With this compre-
hensive approach we aimed to unravel the functional role of platelets in
a long-term observational period after cerebral ischaemia.

2. Methods
2.1. Study design

In this study, a total of 68 male C57BL/6N mice aged 10-12 weeks
Charles River Laboratories, Sulzfeld, Germany) were included. Mice
were housed in groups of 5 in individually ventilated cages (IVC) at
constant room temperature (22 °C) and humidity (55 + 5%). Circadian
rhythm (12:12 h) was inverted to allow for behavioural testing during
the day corresponding to the animals’ active phase in the dark. Water
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and food were accessible ad libitum.

All animal experiments were performed in agreement with the
ARRIVE guidelines (Kilkenny et al., 2010) as well as the IMPROVE
guidelines (Percie du Sert et al., 2017), approved by local state au-
thorities (Landesamt fiir Natur, Umwelt und Verbraucherschutz NRW,
LANUV) and conducted in agreement with the German Animal Welfare
Act (German Ministry of Agriculture, Health, and Economic Coopera-
tion). Mice showing comparable infarct sizes after infarct visualisation
via magnetic resonance imaging (MRI) and volumetric analysis on day 3
after tMCAO were randomly assigned to treatment groups by a blinded
person not involved in data acquisition and analysis. Antibody for in vivo
platelet depletion in mice (#R300) or isotype control (#C301) were
obtained from Emfret Analytics (Germany) and diluted 1:1 with phos-
phate buffered saline (PBS). Antibodies were administered via intra-
peritoneal (i.p.) injection with an initial dose at 3 dpi [3 pg/gl and
injections every other day [1,5 pg/g] from day 10 onwards. In-
vestigators performing surgery, behavioural testing and analysis of all
collected data were blinded to group allocation. Unblinding was per-
formed after completion of statistical analyses. Mice were not included
in the study if they suffered from intracranial bleedings, haemorrhagic
infarcts or had no infarct at all after MRI on 3 dpi. Mice were excluded
from final analysis if they died before the experimental end point 28
days after onset of ischaemia. Of 68 tMCAO-operated animals, 53 were
included in the final analysis. 15 mice were excluded for one or more of
the reasons stated above, equally distributed between antibody and
isotype control treatments.

2.2. Ischaemia model

Focal cerebral ischaemia was induced by 30 min of intraluminal
transient middle cerebral artery occlusion (tMCAO) as previously
described (Leinweber et al., 2021). Mice were anaesthetised with 4%
isoflurane (Piramal) in 100% O, for 2-4 min (World Precision In-
struments, Small Animal Anesthesia System, EZ-7000). Anaesthesia was
maintained with ~2% isoflurane and body temperature kept at 37 °C
during surgery, using a feedback-controlled warming device (World
Precision Instruments, Animal Temperature Controller, ATC-2000).
Following a midline skin incision in the neck, the right common ca-
rotid artery (CCA) and the external carotid artery (ECA) were dissected
and ligated. The internal carotid artery (ICA) was temporarily closed
with a vascular clip (Fine Science Tools Inc., Foster City, CA, USA). For
induction of cerebral ischaemia, a silicon rubber-coated monofilament
(#6023912, Doccol, Corporation, USA) was introduced through the
common carotid artery and advanced into the right internal carotid
artery to occlude the origin of the right middle cerebral artery (MCA).
The intraluminal suture was left in place for 30 min. After that, mice
were re-anaesthetised, and the monofilament withdrawn to allow
reperfusion. The common carotid artery was ligated before suturing the
skin wound.

For the assessment of general neurological deficits and motor func-
tion, the following Bederson Score (Bederson et al., 1986) was applied
on days 1-7, 14, 21 and 28 post ischaemia: 0 no impairment, 1 flexion of
one front limb, 2 flexion of one front limb and decreased lateral startle
reflexes, 3 unidirectional circling, 4 circling and occasional turning
around the longitudinal axis, 5 no spontaneous movement. Testing took
place on a straight, rough plane to allow enough grip for the mice to
move.

2.3. Magnetic resonance imaging

To analyse infarct size prior to treatment initiation and to scan for
possible intracerebral bleeding, MRI was performed on a 3 T MRI unit
(Biograph mMR, Siemens Healthineers, Germany) at 3 dpi. A commer-
cially available dual channel surface coil designed for examining mice
(Rapid Biomedical GmbH, Germany) was used. The imaging protocol
included a coronal T2-weighted turbo spin-echo (TSE) sequence
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(resolution 0.2 x 0.2 x 0.8 mm?, 15 slices, TE = 105 ms, TR = 1660 ms,
TA = 3:47 min) that was used for identifying infarct volume and a
susceptibility weighted coronal T2-weighted gradient echo sequence
(SWI, 0.1 x 0.1 x 0.2 mm?, 40 slices, TE = 20.6 ms, TR = 38 ms, TA =
6:01 min) for detecting haemorrhage. Refined localization was done
beforehand with the help of short T1-weighted TSE sequences along
each axis (0.2 x 0.2 x 1 mm?®, 7 slices, TA = 17s).

The measurement was conducted under constant ketamine/xylazine
anaesthesia. The T2-weighted TSE sequences were used for planimetric
evaluation of oedema corrected infarct volume using the indirect mea-
surement technique as well as evaluation of oedema formation. Calcu-
lation of infarct size was performed using ImageJ (National Institutes of
Health, USA) according to the following equation: Vipgirect (mm?) =
[Vinfaret X (1-(Vin — Ven)/Ven)l x 1,6, whereas Vipgaret represents the
hyper-intense area, Vi, represents the ipsilateral hemisphere, V., rep-
resents the contralateral hemisphere and 1,6 represents the spacing
between the acquired individual images. Brain oedema was calculated
according to the following equation: Oedema [%] = Viotal X 100/(Vep X
2) - 100, whereas Vi, represents the total brain volume and V, rep-
resents the contralateral hemisphere. Calculation was performed for
every second image and results summed up to determine infarct size or
oedema formation, respectively.

2.4. Atrophy calculation

At 28 dpi, mice were sacrificed by ketamin/xylazin overdose, fol-
lowed by transcardial perfusion with 20 ml PBS and extracted brains
were cut in 3 * 2 mm thick brain slices (Mouse Brain Slicer Matrix, #
BSMAS001-1, Zivic Instruments, USA). Slices were immediately
collected into cold PBS and scanned. Atrophy was calculated as: Atrophy
[%] = 100 — ((Viota28dpi/ Viotaizdpi) X 100, where Viotai2gdpi Tepresents
the total brain volume on day 28 (overlay scanner) and Viotai3dpi rep-
resents the total brain volume on day 3 (MRI images). Loss of tissue mass
is expressed as percentage compared to initial values at treatment start
for each individual animal.

2.5. Haemogram profiling

30 pl-50 pl of blood were collected in tubes containing EDTA and
carefully mixed to avoid clotting. The ProCyte Dx haematology analyser
(IDEXX, USA) was used for the generation of a complete haemogram.

2.6. Behavioural testing

Mice were familiarised with handling and the experimental pro-
cedures and surroundings on a daily basis for 7 days prior to study. To
ensure comparability of results all behaviour experiments were con-
ducted in the same order throughout different sets of experiments.
Testing always took place during the day (10 a.m.-4 p.m.) corre-
sponding to the animal’s active phase and were carried out in dim red
light and low noise environment (behavioural unit) (Peirson et al.,
2018). Mice from experimental sets not assigned to behavioural testing
were handled and housed the same way to avoid inconsistencies (Leiter
et al., 2019; Peirson et al., 2018).

2.7. Rotarod

To assess motoric deficits, Rotarod Test was performed using the
RotaRod Advanced for Mice (TSE Systems, Germany) (Balkaya et al.,
2013; Bouet et al., 2007; Jones and Roberts, 1968). Mice were trained
for the task before induction of ischaemia, including 1 trial per day on 3
consecutive days. During training sessions, the rod was set to constant
speed of 4 rpm for 180 s. Animals were placed on the moving rod, facing
away from the experimenter. If animals fell from the rod they were
immediately placed back on top. Before induction of ischaemia a base-
line measurement was recorded under standard testing conditions. This
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included accelerated speed from 4 rpm to 40 rpm within 300 s. Animals
were placed on a constantly moving rod, facing away from the experi-
menter, before starting testing profile. Mice falling from the rod were
placed back on top 3 times during the whole trial before trial was
stopped for the respective animal. All mice were evaluated once before
starting the second trial, with 2 trials being conducted on each indicated
testing day. Total time on the rod was recorded for both trials and the
mean value used for analysis. Mice not showing sufficient motivation to
perform the task were excluded from analysis for the specific time point.

2.8. Adhesive Removal Test

To assess sensorimotorical deficits, the Adhesive Removal Test was
performed (Balkaya et al., 2013; Bouet et al., 2007; Schallert et al.,
1982) Mice were trained for the task before induction of ischaemia,
including 1 trial per day on 3 consecutive days. Mice were placed inside
around arena (15 cm diameter, opaque bottom, transparent walls) for a
habituation period of 60 s. Afterwards the animal was taken out of the
arena and adhesive tapes placed on the palms of both front paws (3 x 4
mm) before placing the animal back inside the arena until removal of the
tapes. Baseline measurement was performed before induction of
ischaemia under standard testing conditions. Mice were again placed
inside the arena for 60 s without intervention before the adhesive tapes
were placed on both front paws. Time to removal for each of the tapes
was recorded. If the tapes were not removed after 120 s, they were
removed by the experimenter and the mouse placed back to the home
cage. On each indicated testing day, 3 consecutive trials were conducted
with each animal. The A time to removal between both paws was
determined for each trial before using the mean of the best 2 trials for
analysis. Mice not showing sufficient motivation to perform the task in
the given time were excluded from analysis for the specific time point.

2.9. Grip Strength

To assess hind limb muscle strength a hand-held force gauge
(Physimeter 906 MC-B, Erichsen, Germany) was used (Alamri et al.,
2018; Cabe et al., 1978). The mouse was handled by the experimenter
with a tight grip behind its head, still allowing the hind limbs to move
freely. Afterwards the hind limbs were gently pulled over a metal bar
and the maximum force applied before the mouse lost its grip was
recorded. Per side, 3 measurements were conducted while trials were
interrupted by short resting phases. The mean of all three trials per side
was calculated for analysis. Trials with mice either not showing suffi-
cient motivation to perform the task or defending actively against the
experimenters’ grip were excluded from analysis for the specific time
point or redone, respectively.

2.10. Elevated Plus Maze

To investigate the effects of platelet depletion on anxiety and
anxiety-like behaviour the Elevated Plus Maze Test was performed. The
maze is characterised by its cross-shape with equally sized arms (W 5 cm
x L 25 cm). It consists of 2 open arms and 2 arms being flanked by
opaque walls (H 17 cm), connected by a common intersection (5 cm x 5
cm) with the maze being elevated 70 cm above the ground. The test is
able to detect anxiety due to the natural tendency of mice to avoid open
areas and preferably reside near walls or objects, called thigmotaxis
(Lister, 1987; Walf and Frye, 2007). Animals were placed in the central
intersection, facing away from the experimenter and towards an open
arm. Mice were then allowed to explore the maze for 5 min without
interruption. Camera recording was performed using an automatic
tracking system (EthoVision XT15, Noldus, Netherlands) and data
exported for statistical analysis. Parameters like total time spent in open
or closed arms, total time the mice spent moving or not moving and the
time spent in different body elongation states were analysed.
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2.11. Open Field

To investigate the effects of platelet depletion on spontaneous motor
and exploration behaviours, the Open Field Test was performed
(Kraeuter et al., 2019; Reinboth et al., 2016). The arena is square-shaped
(W 50 cm x L. 50 cm), flanked by opaque walls (H 30 cm) and contains no
visual clues for the mouse to allow for spontaneous exploration behav-
iour. The arena was based on infrared (IR) translucent material, placed
upon an infrared light-box (850 nm, TSE Systems, Germany) to increase
contrast for video recording. Animals were placed in the centre, facing
away from the experimenter. Mice were then allowed to explore the
arena for 5 min without interruption. Camera recording was performed
using an automatic tracking system (EthoVision XT15, Noldus,
Netherlands) and data exported for statistical analysis. Parameters like
total time spent in the centre or borders of the arena, total time the mice
spent moving or not moving and the time spent in different body elon-
gation states were analysed.

2.12. Haematoxylin & eosin staining

Histological stainings with haematoxylin and eosin (HE) were per-
formed with samples obtained at 28 dpi. Brain slices were prepared as
aforementioned. The desired plane containing the striatum as a region of
interest was placed in a cryomold, embedded in Tissue Tek O.C.T.
Compound (# 4583, Sakura Finetek, Netherlands) and fresh frozen on
dry ice. Samples were stored at —80 °C until further processing. 7 pm
thick cryosections were cut and stored at —20 °C until staining.

Sections were post-fixed with 4% paraformaldehyde (PFA) for 10
min and briefly washed with distilled water before incubation in hae-
malaun solution (#T865.2, Carl Roth, Germany) for 10 min. After
washing with warm, flowing tap water for 15 min, sections were again
washed with distilled water for 2 min before incubation in eosin solution
(#X883.2, Carl Roth, Germany) containing acetic acid for 45 s. Sections
were again thoroughly washed with tap water before undergoing
treatment with ascending ethanol concentrations (70%-96% - 100%).
Subsequently, sections were washed in xylene (2 x 3 min) and mounted
with Cytoseal (# 8312-4, ThermoFisher Scientific, USA) to prevent
bleaching.

2.13. Immunohistochemistry

Immunohistochemistry was performed with samples obtained at 28
dpi. Tissue sampling, preparation and storage were conducted as stated
before.

Sections were post-fixed with 4% PFA for 10 min and washed (3 x 4
min) with PBS containing 0.1% Triton-X for tissue permeabilisation.
After blocking for 1 h with 2.5% bovine serum albumin, 2.5% normal
donkey serum and 0.2% Triton X-100 in PBS at room temperature to
prevent unspecific binding, sections were incubated with primary anti-
bodies in a 1:1 mixture of blocking solution and PBS overnight at 4 °C.
Incubation was continued for 30 min at room temperature the next day
followed by washing (4 x 4 min) with PBS. Secondary antibodies were
prepared in a mixture of primary antibody solution (Blocking solution
and PBS) and a stock solution containing 600 nM 4’,6-diamidino-2-
phenylindole,dihydrochloride (DAPI) (1:1) and incubated for 1 h at
room temperature. Subsequently, sections were washed (4 x 4 min) in
PBS and mounted with a medium containing Mowiol and 1,4-Diazabicy-
clo-(2,2,2)octan (DABCO) to prevent bleaching.

The following antibodies were used for immunohistochemistry at the
given dilution: CD31 (# MCA2388, Bio-Rad, USA; diluted 1:100); GPIX
(#M051-0, Emfret Analytics, Germany; diluted 1:100); NeuN (# ABNO91,
Merck, Germany; diluted 1:1000). Highly Cross-Absorbed Alexa Flour
Secondary Antibodies (ThermoFisher Scientific, USA) were used in a
1:500 dilution.

Images were taken with a Leica DMi8 microscope using a Hama-
matsu C11440-22 CU camera for fluorescence stainings and a DMC2900
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camera for non-fluorescence stainings as well as the associated Leica
Application Suite X Software (LasX 3.0.2.16120). Image processing was
performed using ImageJ (National Institutes of Health, USA).

2.14. Flow cytometry

Flow cytometry analysis was performed at 28 dpi. Animals were
deeply anaesthetised and transcardially perfused with 20 ml of PBS.
Sample processing was performed according to the protocol for the
dissociation of inflamed neural tissue using the Multi Tissue Dissociation
Kit 1 for the gentleMACS Octo Dissociator (# 130-110-201, Miltenyi
Biotec, Germany). Briefly, brains were removed, washed in cold PBS,
and manually shredded. Dissociation was performed using a dedicated
enzyme mix. After debris and red blood cell removal samples were
stained for flow cytometric analysis with the MACSQuant Analyzer 10
(Miltenyi Biotec, Germany) using the following antibodies: CD45 (#
103115, BioLegend, USA), CD3 (# 100203, BioLegend, USA), CD4 (#
100534, BioLegend, USA), CD8 (# 100751, BioLegend, USA), CD11b (#
550993, BD Biosciences, USA), Ly6G (# 553128, BD Biosciences, USA).
Analysis of cell populations was performed using FlowJo 10.8.0 Soft-
ware (BD Biosciences, USA).

2.15. Light sheet fluorescent microscopy

Light sheet fluorescent microscopy (LSFM) was performed with
samples obtained at 28 dpi. Brains were prepared for LSFM as described
elsewhere (Mohamud Yusuf et al., 2020). Briefly, animals were deeply
anaesthetised and transcardially perfused with 40 ml of PBS, followed
by 40 ml of 4% PFA, followed by 8 ml hydrogel containing FITC con-
jugated albumin. Mice were placed head down in ice water to allow
hardening of the hydrogel. Brains were removed and post-fixed over-
night in 4% PFA before dehydration using tetrahydrofuran (THEF,
Sigma-Aldrich, USA) and final clearing using ethyl cinnamate (ECi, #
112372, Sigma-Aldrich, USA). Samples were stored in ECi until image
acquisition.

Image acquisition and analysis was performed as formerly described
(Mohamud Yusuf et al., 2020). Summarily, brains were imaged using an
Ultramicroscope (LaVision BioTec, Germany) and vascular quantifica-
tion in striatal areas was performed using the Imaris Software (Oxford
Instruments, UK) and ImageJ (National Institutes of Health, USA).

2.16. Statistical analyses

Statistical evaluation was performed with the GraphPad Prism 8.0
software package (GraphPad Software, USA). To test for normal distri-
bution of the data sets D’Agostino and Pearson omnibus normality test
was used. If required, Shapiro-Wilk test was used. In case of normal
distribution unpaired, two-tailed Student’s t-test corrected by Holm-
Sidak method was used to compare 2 groups, otherwise Mann-
Whitney-U test was used. Survival rates displayed as Kaplan-Meier
curves were evaluated using Log-rank (Mantel-Cox) test. Statistical
significance is indicated by asterisks with P < 0.05*%, P < 0.01**, P <
0.001*** and P < 0,0001****. Results are either displayed as scatter
plots or bar graphs with means + standard deviation (SD).

3. Results
3.1. Stable platelet depletion does not alter the haemogram profile

To investigate the effects of platelet depletion solely on the recovery
phase after stroke, treatment was initiated after infarct maturation on
day 3. Moreover, to ensure comparable baseline conditions, MRI scans
based on T2* sequences were performed. Only mice with comparable
infarct volumes (Supplemental Fig. 1) and showing no intracerebral
haemorrhage were randomly assigned to treatment groups before
starting therapy with either platelet depletion antibody or the respective
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isotype control (Fig. 1A).

First, to confirm sufficient and stable platelet depletion and assess
changes in haematological parameters, blood sampling was performed
once a week, including a baseline measurement one week before sur-
gery, throughout the 28-day experimental period. Indeed, stable
depletion of platelets was achieved over the entire period (Fig. 1B) while
other haematological parameters including erythrocytes, haemoglobin,
haematocrit, and leukocytes remained largely unaffected in both treat-
ment groups (Fig. 1C-G). Importantly, HE staining from animals after
stroke revealed no increased susceptibility to microbleedings in the
ischaemic brain (Supplemental Fig. 2). Moreover, no additional severe
bleeding events in organs or tissue were evident during sacrificing and
tissue preparation, indicative of a high specificity and tolerability of the
platelet depletion strategy.

3.2. Effect of platelet depletion on long-term functional outcome after
stroke

Comparison of survival rates, displayed as Kaplan-Meier curves,
revealed no reduced mortality in animals treated with platelet depletion
antibodies. Moreover, platelet depletion treatment did not ameliorate
body weight loss compared to isotype treated animals until 28 dpi
(Fig. 2A and B).

Moreover, four independent neuro- and sensorimotor outcome pa-
rameters were assessed to identify potential functional recovery within
the experimental period. Surprisingly, no significant improvement was
detected in platelet-depleted animals compared to isotype-treated mice
as shown by the Bederson Score (Fig. 2C), the Grip Strength (Fig. 2D)

A @

Brain, Behavior, & Immunity - Health 24 (2022) 100493

and the Rotarod test (Fig. 2E), where muscle strength and coordination
is evaluated. Additionally, the Adhesive Removal Test was used to
evaluate sensorimotoric deficits upon stroke. Only the left forepaw is
impaired, indicated by a higher delta time, whereas a decrease of delta
time indicates recovery (Fig. 2F). Only a temporary decrease in delta
time was noted in platelet depleted animals on day 4 after a 30 min
transient occlusion of the middle cerebral artery but this effect dis-
appeared afterwards.

Platelet depletion is capable of acutely reducing anxiety-like
behaviour, presumably due to a decreased abundance of Ibal™ and
CD3" cells in the hippocampus (Kocovski et al., 2019). Thus, the
Elevated Plus Maze was performed to investigate the long-term effect of
delayed and sustained platelet depletion on anxiety-like behaviour
(Fig. 3A). Parameters such as preferred areas of residency, body elon-
gation states, and the total time spent moving were also used for anal-
ysis. Interestingly, none of these parameters changed significantly
between the treatment groups at any time point (Fig. 3B-D). Heatmaps
generated from data obtained at 21 dpi visualise the measured prefer-
ences to stay in closed arms in both experimental groups (Fig. 3E).

Additionally, to assess spontaneous exploration behaviour in
depleted animals, the Open Field test was used (Fig. 4A). Similarly,
parameters such as preferred areas of residency, time spent in different
body elongation states, or time spent moving remained comparable in
control and platelet-depleted groups (Fig. 4B-D). As previously shown,
heatmaps were generated from data collected at 22 dpi to visualise the
preferred areas mice resided (Fig. 4E). Considering that mice after stroke
tend to spend more time in border zones of the arena than in central
regions, our data indicate that platelets do not interfere with anxiety-like
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Fig. 1. Study design and longitudinal assessment of peripheral blood parameters until 28 dpi. Training and baseline recording for various behavioural tests
was performed before induction of tMCAO (d0). Animals showing comparable infarct sizes were randomly assigned to treatment groups. Antibody for in vivo platelet
depletion in mice or isotype control were administered from day 3 to day 28 after stroke. Behavioural testing was performed constantly until the end of the
experiment 28 days after tMCAO (A). Sufficient depletion of platelets could be observed after the first antibody injection until the end of the experiment (B). All other
blood parameters showed no or only minor differences between the treatment groups (C, D, E, F, G). Grey area: duration of treatment. In case of normal distribution
unpaired, two-tailed Student’s t-test corrected by Holm-Sidak method was used for statistical analysis, otherwise Mann-Whitney-U test was applied. N = 17/17.
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Fig. 2. Basic parameters as well as extensive behavioural testing did not indicate changes between the treatment groups. Survival curves showed no
significant increase in mortality in any of the treatment groups (A). Animals typically lost weight during the first week after tMCAO and fully recovered until 28 dpi
(B). 24 h after tMCAO motor performance, assessed by the Bederson score, was slightly impaired, however after 28 days, both treatment groups recovered equally
(C). Several behavioural tests were performed over the 28 days observation period, including Grip Strength (D), Rotarod (E) and Adhesive Removal (F). Until the end
of the experiment, none of these tests detected any significant differences between platelet depleted and control animals. Grey area: duration of treatment. In case of
normal distribution unpaired, two-tailed Student’s t-test corrected by Holm-Sidak method was used for statistical analysis, otherwise Mann-Whitney-U test was
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or spontaneous behaviour after cerebral ischaemia.

3.3. Role of long-term platelet depletion in microthrombosis, neuronal
density and vascular architecture after stroke

Research on the prolonged occurrence of thrombus formation after
ischaemic events remains controversial (Gob et al., 2021; Tang et al.,
2014). Therefore, to evaluate the impact of platelet depletion on
thrombus formation, brain tissue from day 28 post stroke was co-stained
to identify platelet clots (GPIX") in blood vessels (CD31™). Then, the
thrombosis index was calculated as a ratio of occluded vs. open vessels.
Interestingly, platelet depletion did not affect thrombi formation from
day 3 after stroke onwards compared to isotype control treatment
(Fig. 5A and B), suggesting that thrombus formation is already
completed upon this time point.

Furthermore, platelets are known to contribute to neurogenesis via
secretion of various trophic factors (Hayon et al., 2012, 2013). Thus, we
also analysed whether platelet depletion interferes with neuronal den-
sity on day 28 after stroke. However, immunohistochemistry analysis
using the neuronal marker NeuN revealed no differences in neuronal
density while comparing platelet depleted animals to their matched
control groups (Fig. 5C). To calculate the proportion of atrophic brain
tissue as a surrogate of tissue remodelling and repair at the end of the

observational period, whole brains were sliced, scanned, and volumes
compared to MRI scans acquired at 3 dpi. Surprisingly, data analysis
revealed no difference in atrophy patterns in both experimental groups
(Fig. 5D and E), implying that delayed platelet depletion does not
interfere with dismantlement of brain tissue after stroke.

Various studies investigating vascularisation provide conflictive re-
sults on the contribution of platelets. Indeed, platelet-derived micro-
particles (PMP) similar to other platelet-derived factors appeared to be
positive regulators of neovascularisation (Hayon et al., 2012, 2013;
Packham et al., 2014), although these findings still remain controversial
(Nording et al., 2021). Hence, we performed light sheet fluorescent
microscopy (LSFM) analysis using brains 28 days after stroke to further
identify a potential effect of platelet depletion in vascularisation. Spe-
cifically, various parameters including vessel length, the number of
branching points, mean branch length and tortuosity of the entire
vasculature were assessed in the striatum as a region of interest due to
infarct localisation. However, LSFM and subsequent data analysis did
not unveil changes in the cerebral vasculature of both treatment groups
(Fig. 6). Disregarding alterations between the ipsi- and contralesional
hemisphere no differences concerning the platelet depletion and the
control group occurred. Representative images were taken to visualise
the aforementioned differences between the hemispheres (Fig. 6B).
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3.4. Impact of platelet depletion on post-stroke immune cell infiltration

Platelets are deeply involved in immune cell recruitment resulting in
the formation of platelet-leukocyte aggregates (PLAs) and the promotion
of inflammatory processes leading to worsening stroke outcomes
(Nording et al., 2022; Schuhmann et al., 2017). Furthermore, soluble
CD84, shed from platelets, stimulates T cells and shapes their migratory
behaviour after cerebral ischaemia (Schuhmann et al., 2020).

Therefore, we assessed the ability of platelets to modify the local
cellular inflammatory response upon stroke by examination of infil-
trated immune cells. Relative expression of the global lymphocyte
marker CD45 was used for a clear discrimination between resident and
infiltrating lymphocytes (Fig. 7A). Interestingly, brain tissue collected at
28 dpi revealed no change in infiltrated immune cell populations
including infiltrated lymphocytes, neutrophils and T-cell numbers,
including subclasses (Fig. 7B-F).

4. Discussion

Acute platelet depletion has been shown to blunt the immediate
neuroinflammation after ischaemic stroke in experimental models. We
here show that a delayed and sustained depletion of platelets beginning
after completion of the acute stroke phase (from 3 dpi onwards), does
not improve long-term stroke recovery in mice subjected to tMCAO. In
keeping with this, platelet depletion had no mitigating effect on late-
stage microthrombosis, local inflammatory responses, angiogenesis or
neuronal density in the post-infarcted mouse brain.

Previous studies in which platelet inhibition was commenced in the
acute phase of ischaemic stroke were able to demonstrate reduced

infarct sizes as well as improved neurological outcome at 24 h after
tMCAO. Here, both inhibition of GPIba and GPVI using blocking anti-
bodies showed protective effects (Kleinschnitz et al., 2007; Schuhmann
et al., 2017). The observation of these protective effects were confirmed
with a novel GPIba inhibitor (Anfibatide) (Chen et al., 2018; Li et al.,
2015) which has therefore been subject of clinical trials (Li et al., 2021;
Zheng et al., 2021). In contrast, inhibition of platelet aggregation by
blocking GPIIb/Illa failed to be protective and increased the risk of
intracerebral haemorrhage (Kleinschnitz et al., 2007; Kraft et al., 2015;
Stegner et al., 2019). To date, studies addressing platelet blockade in
ischaemic stroke have been limited to the acute phase, and end point
analysis has occurred no later than 24 h after ischaemia.

Only few studies have examined the long-term significance of
platelet signalling, and these have yielded largely contradictory find-
ings. In an animal model of multiple sclerosis, experimental autoim-
mune encephalomyelitis (EAE), platelet depletion was able to improve
anxiety-like behaviour in the course of EAE until day 14 (Kocovski
et al., 2019). On the other hand, supplementation with platelet lysate in
a permanent model of stroke improved long-term (90 dpi) behavioural
deficits, indicating that one or more factors contained within platelets
exert sustained protective actions (Hayon et al., 2013). The identity of
these factors, whether they are actually secretion products or normally
retained within platelets, and their effect if applied after infarct matu-
ration, remain to be defined. Results obtained in dissimilar models such
as EAE and ischaemic stroke are not overall comparable and need to be
carefully reviewed, given that multiple sclerosis and stroke are funda-
mentally different disease entities that, however, share relevant mo-
lecular pathomechanisms involved in CNS damage (Li et al., 2018).

In our long-term stroke outcome model, platelet depletion was
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initiated after complete infarct maturation at day 3 after stroke and
continued until day 28. In contrast to preceding studies that focussed on
short-term outcome, we detected no effect of platelet depletion on
neurological post-stroke recovery, compared to control animals. Our
results suggest that platelet involvement in stroke sequelae is restricted
to the acute phase, with only a minor role in behavioural recovery
during the chronic phase after ischaemic stroke. The improved neuro-
logical outcomes seen after interfering with platelet signalling in the
acute phase can likely be attributed to smaller infarct sizes, rather than
to a direct influence of platelets on behavioural recovery once the infarct
has matured. This implies that antiplatelet strategies applied thereafter
are likely to be ineffective.

A recently published study supports thrombotic activity persisting to
24 h after reperfusion (Gob et al., 2021). A prolonged thrombogenesis
lasting up to 28 dpi has been reported (Tang et al., 2014), but the
employed photoactivated dye model is rather artificial and unlikely to
reflect the actual in vivo stroke setting. In our model of tMCAO with
platelet depletion initiated after infarct maturation on day 3 after
ischaemia, we did not observe differences in the number of residual
thrombi compared to controls, indicating that thrombus formation
predominantly occurs within the acute phase of ischaemia and reper-
fusion, and is not modified by delayed removal of platelets. Surprisingly,
also brain atrophy as a surrogate of tissue remodelling and repair was
unaltered in platelet depleted animals on day 28 post stroke compared to
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isotype control treated animals.

Of emerging interest is the role of platelets and platelet-secreted
factors in post-stroke neurogenesis and angiogenesis. Platelets store
and release considerable amounts of trophic factors that are critical for
neuro-as well as angiogenic processes, such as platelet factor 4 (PF4),
platelet-derived growth factor (PDGF), vascular endothelial growth
factor (VEGF) and brain-derived neurotrophic factor (BDNF) (Leiter
et al., 2019; Mazzucco et al., 2010). The picture however remains
controversial. In a model of permanent MCAO, rat brains were covered
with polymer gel foam containing platelet derived microparticles
(PMP). Infarcted brains after permanent occlusion exposed to
PMP-containing gels displayed increased numbers of blood vessels and
newly generated and proliferating neural cells in the affected areas,
compared to controls (Hayon et al., 2012, 2013). In a muscle overload in
vivo study, inhibition or depletion of platelets resulted in decreased
sprouting and longitudinal splitting of vessels (Packham et al., 2014),
underscoring the involvement of platelet-derived factors in angiogen-
esis. Conversely, platelet-secreted PF4 negatively regulated neo-
vascularisation in part by inhibiting endothelial cell functions such as

tube formation and migration in vitro and in vivo after hind limb
ischaemia (Nording et al., 2021).

Thus, the precise role of platelets in angiogenesis, and particularly
neurogenesis after cerebral infarction, remains obscure. The influence of
platelets on angiogenic effects in a long-term model of transient cerebral
ischaemia has not been investigated before. In this study we could not
detect any differences in post-stroke vascular architecture or neuronal
density after delayed platelet depletion compared to control animals.

In keeping with the lack of improvement in behavioural recovery and
prolonged thrombogenesis, we also found no effect of platelet depletion
on immune cell infiltration to the cerebral parenchyma, nor on cell
counts in peripheral blood. This was unexpected, given that several lines
of evidence implicate platelets in various inflammatory pathophysiol-
ogies (Golebiewska and Poole, 2015; Irving et al., 2004; Jenne et al.,
2013; Nording and Langer, 2018; Rossaint et al., 2018), by interacting
directly with different immune cell types such as T cells and leukocytes,
to orchestrate the inflammatory response. Platelet-leukocyte aggregates
(PLA) are avidly formed as a result of platelet P-selectin binding to
leukocyte P-selectin glycoprotein ligand (PSGL) —1, while PLA adhesion
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were used to investigate infiltrated immune cells in both groups (A). Both treatment groups did not show differences the number of infiltrated lymphocytes (B),
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is stabilised through the specific interaction between GPIba externalised
on the platelet surface and macrophage-1 integrin on leukocytes
(Nording and Langer, 2018; Nording et al., 2022; Rawish et al., 2020).
Accordingly, blocking GPIba or depleting platelets diminishes PLA for-
mation in vitro or in vivo. PLA levels are known to increase after stroke
and promote transmigration of leukocytes to the brain parenchyma,
resulting in ongoing neuroinflammation and worsening of stroke
outcome (Beuker et al., 2021; Jayaraj et al., 2019; Marquardt et al.,
2009). In addition, a study using the tMCAO model revealed that

10

blockade of GPIba in the acute phase attenuated the local inflammatory
response, as evidenced by diminished infiltration of monocytes and
CD4" T cells into the infarcted area as well as decreased expression of
pro-inflammatory cytokines. (Schuhmann et al., 2017).

The type of experimental model that is used, and the time-point of
study, can critically impact on the extent and quality of the detected
immune cell infiltration (Zhou et al., 2013). For instance, significantly
fewer immune cells can be found in brain parenchyma 5 days after
tMCAO compared to permanent occlusion (pMCAO). Neutrophils are
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amongst the first immune cells to infiltrate the brain after a transient
ischaemic insult, peaking at approximately 1-3 days after the event, and
represent critical determinants for neurological outcome. T cells infil-
trate the ischaemic hemisphere around 24 h after stroke, with most
lymphocytes being found near blood vessels between day 3 and 7
(Gelderblom et al., 2009; Jayaraj et al., 2019). Accumulation of cyto-
toxic (CD8") T cells and T helper cells (CD4"), peaks within the brain
tissue at around 14 days after permanent vessel occlusion (Heindl et al.,
2021). The delayed onset of platelet-depleting antibody treatment on 3
dpi presumably does not interfere with these very early infiltration
processes. Although we cannot exclude dynamic alterations in immune
cell composition between 3 and 28 dpi, platelet depletion is unlikely to
impact substantially on this, given that all parameters assessed at 28 dpi,
including behavioural outcome and inflammatory markers, did not
differ between the groups.

Despite the novel approach, this study has its own limitations in
terms of treatment regimen and observational end points, since former
studies typically aimed to rescue the penumbra or attenuate IRI in the
acute or sub-acute phase after ischaemic stroke. However, adjusting the
start of platelet depletion treatment to earlier time points was not a
feasible option due to the fact that an earlier platelet depletion treatment
would most likely provoke haemorrhage. Furthermore, we aimed to
examine the effects of platelets on processes solely included in recovery
after complete infarct maturation at 3 dpi. Therefore, the end point was
chosen based on the translational approach and the overarching need in
general stroke research to discover targets that execute regenerative
effects until the long-term stage after cerebral ischaemia. Collectively,
our findings indicate that the delayed depletion of platelets, i.e. after
completion of the acute stroke phase, exerts no beneficial impact on
long-term stroke recovery. Given that infarct size and brain inflamma-
tion are significantly reduced on day 1 after tMCAO following platelet
inhibition in the acute phase (Kleinschnitz et al., 2007; Kraft et al., 2015;
Schuhmann et al., 2017, 2020), the pathophysiological role of platelets
obviously differs depending on the different stroke stages, specifically
the acute vs. chronic context. Identification of the specific pathways
leading to these divergent platelet-mediated effects will be the
demanding objective of upcoming investigations.
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