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Abstract

Visualizing cell behavior and effector function on a single cell level has been crucial for understanding key aspects of
mammalian biology. Due to their small size, large number and rapid recruitment into thrombi, there is a lack of data on
fate and behavior of individual platelets in thrombosis and hemostasis. Here we report the use of platelet lineage
restricted multi-color reporter mouse strains to delineate platelet function on a single cell level. We show that genetic
labeling allows for single platelet and megakaryocyte (MK) tracking and morphological analysis in vivo and in vitro, while
not affecting lineage functions. Using Cre-driven Confetti expression, we provide insights into temporal gene expression
patterns as well as spatial clustering of MK in the bone marrow. In the vasculature, shape analysis of activated platelets
recruited to thrombi identifies ubiquitous filopodia formation with no evidence of lamellipodia formation. Single cell
tracking in complex thrombi reveals prominent myosin-dependent motility of platelets and highlights thrombus
formation as a highly dynamic process amenable to modification and intervention of the acto-myosin cytoskeleton.
Platelet function assays combining flow cytrometry, as well as in vivo, ex vivo and in vitro imaging show unaltered platelet
functions of multicolor reporter mice compared to wild-type controls. In conclusion, platelet lineage multicolor reporter

mice prove useful in furthering our understanding of platelet and MK biology on a single cell level.

Introduction

Platelets are anucleate cells of 1-2 pm diameter and are
the second most abundant blood cell type. They are
rapidly recruited upon vascular injury, undergo an ad-
hesion and activation cascade and subsequently form a
hemostatic plug. This process is highly coordinated and
tightly interconnected with the coagulation system. In
atherosclerosis, erosion or rupture of plaques leads to
unwanted platelet recruitment and thrombus formation,
causing vessel occlusion and ischemia.?

In vivo imaging of murine thrombosis models has con-
siderably advanced our understanding of this process.?
For example, recent work has contributed to under-
standing thrombus architecture, defining layers of differ-
ently activated platelets in growing thrombi.* Fluorescent
tracking of key components like tissue factor, procoagu-

lant surface and thrombin generation have shed light on
thrombus formation in detail.*-® Nevertheless, tracking
and analysis of individual platelets has remained elusive
because of their small size, large number and rapid re-
cruitment.’

Platelets originate from megakaryocytes (MK) in the bone
marrow, spleen and lung.?® Maturation of MK into pla-
telet-producing cells occurs through differentiation from
hematopoietic stem cells (HSC) to multipotent progen-
itor, common myeloid progenitor, MK-erythroid progen-
itor, and MK progenitor.® Upon final differentiation, MK
progenitors undergo DNA replication without cell divi-
sion, a process termed endomitosis." This process leads
to accumulation of DNA content of 4n, 8n, 16n, 32n, 64n,
and even up to 128n in a single polylobulated nucleus."?
This process results in functional gene amplification
most likely necessary for a ramp-up in protein synthesis
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necessary for platelet production.® Genetic targeting
after/during endomitosis can lead to stochastic recom-
bination events in each set of chromosomes, leading to
distinct genotypes within one cell.

In a final step, MK start to produce proplatelets in a
shear-dependent manner by protrusion of cytoplasmic
extensions into the blood flow. Despite their large size,
MK turnover, behavior and positioning in the bone mar-
row niche are not well understood, warranting in vivo and
in vitro imaging approaches.'*

Multicolor reporter mouse strains have proven to be very
useful in understanding cellular dynamics and cell fate
in a wide range of cell types in vivo.» The Brainbow im-
aging technique, originally developed to visualize and dis-
tinguish individual neurons and their fine axonal
processes in the brain, allowed for the first-time multi-
color tracking of individual cells.?? Recently, a Cre-re-
porter mouse, termed R26R-Confetti was developed to
achieve tissue-specific Brainbow expression.??

Here we report the use of a platelet lineage restricted
R26R-Confetti multicolor reporter mouse strain which
allows for single platelet and MK tracking and morpho-
logical analysis in vivo and in vitro, while not affecting
lineage functions.

Methods

Mouse strains

PF4-Cre? and Rosa26-Confetti?® were purchased from
The Jackson Laboratory and maintained and cross-bred
at our animal facility (stock no: 008535 and 017492). vVWF-
Cre mice were a gift of W. Aird.?® Mhy9 fl/fl mice were a
gift from Dr. Gachet.?® All strains were backcrossed to
and maintained on C57BL/6J-background. If not other-
wise stated, animals of same sex and age were randomly
assigned to experimental groups, and PF4-Cre negative
control animals were used. We used Rosa26cofet/+ gnj-
mals expressing Cre for Online Supplementary Figure ST.
The other experiments were performed with homozygous
Rosa2@confetti/Confetti mijce expressing Cre. Cre negative ani-
mals were used as controls. All procedures performed on
mice were approved by the local legislation on the pro-
tection of animals (Regierung von Oberbayern, Munich).

Confocal intravital microscopy of the mesentery

After induction of narcosis, animals received 15 pg of
X488 antibody (Emfret) and 80 pg of Fibrinogen-Alex-
aFluor594 conjugate to visualize platelets and
fibrin(ogen), respectively. Confocal microscopy of the
mesentery was performed as previously described.?”
Briefly, the skin and peritoneum were opened along the
midline, and 200 pL of warm phosphate-buffered saline
was pipetted into the abdominal cavity. Next, the prox-
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imal bowel was carefully exteriorized onto a glass cover-
slip and the mesenteric vessels was exposed. Wet tissue
paper was used to stabilize the bowel and prevent arti-
facts from bowel movements. A 1x1 mm piece of filter
paper was saturated with 10% ferric chloride solution and
was carefully placed in direct contact with a mesenteric
vein for 3 minutes (min). Next, the ensuing thrombus
formation was imaged on an inverted Zeiss LSM 880 in
AiryScan Fast Mode (20x/0.8 obj., 990 ms/frame, laser
power: 0.96%).

Bone marrow whole mount stains

Bone marrow from PF4cre-Confetti animals was har-
vested and processed as described previously. For whole
mounts, bones were snap frozen after paraformaldehyde
(PFA) fixation (4%, 60 min) and sucrose treatment (30%,
overnight). Bones were then cut longitudinally with a
cryotome to expose marrow, and were stained with
CD41-AF647, (1:100), CD144-AF647 (1:100), FarRed Nuclear
Stain (1:1000) and were imaged with a Zeiss LSM 880
confocal microscope (20x/0.8 obj.) in AiryScan mode.

Static thrombus formation

Static thrombi were generated by activating platelet-rich
plasma (PRP) with thrombin (0.1 U) for 5 min, dilution of
these thrombi 1:10 and assessment of platelets was done
with a LSM 880 confocal microscope in AiryScan mode.

Histology

For mesentery, lung and cremaster muscle histology, or-
gans were harvested and kept in 1% PFA for 1 hour, before
transfer in 20% sucrose overnight. After embedding in
TissueTek OCT mounting medium (Sakura), organs were
snap frozen and cut using a cryotome (10 pm slices).
Staining was performed using antibodies as indicated.

Flow chamber experiments

As previously described,?® heparinized whole blood was
perfused over a collagen coated surface at arterial shear
rate (1,000/s) for 5 min. Formed thrombi were assessed
on a LSM 880 confocal microscope in AiryScan mode
(20x/0.8 obj., 2x zoom for overviews, and 5x zoom for de-
tailed views, laser power: 0.96%).

Data analysis

Data analysis was realized using FIJI (ImageJ) and Zen-
Black (Zeiss). 4D in vivo data was stabilized with the “Im-
ageStabilizer” plugin and dimensions were reduced by
maximum intensity projection (MIP). Cells were tracked
with “Manual tracking” FIJI plugins. For secondary analy-
sis, IBIDI Chemotaxis tool was used. For form analysis,
cells were manually outlined, masked and converted to
binary images. Solidity also known as convexity, was
computed as the proportion of the pixels in the convex
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hull that are also in the object (Area/ConvexArea). Aspect
ratio as a maker of polarization was computed by
major_axis divided by minor_axis. Number of filopodia
were quantified manually. For quantification, FIJI shape
descriptors were used. Data were post-processed in
Excel (Microsoft), Prism (GraphPad) and Illustrator
(Adobe).

Statistical analysis and reproducibility

Data are shown as means *+ standard error of the mean
(SEM). Statistical parameters, including the exact value
of replicates (““n””) for individual experiments can be
found within the figure legends. In order to evaluate stat-
istical differences between groups, t-tests and analysis
of variance (ANOVA) were performed. A P value of <0.05
was considered statistically significant. Analyses were
performed with Prism (GraphPad Software) and Excel
(Microsoft).

Results

A multicolor platelet lineage reporter mouse

Livet et al. introduced the Cre-recombinase dependent
Brainbow 2.1 construct (loxP-STOP-loxP-GFP-PFY-Pxol-
loxP-RFP-PFC-Pxol) to allow genetic fluorescent labeling
of neuronal networks.?? The construct consists of two
color tandems, yellow fluorescent protein (YFP) and in-
verted green fluorescent protein (GFP) and red green flu-
orescent protein (RFP) and inverted cyan green
fluorescent protein (CFP), creating YFP-, GFP-, RFP- or
CFP-positive populations (Figure 1A). GFP is expressed in
the nucleus, CFP is membrane bound, whereas YFP and
RFP show cytosolic expression. Flanking loxP sites enable
Cre driven recombination, leading to stochastically driven
removal and/or inversion of tandem constructs. Re-
peated/ongoing expression of the Cre recombinase can
lead to expression of the anti-sense fluorescent protein
by inversion of the tandem after initial recombination.
Snippert et al. recently developed a Cre-reporter mouse,
termed R26R-Confetti-stop-flox, allowing tissue specific
Brainbow 2.1 expression under the control of a Cre-
Deleter.??> We crossed R26R-Confetti-stop-flox mice to a
platelet factor 4 (PF4)-Cre transgenic mice to limit recom-
bination events to the platelet/MK lineage (Figure 1A).>*
Confocal microscopy of bone marrow whole mounts re-
vealed large, brightly labeled cells that were positive for
platelet/MK marker Gp1lb, confirming that these cells
were indeed MK (Figure 1B; Online Supplementary Figure
S1A). Also, we detected proplatelet formation in a sub-
population of Confetti-expressing cells indicating intact
thrombopoiesis (Figure 1B). Multicolor expression en-
abled precise size and shape analyses of labeled MK (Fig-
ure 1C, D). 2°
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Confetti expression in polyploid megakaryocytes
generates unique color patterns and reveals late
expression of platelet factor 4 in the megakaryocyte
lineage

In contrast to previously reported Confetti-expression pat-
terns in other cell types showing a single XFP expressed
per cell, individual MK expressed one up to all four poss-
ible XFP (Figure 1E).®** The majority of MK expressed two
to three XFP (Figure 1F). MK are unique as they undergo
endomitosis during their maturation. Therefore, genetic
targeting after endomitosis can theoretically lead to
multiple genotypes in one cell. This could explain the re-
combination of multiple Confetti-constructs in PF4cre-
positive MK. Indeed, Confetti-positive cells contained
multilobulated nuclei and correlation analysis of color ex-
pression to MK size revealed that color expression diver-
sity increased with cell size, a parameter that strongly
correlates with ploidy and DNA content (Online Supple-
mentary Figure S1B; Figure 1G, H).*° In order to confirm this
observation, we generated von Willebrand factor (VWF)-
Cre; R26RCoe®/* mice. VWF is expressed early in the MK
lineage, at the level of platelet-biased stem cells, and
should therefore lead to recombination prior to endomi-
tosis - and thus also prior to polyploidization.® Indeed, in
contrast to PF4-Cre; R26R®"*"/* mice, VWF-Cre; R26R "
feti/+ MK expressed either one color (mainly YFP) or two
colors (RFP and CFP) (Figure 2A-C). The simultaneous co-
expression of RFP and CFP is possible since their two open
reading frames are positioned in a head-to-tail tandem
dimer and are therefore able to permanently flip during
megakaryopoiesis due to a persistent Cre recombinase ex-
pression under the control of the PF4 or VWF promoter.?2
We confirmed this finding in peripheral blood platelets of
these mice (Figure 3A-C). Together, our data provide new
insights into the expression pattern of the PF4-Cre trans-
gene in the MK lineage: robust expression in MK seems to
occur rather late in MK development, with important im-
plications regarding the use of PF4-Cre in studying MK bi-
ology. As reported previously by others, we also detected
PF4-Cre-driven expression of XFP in cells beyond the MK
lineage for example in the mesenterial fat and cremaster
muscle tissue (Online Supplementary Figure S1C, D).*?
These cells appear to be mainly of macrophage origin as
evidenced by their morphology.*?

Analysis of the megakaryocyte niche in Confetti mice
reveals clusters of mature megakaryocytes

The MK bone marrow niche is still only partially under-
stood, and analysis/differentiation of single or clustered
MK is hampered by their unconventional shape in different
states of thrombopoiesis, forming long protrusions or ex-
tending pro-platelets. Gp1b staining revealed multiple MK
that could not be clearly defined as single or clustered
cells (Figure 2D). The Confetti signal enabled separation of
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single and clustered MK, and unexpectedly revealed that
almost 50% of MK were found in clusters of two or more
cells (Figure 2D, E). Large, mature MK (PF4*) were found
in close vicinity to CD144+ blood vessels (Figure 2F). In
contrast, small cells expressing vVWF-Cre-driven Confetti
(a mixed cell population containing both immature MK
progenitors and non-MK cells) localized further away from
vessels, highlighting the preferential localization of mature
MK near vessels (Figure 2F).** In conclusion, multicolor re-
porter mice may provide a useful tool to investigate clon-
ality and expansion of the MK within the bone marrow
niche.
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Exclusion of functional effects on the
megakaryocyte/platelet lineage in PFR4-Cre-Confetti
mice

Confocal imaging of isolated platelets from PF4-Cre-Rs26-
Confetti mice revealed multicolor expression in YFP, RFP
and CFP, but no nGFP labeling, as this fluorescent protein
is restricted to the nucleus (Figure 3D). Next, we excluded
effects of this construct on the function of the platelet/MK
lineage as this would affect generalization of findings
drawn from using this mouse line. Platelet counts, mean
platelet volume and hemoglobin content in peripheral
blood did not show significant changes between Cre* and
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Figure 1. Rs26-Confetti as a tool to study megakaryocytes in vivo. (A) Rs26-Confetti gene product and Cre-dependent
recombination; (B) representative endogenous Confetti fluorescence (YFP, RFP, GFP and CFP) and Gp1b (AlexaFluor647) staining
of a bone marrow whole mount. *Indicates pro-platelet formation; (C and D) size and shape analysis of megakaryocytes (MK) in
bone marrow whole mounts, n=93 cells in 8 bones; (E) representative MK expressing 1-4 colors; (F) percentage of MK expressing
1,2,3 or 4 colors, n=8 bones, ANOVA across color expression groups; (G to H) MK size related to color expression (1, 2, 3, 4 colors),
n=93 cells in 8 bones; (G) ANOVA across color expression groups; (H) correlation analysis using linear regression. YFP: yellow
fluorescent protein; GFP: green fluorescent protein; RFP: red green fluorescent protein; CFP: cyan green fluorescent protein.
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Cre” animals (Online Supplementary Figure S2A). Flow
cytometric analysis of isolated platelets confirmed strong
fluorescence in PE and FITC channels in Cre* mice, which
was absent in Cre” mice (Online Supplementary Figure
S2B), while morphology was unaltered (Online Supplemen-
tary Figure S2C). Flow cytometric assessment of quiescent
platelets showed no alterations in size, surface expression
of Gplb and Gpllbllla, activation status (P-selectin ex-
pression) or fibrinogen binding in response to activation
(Online Supplementary Figure S2D). Upon stimulation with
ADP, collagen or thrombin, markers of activation did not
differ significantly between Cre* animals and Cre- litter-
mates (Online Supplementary Figure S2E-G). Efficiency of

L. Nicolai et al.

platelet activation was independent of XFP-expression as
gating on XFP (YFP*, RFP*, and YFP*RFP*) revealed no dif-
ference in fibrinogen binding upon thrombin stimulation
(Online Supplementary Figure S2H).

Next, we assessed hemostatic function in reporter and lit-
termate mice. Time to initial hemostasis and total bleed-
ing time were unaltered in tail bleeding assays (Online
Supplementary Figure S3A). In vitro assessment of clot re-
traction revealed a similar degree of retraction (Online
Supplementary Figure S3B).

A ferric-chloride induced thrombosis model of the carotid
artery revealed similar thrombus formation kinetics in Cre*
and Cre™ animals (Online Supplementary Figure S3C; Online
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Figure 2. Rs26-Confetti expression in the platelet lineage reveals
megakaryocyte clustering in the bone marrow. (A-C) Analysis of
megakaryocytes (MK) in bone marrow whole mounts from von Willebrand
factor (VWF)-Cre and PF4-Cre dependent Rs26-Confetti reporter mice. (A)
Representative micrographs showing YFP, CFP, RFP and GFP overlay, arrows:
MK, scale bar: 50 pm. Of note, VWF is expressed early during megkaryopoiesis
in pluripotent platelet biased hematopoietic stem cells, leading to VWF-Cre-
driven expression of Confetti in a large proportion of small, multi-lineage
bone marrow cells in addition to large MK. (B) Quantification of color
expression n=3 mice per group, t-test; (C) detailed analysis of color
expression. (D) Confetti fluorescence (YFP, RFP, GFP and CFP) and Gp1b
(DyLight647) staining of representative single/grouped cells. Image was
cropped from Figure 1B and shown at higher magnification. Compare Figure
1B and E percentage of single and grouped MK, n=10 bones, ANOVA. (F) Mean
distance of Confetti positive cells in the bone marrow of PF4-cre (n=50) and
VWF-cre (n=157) dependent Rs26-Confetti reporter mice from CD144* blood
vessels. Analyzed in n=3 bones from individual mice per group, t-test. YFP:
yellow fluorescent protein; GFP: green fluorescent protein; RFP: red green
fluorescent protein; CFP: cyan green fluorescent protein.
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Figure 3. Rs26-Confetti expression in platelets. (A-C) Analysis of peripheral blood platelets of von Wllebrand factor (VWF)-Cre
and PF4-Cre dependent Rs26-Confetti reporter mice. (A) Representative micrographs of spread platelets showing YFP, CFP, RFP
overlay; (B) quantification of color expression n=3 mice per group, t-tests; (C) detailed analysis of color expression. (D)
Fluorescence expression in PF4-Cre-Rs26-Confetti platelets. Scale bars= 5 pm. YFP: yellow fluorescent protein; GFP: green
fluorescent protein; RFP: red green fluorescent protein; CFP: cyan green fluorescent protein.

Supplementary Video S7). Simultaneous visualization of
XFP (RFP and YFP) and intravenously (i.v.) injected platelet-
labeling antibody (Far Red; Dylight 649) revealed the same
platelet recruitment pattern indicating that the endoge-
nous fluorescence signal in Cre* mice, which was absent
in Cre” mice allowed reliable tracking of thrombus forma-
tion in vivo (Online Supplementary Figure S3D). In addition,
similar amounts of isolated platelets were recruited to
collagen and fibrinogen coated surfaces and showed com-
parable spreading and lamellipodium formation (Online
Supplementary Figure S3E-H).

Analysis of multicolor platelets in reporter mice

Reporter platelets spreading on fibrinogen revealed homo-
genous distribution of fluorescence signal in individual cells
(Figure 4A). As expected from our data on fluorescence ex-
pression in MK, platelets revealed a range of colors depend-
ing on (i) the expression of one to three XFP and (ii) intensity
of expression of each XFP (Figure 4A). Mapping color and
size, aspect ratio (marker of polarization) and solidity
(marker of irregular shape) and number of filopodia did not
reveal overt clustering of cells dependent on color (Figure
4B-E). Similarly, analysis based on expressed color (YFP, RFP
and CFP) did not reveal differences in size or shape or mi-
gration behavior (Online Supplementary Figure S4A-C).

Morphology analysis of platelets within thrombi shows
prominent filopodia formation

Thrombosis and hemostasis trigger rapid recruitment of
activated platelets in large numbers and therefore com-
plicate single cell tracking. In order to test if multi-color
labeling by R26R-Confetti allows segmentation of individ-
ual platelets within the cell-packed environment of a
thrombus we generated fibrin-rich platelet thrombi under
static conditions in vitro. Confocal microscopy revealed re-
organization of the fibrin network by platelets, leading to
tight platelet-fibrin aggregates (Figure 4F). Stochastic ex-
pression of XFP in R26R-Confetti platelets still allowed
identification of individual platelets in dense aggregates
(Figure 4G).

Next, we generated static microthrombi from isolated Con-
fetti platelets (Figure 5A). Confocal analysis enabled us to
discriminate single platelets in these tightly packed aggre-
gates, as well as protrusions formed by individual cells
classified as filopodia (Online Supplementary Video S2). Re-
cruited platelets did not form discernible sheet-like lamel-
lipodia (Figure 5A). In addition, the morphology of the
individual cells could be quantified and shape descriptors
of aggregated platelets were determined. Over 80% of re-
cruited cells formed filopodia of various lengths (Figure 5B).
Flow chamber-based assays are an important tool to
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Figure 4. Rs26-Confetti expression in activated platelets in vitro. (A-E) Spreading of Rs26-Confetti platelets on fibrinogen. (A)
Representative micrograph; (B) size; (C), aspect ratio and (D) solidity in relation to color expression, n=48 cells; (E) filopodia
formation. (F, G) /n vitro generated fibrin clots using Rs26-Confetti platelet-rich plasma, (G) revealing cell aggregates.

study thrombus formation in vitro. By using heparinized
blood from R26R-Confetti reporter mice, we were able to
visualize multicolor aggregate formation under blood
shear conditions, and higher magnification revealed single
platelet morphology (Figure 5C, D). Similar to static
thrombi generated from isolated platelets, the majority of
recruited platelets formed filopodia, but no lamellipodia
(Figure 5D, E).

In vitro approaches are limited when studying complex
biological events. Therefore, we assessed the applicability
of platelet R26R-Confetti expression in vivo. In order to
study thrombus formation, we utilized a ferric-chloride in-
duced mesenteric thrombosis model. Similar to our in vitro
findings, RFP, YFP and CFP fluorescence expression
allowed for intravital discrimination of individual cells in
growing thrombi (Figure 6A; Online Supplementary Video
S3). Moreover, analysis of single platelet morphology re-
vealed formation of filopodia of the majority of recruited
individual platelets (Figure 6B).

Single cell tracking of individual cells in complex thrombi
reveals myosin dependent motility in vivo and in vitro

For a long time, activated recruited platelets were con-
sidered stationary cells. Recently, platelets were shown to
actively migrate at sites of vascular injury.”* In addition,
myosin lla-dependent pulling forces trigger collective pla-
telet motion in a process termed clot retraction.?® We util-
ized the Confetti model to track individual platelets in
static microthrombi over time using time lapse micro-
scopy and identified single motile platelets (Figure 6C;
Online Supplementary Video S2).

Similarly, single cell tracking in vivo showed relocation dy-
namics of individual platelets in complex thrombi (Figure
6D). Particularly in the consolidation phase of thrombi,
collective motility of recruited platelets was observed
(Online Supplementary Video S3). We tracked >100 pla-
telets in a single thrombus, which on the one hand re-
vealed platelet repositioning in all parts of the thrombus.
On the other hand, the observed motility patterns were
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Figure 5. Rs26-Confetti enables studying of platelet dynamics on a single cell level in vitro. (A, B) In vitro generated static
platelet thrombi. (A) Representative micrograph and (B) shape descriptors and filopodia of single platelets; n=33 cells in two
thrombi. (C-E) Flow chamber experiments with arterial shear rate (1,000/s) over collagen; (C, D) representative micrographs and

(E) shape descriptors and filopodia of single platelets; n=33 cells in two thrombi; n=71 cells from three micrographs.

highly heterogenous, as accumulated distance, velocity
and directionality varied between cells (Figure 6E).

Finally, we bred PF4cre; R26R"" mice to Mhy9-floxed
mice to generate a multicolor reporter mouse of myosin
heavy chain deficient platelets.?® Mhy9-disorders are char-
acterized by increased platelet size and reduced number
— macrothrombocytopenia. /In vitro, Mhy9-deficient pla-
telets spread normally with no apparent morphological
difference from control platelets (Online Supplementary
Figure S4D). By intravital microscopy of injured mesenteric

vessels in PF4cre; R26RC" % Myh9flex mice we were able
to perform size measurements of individual platelets in
vivo confirming enlarged Mhy9~/- platelets (Figure 6F).
Single cell tracking within thrombi revealed reduced vel-
ocity and accumulated distances of Myh9-deficient pla-
telets compared to control mice (Online Supplementary
Figure S4E).?® The associated lack of collective contractile
behavior led to increased embolization and less consoli-
dation of the thrombus as the clot was not retracted (On-
line Supplementary Video S4; Figure 6F).
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Figure 6. Rs26-Confetti enables studying of platelet dynamics on a single cell level in vivo. (A, B) /n vivo FeCl,-dependent
thrombus formation in the mesentery. (A) Representative micrograph and (B) shape descriptors and filopodia of single platelets;
n=48 cells in two thrombi. (C) Tracking of individual platelets over time (arrows) in static in vitro thrombi. Micrograph shows
higher magnification of a region of interest cropped from (A). (D, E) Tracking of thrombus recruited platelets in vivo; (D) exemplary
micrograph of individual motile platelet (arrow) and (E) tracking of n=118 individual platelets in single thrombus allows for
computation of single cell velocity, covered distance and directionality. (F, left) Size differences of control and Mhy9-deficient
platelets on the Rs26-Confetti background are evident in vivo and (F, right) differences of individual platelet behavior in Mhy9-
deficient animals in Fe Cl,-dependent thrombus formation in the mesentery. Arrow marks exemplary platelet moving through
thrombus with flow, unable to retract. (G) Visualization of CD45* leukocytes in Rs26-Confetti thrombi. Scale bar =10 um.
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Thrombus formation is a complex process involving the
concerted action of additional cell types, for example neu-
trophils and monocytes. It is therefore important to be
able to label additional cell populations in deployed flu-
orescence reporter strains, and to exclude passive platelet
motility patterns depending on leukocyte migration.*® We
injected CD45 antibody conjugated to a Far Red emitter
(Alexa Fluor 647) to stain circulating leukocytes. Excita-
tion/emission spectra revealed no overlap with Confetti
signal and enabled side-by-side visualization of leukocytes
and platelets in multicolor thrombi (Figure 6G; Online Sup-
plementary Figure S4F).

Discussion

Here, we describe in detail a novel mouse model that can
be used to assess single cell dynamics of the platelet/MK
lineage. We previously utilized this model to study single
cell behavior mainly under inflammatory conditions in
vivo, which helped to reveal the platelet migratory phe-
notype.” We further extended our understanding of the
employed mouse model, and ruled out a major effect of
Confetti fluorescence expression/ Cre recombination on
platelet and MK biology. In addition to tracking of indi-
vidual cells, this model allows to discern cell shape in
vivo and in vitro, which is important for understanding
platelet effector functions.®*® We demonstrate the versa-
tility of this model by showing that it also allows for ad-
ditional staining of populations/antigens using far red
emitters.

We substantiate the relevance of the reporter model for a
better understanding of the biology of MK and platelets by
revealing previously unkown aspects of this lineage. First,
we identified pairs and clusters of MK in the bone marrow.
These clusters may indicate clonal expansion of MK pre-
cursors within the MK-specific bone marrow niche, where
MK precursors proliferate before differentiating and form-
ing platelets.®3* Additional work will be required to resolve
megakaryopoiesis spatially and temporally in greater de-
tail.

PF4 is expressed in mature MK where it has been shown
to act as negative regulator of megakarypoesis and hema-
topoiesis.®3® Thus, late PF4 expression possibly serves as
a paracrine negative feedback loop to control MK differ-
entiation. Expression of multiple XFP following PF4-Cre
driven recombination of the Confetti construct supports
the notion that PF4 is mainly expressed after initiatiation
of MK endomitosis in mature MK. Therefore, it might serve
as a useful late genetic marker for studying megakaryo-
poesis, however, with the drawback of potenial off-target
effects in monocytic cells.®>* In contrast, using the VWF
promotor for specific and robust Cre expression in early
MK progenitors, might prove useful in studying the con-
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tribution of cytoskeletal proteins or transcription factors
in early megakaryopoiesis.

Despite great progress in recent years, it remains difficult
to assess individual platelet behavior in vivo.*” Especially
data on platelet cytoskeletal rearrangements during acti-
vation and recruitment are almost exclusively derived
from in vitro studies. For example, platelet lamellipodia
formation, termed “spreading”, is a key element of in vitro
assessment of platelet function.®*® However, there is no
evidence that platelets form lamellipodia in hemostatic
plugs in vivo.*® Nesbitt et al. have demonstrated that pla-
telets might not undergo dramatic shape changes in
thrombosis.*® Recently, using mouse lines in which lamel-
lipodia formation is disrupted, we identified lamellipodia
as a key cytoskeletal feature of immune responsive pla-
telets with a neglible role in classical thrombosis and
hemostasis.*® Along these lines, we here consolidate these
data by excluding lamellipodia formation but showing
prominent filopodia formation of activated platelets in
three different thrombosis models in vivo and in vitro.
These needle-like protrusions might serve as anchor
points as well as sensors registering the microenviro-
ment.*" In addition, they might increase platelet surface
area and redistribute adhesion receptors,*? affecting the
platelets propensity to activate. This fits very well with
data showing normal hemostasis and thrombosis in mice
unable to form lamellipodia.®394344 Ag interference with
the cytoskeleton might prove an interesting pharmaco-
logical target, our data highlight the need to further in-
vestigate the regulation of filopodia formation in
platelets.

Regarding platelet motility within complex thrombi, our
experiments show ubiquitous and global repositioning of
platelets in thrombus formation. Single cell tracking in our
model revealed a collective motion of platelets towards
the thrombus core largely depending on force generation
by myosinlla, as genetic ablation of Mhy9 drastically alters
clot formation and reduces platelet re-location, confiming
previous reports.?® In addition to consolidation of the clot,
the centripedal, collective motion of platelets may gener-
ate forces required for the mechanical extrusion of pro-
coagulant platelets to reinforce thrombin generation and
fibrin formation at the thrombus surface as recently pro-
posed by others.*® Thus, multicolor tracking of platelets
highlights thrombus formation as a highly dynamic pro-
cess amenable to modification and intervention of the
acto-myosin cytoskeleton. Combination of platelet-spe-
cific multicolor reporter mouse lines with genetic/phar-
macological targeting and labeling of neutrophils or other
immune cells might help to better understand clot initi-
ation, consolidation and lysis.

Future studies could take advantage of this model to
understand single platelet and MK dynamics in a wide
range of disease models and conditions.
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