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a b s t r a c t

Blood platelets are the key cellular players in blood clotting and thus of great biomedical importance.
While spreading at the site of injury, they reorganize their cytoskeleton within minutes and assume a flat
appearance. As platelets possess no nucleus, many standard methods for visualizing cytoskeletal com-
ponents by means of fluorescence tags fail. Here we employ silicon-rhodamine actin and tubulin probes
for imaging these important proteins in a time-resolved manner. We find two distinct timescales for
platelet spread area development and for cytoskeletal reorganization, indicating that although cell
spreading is most likely associated with actin polymerization at the cell edges, distinct, stress-fiber-like
actin structures within the cell, which may be involved in the generation of contractile forces, form on
their own timescale. Following microtubule dynamics allows us to distinguish the role of myosin, mi-
crotubules and actin during early spreading.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Platelets originate as cell fragments from megakaryocytes and
are the smallest cells in the human body, with a diameter between
2 and 5 mm and a typical thickness of 0.5 mm in the resting state
(Michelson, 2013). This special production pathway leads to
considerable differences in final size of individual platelets. Plate-
lets are the key cellular players in blood clotting and haemostasis
and thus of great biomedical importance. Interestingly, platelets
contain no nucleus, but do possess the complete cytoskeletal ma-
chinery, including actin, myosin and microtubules (MTs), that
regulates cellular processes such as adhesion and spreading. Thus,
platelets serve as a cellular model system to study such processes
without the interference of gene expression, and the results may be
transferred to other cellular systems. The resting platelet contains a
mechanically rigid cytoplasmic actin network and the so-called MT
marginal band (MB), that stabilizes its discoid shape (Michelson,
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2013). Thus, the platelet cytoskeleton is special in the sense that
there is nomicrotubule-organizing center (MTOC) (Patel-Hett et al.,
2008).

With about 2 million actin molecules per platelet (Nachmias,
1980; Nachmias and Golla, 1991) actin is the most abundant
protein in platelets and plays a leading role in shape regulation
and cytoskeletal reorganization during the life cycle of these
cells. Transient or irreversible activation of the cells by, for
example, thrombin or adenosine diphosphate (ADP) leads to
coiling of the MB by actomyosin action and to a spherical platelet
shape (Diagouraga et al., 2014; Dmitrieff et al., 2017; Johnson
et al., 2007; Sadoul, 2015). On surfaces, platelets spread into
flat, thin (Aquino et al., 2011) sheets, either via filopodia or via
lamellipodia (Hartwig, 2006; Hartwig et al., 1995, 1996;
Sandmann and K€oster, 2016). The filopods further facilitate the
recruitment of other platelets in order to form a blood clot
(Michelson, 2013). Actomyosin comes into play again when the
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newly formed blood clot contracts to facilitate normal blood flow
in the wounded vessel.

The missing nucleus, however, poses a particular challenge for
dynamic imaging of platelet cytoskeletal proteins, as anucleate
platelets cannot be directly genetically modified. Thus, in the
past, most studies have been performed on fixed, immunostained
platelets or by electron microscopy, revealing important and
interesting features of these specialized cells. As platelets spread,
they extend filamentous actin (F-actin) rich filopodia, lamelli-
podia and form stress-fiber-like structures (Bearer, 1995;
Cerecedo et al., 2002; Hagmann, 1993; Tanaka and Itoh, 1998).
Most immunofluorescence studies have reported that platelets
complete their spreading within 10e20min during which all of
the F-actin rich structures emerge and the MTs get reorganized
and redistributed through the cytoplasm to aid in the secretion of
stored platelet granules towards the plasma membrane (PM)
(Cerecedo et al., 2010).

As cytoskeletal reorganization of platelets plays such a
prominent role for their function, and any impairments in it lead
to platelet-related disorders (Sorrentino et al., 2015), there is a
need for real-time monitoring. Recent advances in this respect
have indeed reported some interesting features. Real-time
monitoring of mouse Lifeact-green fluorescent protein (GFP)
platelets have identified a novel actin-rich structure, termed the
actin nodule which is formed during the early stages of platelet
spreading. The Wiskott-Aldrich syndrome protein (WASp) is
required for the formation of actin nodules which in turn play a
critical role in the formation of lamellipodia and stress-fiber-like
structures and in maintaining stable aggregates under flow
(Calaminus et al., 2008; Poulter et al., 2015). A pioneering study
by Patel-Hett et al. has employed real-time tracking of MTs in
platelets released from megakaryocytes expressing the MT-plus-
end marker EB3-GFP in mice (Patel-Hett et al., 2008). These
studies have revealed that the MB of platelets consists of a single,
stable MT arranged in a coil and is associated with 8e12 short,
dynamic MTs that can polymerize in both directions. During
irreversible platelet activation, the MB of platelets elongates by
the action of the MT motor dynein, coils due to space constraints
and compresses by actomyosin action (Diagouraga et al., 2014;
Sadoul, 2015).

Recently, silicon-rhodamine (SiR) probes for both actin and
tubulin were introduced (Lukinavicius et al., 2014). These probes
bind to F-actin and MTs, respectively, and are particularly suitable
in cell types that are difficult to transfect. Importantly, the probes
show enhanced fluorescence when bound specifically to F-actin or
MTs, thus providing high contrast against a background of non-
specifically bound dye. Previously, the SiR-tubulin probe was
employed to study MB coiling during platelet shape change in
suspension. By numerical simulations, the authors found that an
elaborate balance between MB rigidity and cell cortical stiffness
determines the shape of platelets and other blood cells (Dmitrieff
et al., 2017).

Here we follow up on these recent advances in real-time
observation of platelet cytoskeletal dynamics and employ the
recently introduced SiR-probes for actin and tubulin to charac-
terize the cytoskeletal reorganization in situ and in real time. We
follow the cytoskeletal dynamics occurring in platelets during
their complete spreading process and thus complement earlier
studies that have focused on platelet behavior either in suspen-
sion or during their early activation stages. We find two distinct
time scales for platelet spreading and cytoskeletal reorganiza-
tion, respectively, suggesting that both processes are separated
concerning their molecular origin. Furthermore, by imaging MT
dynamics, we shed light on the role of myosin in the early steps
of platelet spreading.
2. Materials and methods

2.1. Platelet purification

The experiments were conducted in agreement with the ethical
vote of the Ethics Committee of the University Medical Center
G€ottingen, votum 11/11/09. Human blood platelets were purified
from blood plasma concentrates taken from healthy donors at the
G€ottingen University Blood Donation Center. The volunteer donors
had not taken any anti-platelet medication at least 7 days prior to
donation. 4mL of the blood plasma concentrate was mixed with
prostaglandin E1 (PGE1, Cayman Chemical Company, Ann Arbor, MI,
USA; final concentration 2.6 mg/mL) and was centrifuged at 480� g
and 21 �C for 20min. Afterwards, the supernatant was discarded
and the cell pellet that comprised mostly platelets and few red
blood cells was resuspended in warm Pipes-saline glucose (PSG:
5mM Pipes, 145mM NaCl, 5mM glucose, 4mM KCl, 1mMMgCl2�6
H2O, 0.05mM Na2HPO4�12 H2O, pH 6.8). The centrifugation and
resuspension steps were repeated twice and after the last centri-
fugation, the cell pellet was resuspended in 1mL of warm Hepes-
Tyrode buffer containing bovine serum albumin (HT-BSA:
134mMNaCl, 12mMNaHCO3, 2.9mM KCl, 1mM anhydrousMgCl2,
5mM HEPES, 5mM glucose, 0.34mM NaH2PO4, pH 7.4), supple-
mented with BSA (final concentration 5mg/mL; 10% BSA in phos-
phate buffered saline (PBS), MACS BSA stock solution, Miltenyi
Biotech, Bergisch Gladbach, Germany). The final number of plate-
lets in the purified solution was counted using a hematocrit capil-
lary (heparinized micro-hematocrit capillary tubes, FisherBrand,
Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.2. Cytoskeleton and plasma membrane labeling

Platelet F-actin or MTs were labeled with the cytoskeleton
probes SiR-actin or SiR-tubulin (Spirochrome Ltd., Stein am Rhein,
Switzerland; labs 652 nm and lfl 674 nm). The probes were diluted
in HT-BSA buffer to a final concentration of 6 mM (similar to the
concentration used for red blood cells in (Lukinavicius et al., 2014)
and a final cell concentration of 1.5� 107 cells/mL. The platelets
were incubated with the cytoskeleton probes for approximately
30min prior to the microscope experiments. In order to obtain the
platelet spread area alongwith the visualization of F-actin, for some
experiments, the platelets were also labeled with the PM dyes
CellMask (CM) Green or CM Deep Red (excitation/emission 522/
535 nm or 649/666 nm, respectively, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). In case of both PM and SiR-actin labeled
platelets, initially the platelets were incubated in 1mL HT-BSA
buffer containing 6 mM of SiR-actin probe for 15min. Subse-
quently, the CM Green dye was added to this solution at a final
concentration of 2.5 mg/mL and incubated with the platelets for
5min at 37 �C. PGE1 was then added to this solution and it was
centrifuged at 480� g for 5min. The cell pellet was resuspended in
1mL HT-BSA buffer. In total, the platelets were thus incubated with
the SiR-actin probe for approximately 30min and with the CM dye
for approximately 15min prior to the microscope experiments. The
same procedure was followed in 1mL HT-BSA buffer containing CM
Deep Red dye in case of only PM labeled platelets.

2.3. Treatment with pharmacological agents

Platelets were incubated in HT-BSA buffer containing SiR-actin/
tubulin along with blebbistatin (Sigma Aldrich, Munich, Germany;
final concentrations 20 and 50 mM), Y-27632 (Abcam, Cambridge,
UK; final concentration 50 mM), nocodazole (Sigma Aldrich,
Munich, Germany; final concentration 5 mM), aspirin (Bayer, Lev-
erkusen, Germany; final concentration 3.33mM). All agents were
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incubated with the platelets for approximately 30min prior to
experiments.

2.4. Fibrinogen coating of coverslips

Glass coverslips were completely coated with fibrinogen to
allow platelet adhesion. For this purpose, coverslips (24� 60mm,
No.1 thickness, VWR, Radnor, Pennsylvania, USA) were cleaned
thoroughly with isopropanol and dried with a stream of dry N2. To
facilitate complete and even coating with fibrinogen, the coverslips
were rendered hydrophilic by activation in a plasma cleaner
(Plasma Cleaning, PDC-32 G, Harrick Plasma, Ithaca, NY, USA). Af-
terwards, unlabeled or labeled fibrinogen solution (fibrinogen from
human plasma, Invitrogen, Darmstadt, Germany; fibrinogen, Alexa
Fluor® 488 conjugate, 495/519 nm; final concentration 0.1mg/mL)
was applied to the coverslips and they were incubated at room
temperature (RT) for 1 h. Labeled fibrinogen was used in cases
where platelets were labeled only by SiR actin, but not by the
membrane dye CM Green (which emits in the same wavelength
range as Alexa Fluor® 488), in order to facilitate focusing the mi-
croscopy to the substrate surface. Thus, we ensured a high ligand
desnsity (Jirouskova et al., 2007). Coverslips were then washed and
stored in 1X PBS until further use.

2.5. Microscopy, image acquisition and image analysis

The platelet spreading and cytoskeletal reorganization were
visualized using an invertedmicroscope (IX 81, Olympus, Hamburg,
Germany) equipped with a 60� oil-immersion objective (UPlan-
SApo Olympus), a Xenon arc lamp (MT-ARC/XE, Olympus) for epi-
fluorescence imaging and a halogen lamp for bright-field (BF)
imaging. The time-lapse movies were recorded using a Retiga 6000
CCD camera (QImaging, Surrey, BC, Canada) or an ORCA-Flash 4.0
CMOS camera (Hamamatsu Photonics, Herrsching am Ammersee,
Germany), and the image acquisition software cellSens (Olympus).
To maintain physiological conditions during experiments, the mi-
croscope was equipped with a preheated, humid stage top incu-
bator (37 �C, 5% CO2; Tokai Hit, Shizuoka-ken, Japan). Prior to the
experiments, the fibrinogen coverslips were washed thrice with
HT-BSA buffer and kept moist in the incubator. During the experi-
ments, labeled platelets were pipetted on fibrinogen coated cov-
erslips and were stimulated by adding thrombin (thrombin from
human plasma, Sigma Aldrich, Munich, Germany; final concentra-
tion 4 U/mL). This relatively high thrombin concentration was
chosen to ensure full activation of the platelets (Liang et al., 2010).
Time-lapse movies were recorded for 100e150min by sequentially
taking epifluorescence (Cy5 and/or FITC) and BF images every 10 s.
The illumination time was 50ms. Time-lapse images of only CM
Deep Red labeled platelets were recorded every 2 s. BF and epi-
fluorescence time-lapse images of SiR-actin/tubulin labeled plate-
lets were processed using ImageJ (Schneider et al., 2012). Each of
the epifluorescence images were individually adjusted for their
brightness and contrast, whereas the brightness and contrast
values for all BF images belonging to one single dataset were
adjusted to the same values.

2.6. Platelet spread area determination

The fluorescence image stacks of PM labeled, completely spread
platelets were obtained as described. Only single, isolated platelets
were chosen for analysis. The contour of the platelet in each image
of the stackwas detected by aMATLAB script (MATLAB R2009b, The
MathWorks, Inc., Natrick, MA, USA). The script used a Canny edge
detection algorithm to detect the cell edges. In non-detected areas,
the cell contour was traced manually, based on the corresponding
fluorescence images, using ImageJ. After contour detection, each
binarized image was loaded in ImageJ to create masks and these
were used to obtain the spread area for each time point using a
MATLAB script that used the ‘regionprops’ MATLAB function for
calculating the area. Additionally, the final spread areas of only PM
labeled as well as both PM labeled and SiR-actin labeled platelets
were analyzed from epifluorescence images recorded 30min after
initial adhesion.

2.7. Filament detection

The stress-fiber-like structures filaments formed and assembled
by SiR-actin labeled platelets over time were detected using a
modified version of the filament sensor (FS) software. This program
is based on a finger print analysis algorithm and is presented in
complete detail in Ref. (Eltzner et al., 2015). The fluorescence image
stacks of SiR-actin labeled, completely spread platelets were ob-
tained as described and only single, isolated platelets were chosen
for the analysis. The preprocessing used a global contrast adjust-
ment, local Gaussian and Laplacian filters and a direction sensitive
linear Gaussian filter. The binarization procedure employed a low
global threshold, locally adaptive means and a direction sensitive
noise cancellation. All these filters are described in detail in
Ref. (Eltzner et al., 2015). To detect slightly curved lines, a width
map was created from the binarized image. At every pixel of the
width map with non-zero width the algorithm followed the di-
rection of largest meanwidth value, i. e. center lines of filaments. In
regular intervals the algorithm adjusted direction, thus approxi-
mating the lines piecewise linearly. The algorithm did not follow
strongly curved lines, because it could only change directions
slightly at each step. The lengths of all lines detected in each image
of the fluorescence stack were summed up. For time series plots,
these total line lengths obtained were smoothed over ten images
using a Python script to reduce the variation due to fiber detection
inaccuracy.

2.8. Spreading status counts and statistics

To determine the number of spread and unspread platelets from
the total number of adhered platelets, BF images taken after the
time-lapse movies were analyzed, thus approximately
100e150min after starting the incubation with the different re-
agents. For each image, the numbers of spread and unspread
platelets were manually counted. We included only platelets in the
analysis that had adhered to the substrate and showed a
morphology as presented in Fig. 3b (top right). Non-adherent
platelets were not imaged and thus not considered. Large clusters
of cells were disregarded as well. Also, platelets lying on the image
borders were not considered for counting. This was performed for
at least 10 images from three independent experiments per
experimental condition. The values of the relative numbers of
spread and unspread platelets obtained from these counts were
averaged over the number of independent experiments. The sig-
nificant difference between each condition was determined by the
independent two-sample t-test for unequal variances using Ori-
ginPro 8.5 and a p-value < 0.05 was considered as statistically
significant. The data are represented as mean± standard deviation
(SD).

3. Results

3.1. The F-actin and MT cytoskeletal reorganization can be
visualized in real-time during platelet spreading

Platelets are a well suited model system for studying cell
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adhesion, spreading and contraction. They contain the necessary
cytoskeletal machinery for these processes, but no nucleus. Thus,
gene regulation does not influence the cell behavior. However,
because of the missing nucleus, platelets cannot be transfected to
express fluorescent proteins and live fluorescence imaging is
therefore not easily possible. Here we employ the recently intro-
duced SiR-conjugated fluorogenic probes, SiR-actin and SiR-tubulin
(Lukinavicius et al., 2014), to visualize the dynamic reorganization
of the platelet cytoskeleton. The SiR probes are fluorogenic and the
fluorescence intensities increase when they bind to their specific
ligands, the F-actin and MTs, respectively. We seed SiR-actin/
tubulin-labeled platelets on fibrinogen-coated glass coverslips,
trigger and synchronize activation by addition of the soluble
agonist thrombin and follow the process in real-time using BF and
epifluorescence microscopy.

Consistent with previous observations on glass, polystyrene,
polydimethylsiloxane (PDMS) or polyacrylamide (PAA) substrates,
as soon as the platelets adhere, they change their shape and start to
spread on the underlying fibrinogen-coated coverslips from a
rounded to a flat morphology (Allen et al., 1979; Qiu et al., 2014;
Sandmann and K€oster, 2016; Schwarz Henriques et al., 2012; Seifert
et al., 2017). As observed in the BF channel, during the initial
spreading stage, the platelets extend thin filopodia and later broad
lamellipodia (Fig. 1), which fill up the spaces in between the web-
like filopodia or spread out laterally from them. Complete platelet
spreading, including flattening of the dome-shaped granulomeres
present in the center (Fig. 1, blue arrows), is accomplished within
10e30min after initial contact with fibrinogen-coated glass
coverslips.

The F-actin rich filopodia and lamellipodia are more easily
observed in platelets labeled with the SiR-actin probe. A typical
example of spreading of an SiR-actin labeled platelet is shown in
Fig. 1a (epifluorescence channel). In the initial spreading stage, the
filopodia and lamellipodia are not very well defined and appear
dim. There is, however, a bright spot in the platelet center that
corresponds to the granulomere (Fig. 1a, BF channel, blue arrow).
This structure resembles the platelet contractile ring described
elsewhere (Bearer et al., 2002), which is known to form during the
initial platelet spreading stages. As platelet spreading advances,
and the granulomere gradually flattens, the bright spot in the
center also gradually dissipates. More defined filopodia, lamelli-
podia and higher-order F-actin structures start to become visible
and become brighter which is concomitant with the increase in
intensities in the epifluorescence channel (Fig. 1a, epifluorescence
channel and Movie S1). Fig. 1b shows the last snapshot of a time-
lapse spreading series of several SiR-actin labeled platelets. The
platelets shown here are in various stages of spreading and have
formed the four typical F-actin rich structures (Bearer et al., 2002)
i.e. the contractile ring, filopodia, lamellipodia and stress-fiber-like
structures (Fig. 1b, colored arrows and Movie S2). The morphology
of completely spread platelets is spindle-like, circular, triangular or
polygonal and the stress-fiber-like structures form filament bun-
dles that traverse across these platelets (Fig. 1b).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.pbiomolbio.2018.05.001.

Fig. 1c and d shows two typical examples of platelets labeled
with the SiR-tubulin probe which binds to MTs. The time-lapse
imaging of adhering platelets initially show a MT ring (green ar-
rows) which colocalizes with the granulomere (blue arrows) of the
platelets. In most instances (Fig. 1c), as the platelet starts to spread
and the granulomere flattens, this MT ring completely disintegrates
and individual MTs (Fig. 1c, red arrows) move outwards to the
periphery of the platelets. The platelets have almost stopped
spreading at this point. After moving towards the periphery, almost
immediately the MTs rapidly start to move back to the center of the
platelets to form elongated spindle-like structures (Fig. 1c and
Movie S3). However, in few platelets, the MT ring observed at the
beginning of spreading, does not disintegrate completely but sim-
ply elongates to form spindle-like structures while simultaneously
showing individual MTs moving to the periphery of the platelets
(Fig. 1d, red arrows and Movie S4).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.pbiomolbio.2018.05.001.
3.2. Platelet spreading and formation of stress-fiber-like structures
occur on different timescales

In time-lapse movies of SiR-actin labeled platelets in the BF and
epifluorescence channels, we follow the platelet spreading as well
as the development of the F-actin structures over time. Interest-
ingly, the platelets spread to their final area very fast after their
initial contact with fibrinogen-coated glass coverslips (Fig. 1a, BF
channel). However, the F-actin structures change dynamically
during a considerably longer time span (Fig. 1a, epifluorescence
channel). In order to investigate this phenomenon more carefully,
we quantify the temporal evolution of the platelet areas and their F-
actin network development as they spread. The cell outline is
determined from membrane-stained platelets by a Canny edge
detection algorithm. To exclude an influence of the SiR-actin probe
on the spreading dynamics, we compare data from platelets labeled
only with a PM dye (Fig. 2a, red symbols) and platelets labeled with
the PM dye and the SiR-actin probe (black symbols). The platelet
areas increase rapidly after adhesion and afterwards do not change
much. Moreover, labeling with the SiR-actin probe has no effect on
the speed of platelet spreading. We fit the data with an exponential
growth function

f ðtÞ ¼ ðaþ btÞ
�
1� e�cðt�dÞ

�
(1)

with the area offset a in mm2, a linear area increase b in mm2/s, the
inverse time constant for the growth c in 1/s, and a temporal offset
d in s. A histogram of the time constants t¼ 1/c found in the 14
analyzed cells is shown in Fig. 2b and reveals an average time
constant of 67.5± 33.7 s. The few examples of double-labeled
platelets (membrane and F-actin) shown in Fig. 2a show on
average a higher final spread area than the single-labeled platelets
(membrane only). However, a large variation in size, and conse-
quently spread area, is typical of platelets (Sandmann and K€oster,
2016) as they originate as cell fragments from megakaryocytes.
This variation in size is evident in the box plot (Fig. 2c) of final
spread areas of only membrane labeled and both membrane
labeled and SiR-actin labeled platelets after they have spread for
30min. The boxes represent the interquartile range which is
defined as the range above and below which 25% of the values lie.
The mean final spread areas (Fig. 2c, open squares) for both single-
labeled and double-labeled platelets are significantly not different,
according to a two sample t-test assuming unequal variance. Also,
the range of final spread area values, as indicated by the outermost
whiskers, are very similar, reflecting that SiR-actin labeling has no
effect on the spreading of platelets.

To quantify the development of the F-actin network, and in
particular stress-fiber-like structures, which is occurring in parallel
to spreading, we use singly labeled SiR-actin platelets, as the image
quality is better in this case. We detect the stress-fiber-like struc-
tures that are formed over time using the FS software as introduced
by Eltzner et al. (2015). The FS detects linear F-actin structures and
thus filaments and bundles are in principle equally considered.
Note that we do not take the “thickness” or brightness of the fila-
mentous structures into account here. The filament detection

https://doi.org/10.1016/j.pbiomolbio.2018.05.001
https://doi.org/10.1016/j.pbiomolbio.2018.05.001


Fig. 1. Direct visualization of F-actin and MTs during platelet spreading. (a) (top) Snapshots of an SiR-actin labeled platelet during the spreading process. As the platelet spreads,
the granulomeres (blue arrow) flatten and the PM expands (BF). The F-actin structures gradually become visible and get brighter over time (epifluorescence). (bottom) BF images of
a spreading platelet that first forms filopodia and lamellipodia after about 1min. (b) The SiR-actin labeled platelets form four typical F-actin rich structures as they spread-the
contractile ring (1orange), filopodia (2magenta), lamellipodia (3cyan) and stress-fiber-like structures (4yellow). (c, d) Snapshots of two different SiR-tubulin labeled platelets dur-
ing the spreading process. As the platelets spread, and the granulomeres (blue arrows) start to flatten (BF), the MT ring (green arrows, epifluorescence) either disintegrates
completely and individual MTs (red arrows) move outwards to the periphery and move back to the center (c) or disintegrates partially and elongates as it moves to the center with
individual MTs (red arrows) moving to the periphery and moving back towards the center (d). All scale bars are 5 mm.
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involves preprocessing of the original fluorescence images to
reduce noise and enhance linear features. These images are then
binarized to create a width map and the filaments are traced by a
line sensor algorithm (see also Movie S5). Fig. 2g shows the prin-
cipal steps of the algorithm. In order to quantify the degree of
cytoskeletal reorganization in the platelets, we plot the temporal
evolution of the total structure length. Fig. 2d shows a typical
example of the raw data (gray symbols) along with the fit (solid
line). In Fig. 2e we plot the smoothed raw data for all 43 platelets.
We observe an initial rapid rise in the first few minutes which is
followed by a slower increase that for some platelets reaches a
plateau. We use the same exponential model (Equation (1)) to
determine the time scale for structure formation or cytoskeletal
reorganization. Note that in this case, a and b are in units of mm and
mm/s, respectively. Furthermore, we use the unmodified total line
length and not the smoothed values used for plots. Fiber detection
is complicated by the fact that the overall brightness of the platelets
is very low in the beginning but often increases over the whole



Fig. 2. Different timescales of platelet spreading and F-actin structure formation. (a) Spread area of only PM labeled (red symbols) and both PM and F-actin labeled (black
symbols) platelets plotted against time (N¼ 14). Spreading occurs fast (on the order of minutes) and the SiR-actin labeling does not affect spreading. (b) Histogram of time constants
for the spread area development (see a). Mean ± SD¼ 67.5 s± 33.7 s. c) Box plot of final spread areas (after 30min) of only PM labeled (N¼ 20) and both PM and F-actin (N¼ 21)
labeled platelets. The whole box represents the interquantile range, where minimum, median, mean and maximum are indicated. The range of final spread area values is statistically
not significantly different for PM only (Mean ± SD¼ 39.2 mm2± 13.3 mm2) versus PM and F-actin (Mean± SD¼ 41.8 mm2± 12.3 mm2) labeled platelets. d) Typical example of raw data
(gray symbols) and fit to the data (solid) line for the total length of F-actin structures detected by the filament sensor. e) Temporal evolution of smoothed total line lengths detected
by the FS software for individual platelets (N¼ 43, from five different experiments, colors are used for clarity only). The curves show an initial rapid growth indicating the formation
of major stress-fiber-like structures, followed by a slow phase of F-actin network intensification. f) Histogram of time constants for the F-actin structure formation.
Mean ± SD¼ 245.2 s ± 143.9 s. g) Analysis steps involved in image processing and detection of F-actin in labeled SiR-actin platelets using the FS software.

A.K. Paknikar et al. / Progress in Biophysics and Molecular Biology 144 (2019) 166e176 171



Fig. 3. Effect of pharmacological agents on the relative numbers of spread platelets. a) Representative microscopy (BF (left) and epifluorescence (right)) images of platelets after
treatment with different pharmacological agents. (b) Relative number of spread and unspread platelets. Statistical analysis was performed by a two sample t-test assuming unequal
variance. Data are representative of total platelets counted (N) from at least three independent experiments, *p< 0.05, n.s.¼ not significant. The data are represented as mean± SD.
As compared to the number of platelets that spread in the presence of the agonist thrombin (SiR-actin control), significantly fewer platelets spread in its absence. Inhibition of
myosin by blebbistatin, but not (indirectly) by Y27632, significantly affects the number of spread platelets in comparison to the control. The platelet aggregation inhibitor aspirin
does not have a significant effect on platelet spreading. (c) Schematic representation of myosin activity regulation. Myosin activity occurs by the phosphorylation of the myosin light
chain. This is brought about by the biochemical regulators MLCK and ROCK. Y27632 inhibits ROCK whereas blebbistatin inhibits the ATPase activity of myosin. All scale bars are
5 mm.
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movie. As a result, fiber detection is unreliable in the beginning and
end of some of the movies. This usually leads to a slow increase in
detected total fiber length, followed by a slow decline.We exclude 5
movies, which show this phenomenon, from the calculation of the
mean fiber growth time. Another major problem is posed by very
small platelets, where not much detail is discernible at all. We
therefore exclude 9 platelets with a total line length below 20 mm
from the calculation. A histogram of the corresponding time con-
stants for the remaining 29 analyzed cells is shown in Fig. 2f. We
determine an average fiber growth time constant of 4min. Thus,
our findings point towards the existence of two different time-
scales of platelet spreading (~1min) and development of stress-
fiber-like structures (on the order of 4min).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.pbiomolbio.2018.05.001.

3.3. Pharmacological agents show pronounced effects on the
relative numbers of total spread platelets

The SiR-actin and SiR-tubulin probes enable us to demonstrate
the highly dynamic nature of the platelet cytoskeleton. Assumedly,
the platelet cytoskeletal components such as actin, non-muscle
myosin II and MTs play an important role in these dynamic pro-
cesses. Consequently, these cellular components have been studied
using pharmacological agents that are known to influence their
function (Calaminus et al., 2007; Diagouraga et al., 2014; Johnson
et al., 2007; Olorundare et al., 1992; Sadoul et al., 2012; Sakurai
et al., 2015; Woronowicz et al., 2010). However, most previous
studies have investigated the effects of these agents on platelet
shape change, aggregation, and granule secretion using classic
aggregometry techniques. A few experiments aimed at under-
standing the effect on platelet spreading, but these experiments
have been performed on platelets after chemical fixation or with
platelets in suspension. We are now in the position to label the
platelets with the SiR-actin and SiR-tubulin probes and directly
visualize the effect of commonly used pharmacological agents on
the cytoskeletal reorganization of platelets in real-time and on a
single-cell level. We choose to study effects of themyosin inhibitors
blebbistatin and the ROCK inhibitor Y-27632 (see schematic in
Fig. 3c), the effect of acetylsalicylic acid (aspirin), which is a well-
documented platelet aggregation inhibitor (Smith and Willis,
1971; Weiss and Aledort, 1967), as well as nocodazole, which
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interferes with MT polymerization (see next section). In all exper-
iments, we added the thrombin right after we added the platelet
solution to the substrates. The time-lapse recordings were started
2e3min later. For the data presented in Figs. 3 and 4 we analyzed
still images taken 100e150min after the start of the time-lapse
recordings. Thus, we ensured a static situation, where no more
platelets would arrive at the substrate.

For this purpose, SiR-actin labeled platelets, either untreated or
treated with the respective pharmacological agents, are seeded on
fibrinogen-coated glass coverslips and their spreading is recorded
in a time-lapse series. We analyze the BF images by counting the
numbers of the spread and unspread platelets from the total
adhered cells and compare these numbers to the control recording,
i.e. untreated SiR-actin labeled platelets. The platelets that show
complete lamellipodial spreading with circular, triangular or
polygonal morphologies are considered as 'spread' whereas those
that show rounded morphologies occasionally with filopodia and
very small lamellipodia are considered as 'unspread' (Fig. 3b, right
hand side). Platelets not supplied with the agonist thrombin are
considered as a control. Fig. 3a shows fluorescence micrographs of
typical examples for platelets treated with the agents investigated
here. Fig. 3b presents the statistical analysis of the results. As ex-
pected, in the absence of thrombin, there is a significant reduction
in the number of spread platelets as compared to the control. There
is also a significant difference in the number of spread platelets in
Fig. 4. MT and myosin role during platelet spreading. (a) BF (left) and epifluorescence (righ
agents nocodazole and blebbistatin. Platelets in epifluorescence images are labeled with SiR-
normally. The platelets show a diffused and fragmented MT labeling when treated with
considerable difference in the spreading in presence of blebbistatin or a combination of bleb
MT rings. (b) Controls: spread platelets in the absence of any agent (left) and in the presen
conditions shown in (a) verify the observations seen in these images. The blocking of myos
function is required for complete platelet spreading. Statistical analysis was performed by a
counted (N) from at least three independent experiments, *p < 0.05, n.s.¼ not significant. T
the presence of blebbistatin as compared to the control. By contrast,
there is no significant change in the number of spread platelets
treated with Y-27632. Aspirin also shows no significant effect on
the number of spread platelets.

3.4. MT ring disintegration via the action of an intact myosin
function is necessary for complete platelet spreading

To further elucidate the role of myosin II in platelet spreading,
we employ the SiR-tubulin probe which enables us to visualize the
MTs in platelets. Along with this probe, we use the pharmacological
agents blebbistatin and nocodazole to disrupt myosin function and
depolymerize MTs, respectively. Like before, we quantify the rela-
tive numbers of spread platelets of (i) only SiR-tubulin labeled
platelets (control), (ii) SiR-tubulin labeled and blebbistatin treated
platelets, (iii) SiR-tubulin labeled and nocodazole treated platelets,
and (iv) finally SiR-tubulin labeled and both blebbistatin and
nocodazole treated platelets. As controls, we also quantify the
relative numbers of spread platelets from unlabeled, untreated as
well as unlabeled, only dimethyl sulfoxide (DMSO, 0.6%, vehicle)
treated platelets. As shown in the BF images (Fig. 4b), the platelets
treated only with DMSO or the SiR-tubulin probe spread normally
like the unlabeled, untreated platelets and show no significant
difference in the relative numbers of spread platelets (Fig. 4c). The
platelets treated with nocodazole show a diffused staining of the
t) snapshots of platelets that spread in the presence or absence of the pharmacological
tubulin. The untreated, DMSO (vehicle) treated and SiR-tubulin treated platelets spread
the MT depolymerizing agent nocodazole but they also spread normally. There is a
bistatin and nocodazole. Most platelets do not spread, which is accompanied by intact
ce of only DMSO (right). (c) Relative number of spread and unspread platelets for the
in inhibits platelet spreading, indicating that disintegration of the MT ring by myosin
two sample t-test assuming unequal variance. Data are representative of total platelets
he data are represented as mean± SD. All scale bars are 5 mm.
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MTs, indicating MT disintengration, and spread normally and also
show no significant difference in the number of spread platelets as
compared to the SiR-tubulin labeled platelets (Fig. 4 and Movie S6).
To investigate the influence of blebbistatin, we use a higher con-
centration (50 mM) of blebbistatin than before (Fig. 3) and thus
ensure a complete inactivation of myosin II. As observed before, in
presence of blebbistatin there are significantly fewer spread
platelets than for the control and these numbers are even lower
than those in the presence of a lower concentration of blebbistatin.
The blebbistatin treated, unspread platelets show intact MT rings in
the epifluorescence images (Fig. 4a and Movie S7). Finally, when a
combination of blebbistatin and nocodazole is applied, there are
again significantly fewer spread platelets. These unspread platelets,
too, show the intact MT rings, which is suprising as one would
expect that presence of nocodazole would result in a diffused
staining as it would depolymerize the MTs (Fig. 4 and Movie S8).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.pbiomolbio.2018.05.001.

4. Discussion

As presented in the introduction, many details about platelet
spreading were revealed in the past by immunostaining of chem-
ically fixed platelets, such as extensive rearrangement of F-actin,
formation of filopodia and lamellipodia as well as cytoplasmic fi-
bers (Cerecedo et al., 2002; Hartwig, 1992; Karlsson et al., 1984;
Nachmias and Golla,1991;White,1987). Furthermore, it was shown
that MTs reorganize from the granulomere to traffic the secretory
granules to the PM of platelets (Cerecedo et al., 2008, 2010). Here,
we complement this work by direct in situ imaging of actin and
tubulin stucuture formation during spreading. The cytoskeleton in
platelets seems to play an important physiological role as, despite
strong heterogeneity in size and granule content between platelets,
its structure is highly preserved. Our real-time imaging of F-actin in
spreading platelets confirms the assembly of the contractile ring,
formation of filopodia, lamellipodia and stress-fiber-like structures.
MT imaging shows that during spreading, the platelet MT rings
surrounding the granulomeres either completely or partially
disintegrate and individual MTs move towards the edges of the
platelets, in agreement with observations of real-time MT dy-
namics in mouse platelets (Patel-Hett et al., 2008).

The detailed F-actin imaging enables us to correlate spreading
and cytoskeletal reorganization. Interestingly, we observe two
distinctly different time scales for these two processes: whereas
spreading occurs within ~1min after adhesion of the platelet to the
substrate, actin structures rapidly reorganize for about 4min and
thereafter still continue to rearrange, albeit at a slower rate. Note,
however, that SiR-actin displays very slow binding kinetics and the
increasing brightness of the actin structures are likely in parts due
to ongoing binding of probe molecules. For this reason, we have
chosen the total actin length, not the total brightness, for charac-
terizing the reorganization of the actin cytoskeleton. Furthermore,
it has so far not been shown, that SiR-actin binds to all actin
structures in a cell. Here we focus on stress-fiber-like structures.
Actin polymerization may still be the cause for membrane pro-
trusions and thus platelet spreading, however, a first rapid filament
assembly at the cell edges (lamellipodia and filopodia) may be
followed by internal structure formation, consistent with the time-
scales of those observed in immunofluorescence studies performed
on chemically-fixed platelets, spread on glass (Cerecedo et al.,
2002). Indeed, Qui et al. found that upon treatment with latrun-
culin, which inhibits actin polymerization, platelet spreading is
inhibited (Qiu et al., 2014). The existence of different time-scales of
platelet spreading and F-actin reorganizationmay be rational at the
site of injury, where the platelets must rapidly spread first to cover
the open wound via filopodia and lamellipodia and then, in a sec-
ond step, form the stress-fiber-like structures which may reinforce
the entire aggregate and compact the blood clot. It has indeed been
shown that under flow the formation of actin-fibers is vital for
sustaining the integrity of platelets aggregates (Calaminus et al.,
2007).

Myosin II plays an important role in platelet spreading and was
suggested to cause internal contraction (Diagouraga et al., 2014;
Johnson et al., 2007; White and Burris, 1984). Our experiments
confirm that Y-27632, which inhibits myosin II by blocking Rho-
associated protein kinase (ROCK) activity does not significantly
decrease the relative number of spreading platelets (Leng et al.,
1998). By contrast, blebbistatin, which inhibits myosin II by block-
ing its ATPase activity without inhibiting myosin light-chain kinase
(MLCK) (Straight et al., 2003), further downstream in the pathway
(see Fig. 3c) does have an effect. Furthermore, blebbistatin treated
platelets present intact MTs rings. This finding indicates that
whereas both pathways, the ROCK dependent and the MLCK
dependent one, may play a role in untreated platelets, in platelets
treated with Y-27632, the MLCK dependent pathway fully takes
over and recovers myosin activity, but not vice versa. The ROCK
dependent pathway is considerably involved in platelet shape
change, and in formation of stress-fiber-like structures, which play
a critical role in maintaining thrombus stability (Calaminus et al.,
2007). Indeed, the authors observed that the formation of stress
fibers in platelets spreading on collagen is inhibited after treating
them with Y-27632. Our microscopy images (see Fig. 3a, epifluor-
escence channel), too, show a lack of stress-fiber-like structures in
Y-27632 treated platelets as compared to those formed in the un-
treated, only SiR-actin labeled platelets. Thus, although both the
ROCK and the MLCK dependent pathways play a role in platelet
function, the MLCK pathway appears to be more important for
platelet spreading. Furthermore, it has recently been shown that
stiffness-mediated platelet spreading on fibrinogen is dependent
on myosin activity regulated by the MLCK pathway (Qiu et al.,
2014), and our results, too, reflect the crucial importance of the
MLCK pathway in platelet spreading.

Myosin has been suggested to disintegrate the MT MB via
contraction of acto-myosin structures (Diagouraga et al., 2014).
When testing this hypothesis by direct imaging, we observe no
effect on spreading upon nocodazole treatment. This is exactly as
expected as nocodazole is known to interfere with MT polymeri-
zation and confirms that upon disintegration of the MT ring,
platelets may spread. Our finding is also in agreement with a recent
study, which showed that platelet spreading is not affected in
presence of nocodazole (Sakurai et al., 2015). Surprisingly, however,
nocodazole-mediated MT disintegration is not sufficient for
enabling platelet spreading. When treating platelets simulta-
neously with nocodazole (to interfere withMT polymerization) and
blebbistatin (to inhibit myosin II function), platelets cease to spread
and the MT rings remain intact. There are two possible explana-
tions for this observation. First, blebbistatin is known to stabilize
MTs (Takesono et al., 2010), in addition to inhibiting myosin II. The
completely intact MT rings support this hypothesis. Second, myosin
II may play a second determining role besides disintegrating theMT
ring by contraction of actomyosin, about which we can only spec-
ulate at this point. For example, it has been suggested that myosin II
is involved in platelet shape change (Daniel et al., 1984; Paul et al.,
1999) when the cortical actin connections to the membrane are
broken upon platelet activation. Thus, even when the MT does not
need to be disintegrated by acto-myosin, spreading may be
inhibited.

As aspirin is a widely used drug and known to diminish platelet
aggregation by inhibiting thromboxane A2 (TXA2), a secondary
agonist released by activated platelets, we here aimed to

https://doi.org/10.1016/j.pbiomolbio.2018.05.001


A.K. Paknikar et al. / Progress in Biophysics and Molecular Biology 144 (2019) 166e176 175
investigate its effect on the single platelet level. Like Qui et al. (Qiu
et al., 2014), we find no effect on platelet spreading and further no
influence on actin organization and thus conclude that aspirin
takes effect only at the level of multiple platelets/platelet
aggregates.

5. Conclusions

To conclude, we established the use of SiR-actin and SiR-tubulin
as probes for human platelets, cells that are notoriously difficult to
live-stain due to their lack of a nucleus. Our studies confirm
existing, static data, albeit with addition of dynamic data. When
treating platelets with drugs, we observed an “all-or-nothing” ef-
fect. Numbers of spreading platelets were significantly diminished
upon the addition of blebbistatin or both blebbistatin and nocod-
zole, or when not adding thrombin. However, those platelets that
still spread upon treatment, did this in a normal manner (all-or-
nothing response). We believe that the protocols introduced here
will help in future studies on this intriguing cell system. Further-
more, we were able to distinguish two different time scales, for
platelet spreading, as detected from changes in cell area and shape,
and for the reorganization of stress-fiber-like structures, as detec-
ted from carefully analyzing stress-fiber-like structures in
spreading platelets. This is an interesting result, as it underlines the
multiple roles of actin in platelets: fast polymerization at the cell
edges (lamellipodia and filopodia) into network-like structures
help to increase the platelet size within few minutes and thus
facilitate closing of the wound. Formation of reinforcing, stress-
fiber-like actin structures requires more time and is completed
when platelet, and thereby clot contraction occurs (Lam et al., 2011;
Schwarz Henriques et al., 2012).
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