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Live imaging of single platelets at work

Although live imaging of dynamic processes in platelets is a challenging task, several important observations have been published during the last 20 years. We will discuss the amazing insights that have been achieved, the difficulties that can be encountered as well as some questions still open and the future technical perspectives.

Introduction

In recent years, significant progress has been made in microscopy techniques in terms of speed of acquisition, resolution and sensitivity. This has allowed the improvement of live cell imaging, which in turn has led to the discovery of dynamic processes, which have sometimes been misinterpreted when only static images were analyzed [START_REF] Sadoul | New explanations for old observations: marginal band coiling during platelet activation[END_REF]. However, functional imaging of live platelets is still very challenging. These small cellular fragments present some stealthy spatio-temporal features that render molecular mechanisms underlying platelet function particularly difficult to study under the microscope. These features are first of all related to the small size of platelets. With a diameter of 2-5 μm in the resting state, their size is only ten times above the resolution limit of standard light microscopy. The second difficulty is related to their physiological role, which is the prevention of life threatening blood loss after vessel injury. To ensure this function platelets are activated in a rather fast process, which is therefore difficult to follow by live cell imaging. Third, platelets are fragile particles, which quickly activate when not carefully manipulated and they have to be used rapidly after their preparation to maintain their physiological properties. Finally, another important complication of platelet fluorescent studies is that platelets originate by fragmentation of the megakaryocyte cytoplasm. Thus, platelets have no nucleus, which precludes their transfection to express fluorescently labeled or optogenetically modified, light-sensitive proteins of interest. To work with platelets expressing tagged proteins, one has therefore to use one of the following approaches. Platelets have to be either purified from genetically modified mice, or produced in vitro by differentiation of megakaryocytes, which have been transfected or virally infected to express an engineered protein; a quite challenging procedure by itself. Other possibilities include the labeling of platelet components, compartments or their microenvironment with molecules coupled to a fluorophore to be able to follow them during platelet activation and/or clot retraction. There are also some new microscopic techniques for label-free platelet imaging.

For each of these possibilities very elegant studies have been published and some examples are given below by highlighting the cellular processes, which have been discovered.

Labeled platelets isolated from transgenic mice expressing a fluorescent marker

The use of platelets isolated from GFP-actin (green-fluorescent protein fused to actin) expressing mice has revealed a new type of actin organization, called actin nodules, which form before actin stress fibers appear in spread platelets [START_REF] Calaminus | Identification of a novel, actin-rich structure, the actin nodule, in the early stages of platelet spreading[END_REF]. The dynamics of actin nodules during platelet spreading on a fibrinogen-coated surface has been nicely quantified by combining Total Internal Reflection Fluorescence (TIRF) and epifluorescence microscopy using platelets purified from mice expressing Lifeact (a 17 aa actin-binding peptide) fused to GFP [START_REF] Poulter | Platelet actin nodules are podosome-like structures dependent on Wiskott-Aldrich syndrome protein and ARP2/3 complex[END_REF]. Nodules increase in number during the first 20 sec of spreading and have a lifetime of about 22 sec. Their size is ~0.22 μm 2 (at appearance and disappearance) but increases to ~0.31 μm 2 at midlife due to both, actin polymerization and a downwards movement of 34.6 nm towards the substrate. These features are similar to podosome dynamics in megakaryocytes [START_REF] Schachtner | Megakaryocytes assemble podosomes that degrade matrix and protrude through basement membrane[END_REF] (see also the review about megakaryocytes by XXX et al. in the same issue), albeit much faster and without substrate degradation. The podosome-like protein organization of fixed actin nodules was then described in more detail by higher resolution microscopy (dSTORM, SIM and EM, see also the review about super-resolution microscopy by XXX et al. in the same issue). By crossing Lifeact-GFP mice with mice knockout for Pdlim7 (an actin binding protein of the PDZ-LIM protein family) it was possible to acquire TIRF-SIM time-lapse videos, which show aberrant reorganization of the actin cytoskeleton in the absence of Pdlim7 expression. This may explain the prothrombotic phenotype of Pdlim7-/-mice and their high postnatal mortality, which is due to systemic venous and arterial thrombosis [START_REF] Urban | Pdlim7 Regulates Arf6-Dependent Actin Dynamics and Is Required for Platelet-Mediated Thrombosis in Mice[END_REF]. The spreading of Lifeact-GFP expressing platelets on a planar lipid bilayer, to which Dylight 594-labeled podoplanin is attached as a ligand, has also been followed by TIRF microscopy. It has been shown that platelets are able to cluster podoplanin, which depends on its receptor CLEC-2 in the platelet plasma membrane and the downstream signaling pathways of Src and Syk kinases [START_REF] Pollitt | Syk and Src family kinases regulate C-type lectin receptor 2 (CLEC-2)-mediated clustering of podoplanin and platelet adhesion to lymphatic endothelial cells[END_REF].

In a recent publication another knock-in mouse has been described in which the ATP receptor P2X1 is fused to the enhanced yellow fluorescent protein (eYFP). The goal was to quantify the lateral mobility of the receptor in the plasma membrane of smooth muscle cells, megakaryocytes and resting platelets using fluorescence recovery after photo bleaching (FRAP). The movement of resting platelets not attached to the glass surface prevented accurate FRAP measurements, but measurements in smooth muscle cells and megakaryocytes has shown that the receptor is highly mobile in the plasma membrane which may prevent desensitization of locally ATP stimulated cell areas [START_REF] Smith | Development of a P2X1-eYFP receptor knock-in mouse to track receptors in real time[END_REF].

Other transgenic mouse models have been successfully used for in vivo platelet imaging (see review by XXX et al. in the same issue). For instance platelets of the floxed confetti reporter mouse crossed with a megakaryocyte specific Cre mouse (Pf4-Cre mouse) are individually color-labeled due to the stochastic expression of one or several of three different transgenes, cytoplasmic YFP (yellow fluorescent protein), cytoplasmic RFP (red fluorescent protein) and/or plasma membrane CFP (cyan fluorescent protein) [START_REF] Gaertner | Migrating Platelets Are Mechano-scavengers that Collect and Bundle Bacteria[END_REF]. Such platelets, labeled individually by different color combinations, can me easily tracked in a complex 3D environment like a blood clot. Other examples are transgenic mice expressing a FRET (Förster resonance energy transfer)-biosensor to follow the activation of kinases like ERK and PAK during in vivo thrombus formation [START_REF] Hiratsuka | Live imaging of extracellular signal-regulated kinase and protein kinase A activities during thrombus formation in mice expressing biosensors based on Forster resonance energy transfer[END_REF]. A FRETbiosensor for kinase activities is typically composed of a phosphorylatable peptide substrate fused to a donor chromophore and combined through a linker sequence with a phosphopeptide-binding domain fused to an acceptor chromophore. The ratiometric FRET quantification using stoichiometric Donor-Acceptor probes is probably the most popular quantification method both in vitro and in vivo. However, it often faces limits related to spectral bleed-through, sequential acquisition, incomplete fluorescent protein maturation and in depth light scattering. Moreover, deciphering signaling networks often requires several biosensors for a simultaneous read-out. Recent technological developments using dark acceptor FRET couples (consisting of a fluorescent Donor and an absorbing but non-emitting or "dark" Acceptor) and fast FLIM imaging allow such multiplexing and an intensity-independent read-out of FRET efficiency [START_REF] Demeautis | Multiplexing PKA and ERK1&2 kinases FRET biosensors in living cells using single excitation wavelength dual colour FLIM[END_REF]. Furthermore, super-resolution optical microscopy such as STED takes benefit of such probes by a resolution increase to nm scale due to non-linear effects [START_REF] Deng | Effects of donor and acceptor's fluorescence lifetimes on the method of applying Forster resonance energy transfer in STED microscopy[END_REF]. So far, however, no reported applications in the field of platelet research can be found.

Labeled platelets derived in vitro from megakaryocytes engineered to express a fluorescent marker

Primary mouse megakaryocytes infected with a retroviral vector to express EB3-GFP (a microtubule end-binding protein) have been cultured to generate platelets in vitro. Live imaging of these platelets has allowed to detect growing microtubule tips in the marginal band of resting platelets and to demonstrate that the marginal band is composed of several microtubules [START_REF] Patel-Hett | Visualization of microtubule growth in living platelets reveals a dynamic marginal band with multiple microtubules[END_REF] and not, as previously thought, of one single microtubule bent to form several circles, thereby constituting the marginal band [START_REF] Behnke | Substructure in negatively stained microtubules of mammalian blood platelets[END_REF][START_REF] Kenney | The cystoskeleton of unstimulated blood platelets: structure and composition of the isolated marginal microtubular band[END_REF].

Staining platelet proteins with fluorescent drugs

It has long been recognized that resting platelets have a discoid shape due to the peripheral bundle of microtubules. It was also known that their shape becomes more spherical during platelet activation and that this depends on the reorganization of the cytoskeleton. Analysis of fixed, activated platelets has initially led to the conclusion that the marginal band shrinks to a smaller ring due to myosin-induced contraction of the actin-cortex. The smaller microtubule ring, not able to maintain the resting discoid platelet shape, would then lead to the disc-to-sphere transition of activating platelets [START_REF] Johnson | The critical role of myosin IIA in platelet internal contraction[END_REF][START_REF] Severin | A confocal-based morphometric analysis shows a functional crosstalk between the actin filament system and microtubules in thrombin-stimulated platelets[END_REF][START_REF] White | Morphometry of platelet internal contraction[END_REF]. However, staining of microtubules in resting platelets with the fluorescent microtubule tracker reagent (Oregon GreenTM 488 Taxol, bis-acetate), which passes the plasma membrane, has revealed that the marginal band coils during the platelet activation process. Indeed, the activities of antagonistic microtubule motors of the dynein and kinesin families are in equilibrium in resting platelets. During platelet activation dynein activity overrides kinesin actions and elongates the marginal band. Space constraints then lead to marginal band coiling, which in turn induces the shape change of activating platelets. This has been visualized in 3D by fast confocal line-scan microscopy providing a new mechanistic view of the disc-to-sphere transition of activating platelets [START_REF] Diagouraga | Motor-driven marginal band coiling promotes cell shape change during platelet activation[END_REF].

SiR-tubulin and SiR-actin are also probes that can pass the plasma membrane and allow live imaging of the microtubule and actin cytoskeleton. The SiR-probes are based on the fluorophore silicon rhodamine (SiR) and the microtubule stabilizing drug docetaxel or the actin stabilizing drug jasplakinolide for SiR-tubulin and SiR-actin, respectively [START_REF] Lukinavicius | Fluorogenic probes for live-cell imaging of the cytoskeleton[END_REF]. Using these probes it was shown that the initial spreading process of platelets is followed by a prolonged reorganization of the cytoskeleton [START_REF] Paknikar | Direct characterization of cytoskeletal reorganization during blood platelet spreading[END_REF]. In this context it is also worth mentioning that a detailed study investigated different possibilities of making a fluorescently labeled Lifeact probe capable of crossing the plasma membrane in order to visualize the actin cytoskeleton. In general, these probes work well on fixed cells, but so far they show less satisfactory results in live platelet imaging than imaging platelets expressing Lifeact-GFP [START_REF] Cardo | Accessible Synthetic Probes for Staining Actin inside Platelets and Megakaryocytes by Employing Lifeact Peptide[END_REF].

Staining platelet compartments with fluorescent probes

Using calcein green (a membrane-permeable probe, becoming fluorescent in the cytoplasm of viable cells) stained platelets and Alexa-Fluor 594 coupled fibrinogen it was possible to observe the behavior of individual platelets as well as small platelet aggregates within an in vitro formed fibrin clot. This has shown that platelets repetitively extend filopodia and then retract them once bound to fibrin fibers. This sequential process reveals how platelets manage to generate the degree of clot retraction, which cannot be explained by the simple contraction of the individual platelets but by the compaction and bundling of the fibrin fibers [START_REF] Kim | Quantitative structural mechanobiology of platelet-driven blood clot contraction[END_REF].

Staining of the plasma membrane with a fluorescent dye (CellMask DeepRed) has been used to observe platelets on micro-patterned surfaces. It has been shown that platelets extent filopodia to test the composition of the microenvironment in a distance of up to 5 μm (corresponding to maximal filopodia extension) and then spread preferentially on areas with a suitable substrate [START_REF] Kita | Microenvironmental geometry guides platelet adhesion and spreading: a quantitative analysis at the single cell level[END_REF]. The same plasma membrane dye has been used to image the spreading process of platelets, which has allowed to distinguish two platelet populations, one spreading via lamellipodia and the other by the extension of several filopodia [START_REF] Sandmann | Topographic Cues Reveal Two Distinct Spreading Mechanisms in Blood Platelets[END_REF]. The forces developed by individual platelets have been measured by Atomic Force Microscopy (AFM). Platelets stained with CellMask Orange (also staining the plasma membrane) were captured between a glass surface and a cantilever, both of which were coated with fibrinogen. Deflection of the cantilever due to platelet contraction has measured average forces of 29 nN exerted by an individual platelet. Forces were stronger and developed more rapidly at higher micro-environmental stiffness, simulated by the rigidity of the cantilever [START_REF] Lam | Mechanics and contraction dynamics of single platelets and implications for clot stiffening[END_REF]. In another study, the spreading of CellMask DeepRed stained platelets on an acrylamide gel (containing embedded green fluorescent beads) has allowed the determination of the forces developed by individual platelets using traction force microscopy (TFM). Interestingly, force generation is lagging behind the spreading process and this delay is not influenced by substrate stiffness but correlates with the size of the final spread area [START_REF] Hanke | Dynamics of force generation by spreading platelets[END_REF]. The same team had used TFM before to determine the force field developed by unlabeled platelets spreading on an acrylamide gel with embedded fluorescent beads. A global average force of 34 nN is exerted by an individual platelet after 25 min of spreading. This is in the same order of magnitude as the AFM measurements described above and indicates that platelets represent one of the strongest cell types. Forces are higher in the periphery of the spread platelet, are almost isotropic and point to the center of the spread platelet cell area [START_REF] Schwarz Henriques | Force field evolution during human blood platelet activation[END_REF].

A combination of different dyes has given insight into the sequence of events leading to the formation of procoagulant platelets within a total population of activating platelets. Fura-red, which shows a bright cytoplasmic fluorescence at low calcium concentrations was used to follow the intracellular calcium rise after agonist addition (resulting in diminished fluorescence). Mitochondria were stained by TMRM (Tetramethylrhodamine methyl ester perchlorate) to record the mitochondrial membrane potential and Rhod-2 was used to monitor the mitochondrial calcium load. The combined use of these markers has shown that activation of platelets by thrombin leads to calcium spikes and eventually to a sustained high calcium concentration. This then causes mitochondrial calcium overload resulting in the successive opening of the mitochondrial permeability transition pores of individual mitochondria within a platelet. Once all the mitochondria within the platelet have lost their membrane potential, platelets become necrotic and expose phosphatidylserine on the outer leaflet of their plasma membrane (visualized by fluorescent annexin-V binding to the platelet plasma membrane), as a first step towards the procoagulant state [START_REF] Obydennyy | Dynamics of calcium spiking, mitochondrial collapse and phosphatidylserine exposure in platelet subpopulations during activation[END_REF].

Staining the platelet microenvironment or the platelet surface by fluorescent ligands

In a recent study the conditions under which platelets are able to migrate in an autonomous fashion have been characterized. Migration is induced by the platelet agonists ADP and thromboxane A2 and is mediated via interactions of αIIbβ3 integrins with fibrinogen. Platelets start to migrate on a fibrinogen-coated surface in the presence of albumin and calcium, as shown by live imaging of Fura-2 (binding to free intracellular calcium) stained platelets. Platelets adopt a polarized shape due to branched actin formation at the leading edge and myosin IIa dependent trailing edge retraction. While most of the migratory phenotype has been characterized by label free differential interference contrast (DIC) time-lapse microscopy, migration on fluorescently labeled fibrinogen has shown that the high adhesive forces between the integrin receptors and their substrate and the myosin contractile forces lead to removal and collection of the encountered substrate, even when the substrate is composed of entire fibrin fibers. Bacteria can also be collected by migrating platelets and stored until a potential arrival of phagocytes in charge of their clearance [START_REF] Gaertner | Migrating Platelets Are Mechano-scavengers that Collect and Bundle Bacteria[END_REF].

Platelet ballooning and procoagulant spreading has been observed by binding of fluorescently labeled annexin-V to phosphatidylserine, which is exposed on the plasma membrane of a subpopulation of platelets adhering to collagen. The procoagulant nature of these ballooning platelets is characterized by thrombin generation on their plasma membrane as visualized by incubation with a fluorogenic thrombin substrate [START_REF] Agbani | Coordinated Membrane Ballooning and Procoagulant Spreading in Human Platelets[END_REF]. In a follow-up study it has been shown that an intracellular calcium rise preceded ballooning as demonstrated by staining of platelets with the calcium sensor Fluo-4 AM. In addition thrombin generation synchronizes ballooning of platelets within an aggregate and the subsequent microvesiculation, which increases the size of the procoagulant surface and thus enhances the development of the hemostatic clot [START_REF] Agbani | Membrane Ballooning in Aggregated Platelets is Synchronised and Mediates a Surge in Microvesiculation[END_REF].

TIRF videos of platelets stained with Fab fragments directed against the collagen receptor GPVI has allowed to quantify the diffusion of the receptor in the plasma membrane by single molecule tracking [START_REF] Haining | Tetraspanin Tspan9 regulates platelet collagen receptor GPVI lateral diffusion and activation[END_REF]. This was possible due to the labeling of the Fab fragments with Atto 647N, a fluorochrom specifically suited for high-resolution microscopy because of its high photostability and strong fluorescence quantum yield.

This approach has been used to show that the four-transmembrane protein tetraspanin 9 enhances the lateral diffusion of GPVI.

Molecular tension fluorescence microscopy (MTFM) has been used in combination with reflection interference contrast microscopy (RICM) to determine the forces exerted by integrin receptors on the platelet surface after binding to an immobilized extracellular matrix ligand. A glass surface was coated with a fluorescent molecular tension sensor, composed of an RGD peptide (serving as integrin ligand) coupled to a DNA hairpin with a fluorophore at one end and a fluorescence quencher at the other end of the hairpin. When platelets adhere to this surface, a fluorescent signal becomes apparent first in the center and then in the periphery of the spreading platelet due to the binding of integrins to the RGD ligand and the tearing apart of the DNA hairpin liberating the fluorophore [START_REF] Zhang | Platelet integrins exhibit anisotropic mechanosensing and harness piconewton forces to mediate platelet aggregation[END_REF]. This study also revealed that the timing of phosphatidylserine exposure on the outer leaflet of the plasma membrane (visualized by fluorescent annexin V binding and corresponding to the procoagulant state of activated platelets) correlates with the loss of the integrin dependent tension signal.

Live imaging of platelets with label free approaches, as an alternative to conventional microscopy

In order to characterize different aspects of the platelet spreading process a lot of reports have used label free phase-contrast or DIC microscopy. To cite just a few of them, there has been for instance a report in 1979 by Allen et al. describing the shape change of spreading platelets, pseudopodia extensions and even the release of dense granules using DIC video microscopy and images have been compared to scanning electron micrographic pictures [START_REF] Allen | Transformation and motility of human platelets: details of the shape change and release reaction observed by optical and electron microscopy[END_REF]. The requirement of the small G-protein Rac for lamellipodia formation during platelet spreading has also been demonstrated using DIC live cell imaging [START_REF] Mccarty | Rac1 is essential for platelet lamellipodia formation and aggregate stability under flow[END_REF]. Real time laser scanning phase-contrast microscopy has been used to describe the importance of phospholipase Cγ2 in the signaling cascade initiated by the interaction of αIIbβ3 integrins with fibrinogen during the spreading process [START_REF] Wonerow | A critical role for phospholipase Cgamma2 in alphaIIbbeta3-mediated platelet spreading[END_REF]. In recent years several new but related approaches have been used to visualize dynamic processes in platelets without labeling. For instance, scanning ion conductance microscopy (SICM), which is related to atomic force microscopy (AFM), allows the acquisition of platelet spreading processes at high spatial resolution without physical contact of a cantilever with the cell membrane. SICM has allowed to visualize dynamic morphological changes induced by an additional thrombin stimulus on already activated, spread platelets. These reorganizations depend on actin polymerization and on the microtubule motor dynein [START_REF] Seifert | Thrombin-induced cytoskeleton dynamics in spread human platelets observed with fast scanning ion conductance microscopy[END_REF]. In addition to morphological changes, it is also possible to measure by SICM the intrinsic stiffness of different regions of the spread platelets, which has shown that the elastic modulus decreases during thrombin-induced platelet spreading [START_REF] Rheinlaender | Imaging the elastic modulus of human platelets during thrombin-induced activation using scanning ion conductance microscopy[END_REF]. An evolution of SICM has been the hopping probe mode, which allows spectroscopic and morphological measurements with high precision during the platelet spreading process [START_REF] Liu | Use of non-contact hopping probe ion conductance microscopy to investigate dynamic morphology of live platelets[END_REF][START_REF] Novak | Nanoscale live-cell imaging using hopping probe ion conductance microscopy[END_REF]. Besides classical DIC and phase-contrast microscopy, morphological characteristics of live platelets during spreading may also be assessed using dark-field microscopy [START_REF] Kraus | Comparative morphology analysis of live blood platelets using scanning ion conductance and robotic dark-field microscopy[END_REF]. This low-cost imaging approach may be very useful for diagnostic screening applications. Another large field scanning approach based on digital inline holography and lens-free imaging has also been successfully used for time-lapse acquisitions of morphological parameters of platelets in a population [START_REF] Sobieranski | Portable lensless wide-field microscopy imaging platform based on digital inline holography and multi-frame pixel super-resolution[END_REF].

A promising technique is digital holographic microscopy (DHM), which allows very fast 3D acquisitions and quantification of the volumes of individual platelets or even platelet aggregates [START_REF] Boudejltia | Quantitative analysis of platelets aggregates in 3D by digital holographic microscopy[END_REF]. The low light level and the absence of physical contact make it possible to image the inactivated platelets with an axial resolution of up to a few nm.

Concluding remarks

Through the examples presented above, it is clear that our vision of the dynamic processes underlying platelet function has evolved considerably with the improvement of live imaging techniques. Nevertheless, several questions require further investigation. For instance, after comparing the studies mentioned above, as well as others in the field, it becomes apparent that a part of them describe a different behavior for some platelets within a population while others describe a quite uniform behavior of the total platelet population. Thus, one of the most intriguing, unanswered questions is, whether there are several platelet subpopulations pre-existing in the circulation and if so what is their origin. It is possible that certain assay conditions (for instance platelet washing or not, use of different substrates or agonists at suboptimal concentrations) might reveal different platelet subpopulations in vitro. Alternatively, the differential behavior of platelets within a population could just be a stochastic response of platelets sensing small differences in their microenvironment. The appearance of different platelet subpopulations during hemostasis in vivo is certainly due to the clot architecture being composed of different layers (first arriving platelets at the wound side versus later arriving platelets at the periphery of the forming clot). Obviously, an important parameter, which could influence platelet behavior and generate subpopulations is the different age of platelets within the circulation. The question however remains as to whether, in principle, all platelets in a population are able to perform similarly under appropriate conditions. Some in vitro studies point to a dynamic activation process, which at the final stage could lead to a similar outcome for all platelets [START_REF] Donati | Subpopulations in purified platelets adhering on glass[END_REF][START_REF] Yakimenko | Identification of different proaggregatory abilities of activated platelet subpopulations[END_REF]. In contrast, other reports support the hypothesis that platelet subpopulations might be predefined in the circulation [START_REF] Sodergren | Platelet subpopulations remain despite strong dual agonist stimulation and can be characterised using a novel six-colour flow cytometry protocol[END_REF], eventually due to their origin from different megakaryocyte subpopulations [START_REF] Lesyk | Identification of eNOS-based Megakaryocyte Subpopulations and Their Pharmacological Characterization by IFNγ and IL-10[END_REF][START_REF] Radziwon-Balicka | Differential eNOS-signalling by platelet subpopulations regulates adhesion and aggregation[END_REF][START_REF] Behnke | Blood platelet heterogeneity: evidence for two classes of platelets in man and rat[END_REF]. Another open question is whether platelets are able to coordinate their response to divergent stimuli by cellular communication and, if so, whether this is restricted to neighboring platelets in contact with each other or whether messages can also be transmitted by mechanical tension sensing or chemical signaling between distant platelets in a clot. The synchronized ballooning of platelets in a clot supports the idea of a coordinated response [START_REF] Agbani | Membrane Ballooning in Aggregated Platelets is Synchronised and Mediates a Surge in Microvesiculation[END_REF]. Some further insights to answer this question may come from a microscopic technique called two-point microrheology, which consists in the analyses of correlations between fluctuations of intracellular structures in neighboring cells [START_REF] Crocker | Multiple-particle tracking and two-point microrheology in cells[END_REF]. Detailed imaging of the collective behavior of platelets and their surroundings under thrombus-like conditions may benefit from new methods based on single plane illumination microscopy (SPIM) also called light-sheet fluorescence microscopy (LSFM) and soSPIM (single objective SPIM) on the subcellular level [START_REF] Chen | Lattice light-sheet microscopy: imaging molecules to embryos at high spatiotemporal resolution[END_REF][START_REF] Galland | 3D high-and superresolution imaging using single-objective SPIM[END_REF]. These techniques combine fluorescence preserving, single plane excitation, and the high-resolution imaging at video-rate, compatible with single molecule detection and tracking. They can also be applied to cell ensembles like organoids and blood clots. Other interesting approaches for deep-tissue high resolution microscopy are the adaptive optics approaches, which compensate for the specimen induced optical aberrations and can retrieve the diffraction limited resolution (for review see [START_REF] Li | Advances in Retinal Optical Imaging[END_REF]). [START_REF] Berdeu | Lens-free microscopy for 3D + time acquisitions of 3D cell culture[END_REF] Finally, to mention only one other question among several that could be addressed: which energy production pathways deliver the chemical energy necessary for the various molecular processes converging to the final stage of platelet activation and clot retraction?

Considering that several state-of-the-art imaging techniques are used in the platelet field, we would like to summarize advantages/disadvantages of these microscopic approaches (see table 1) and draw the attention on potential pitfalls that can be encountered. As mentioned above, platelets are very fragile and can be accidentally activated. For example, the entrance of an inactive platelet into the microscope field of illumination or its contact with an AFM cantilever may activate it due to phototoxic effects of light or mechanical stress, respectively. In the case of living platelets that are stained with fluorophores, such as the taxol-based tubulin tracker [START_REF] Diagouraga | Motor-driven marginal band coiling promotes cell shape change during platelet activation[END_REF] or the Fluo-4 Ca 2+ probe [START_REF] Agbani | Membrane Ballooning in Aggregated Platelets is Synchronised and Mediates a Surge in Microvesiculation[END_REF], the phototoxic effects may be potentiated many fold. Thus, extreme care should be taken during experiments by lowering excitation intensities and/or reducing the fluorophore load in order to avoid artificial activation and/or cell damage [START_REF] Waldchen | Light-induced cell damage in live-cell super-resolution microscopy[END_REF]. Of course, this goes against the need to increase the number of detected photons for a better signal-to-noise ratio and higher temporal and spatial resolution. Other important aspects to be considered, when staining platelet components with fluorescent drugs, are their labeling specificity and the fact that they may interfere with physiological processes. Indeed, such markers, which are also pharmacological compounds, can affect the process under study. For instance, the taxol-based microtubule probes (tracker and SiR-tubulin) may stabilize the microtubule network and SiR-actin is a jasplakinolide derivative, which induces actin polymerization and stabilization. How these drugs pass the plasma membrane is another critical point to keep in mind. Indeed, for an efficient entry into the cytoplasm, surfactants like pluronic are often added to the drugs in order to destabilize the plasma membrane, which potentially may influence the cellular architecture beneath it [START_REF] Batrakova | Pluronic block copolymers: evolution of drug delivery concept from inert nanocarriers to biological response modifiers[END_REF][START_REF] Zhang | Effect of Pluronic F-68 on the mechanical properties of mammalian cells[END_REF]. Nevertheless, alternative methods such as the expression of chimeric fluorescent proteins can also generate artifacts, as discussed for different fluorescent actin binding probes [START_REF] Melak | Actin visualization at a glance[END_REF]. The capacity of platelets to be easily "triggered on" is accompanied by another microscopy-unfriendly feature that is a very fast activation time-scale. Most activationrelated processes (e.g. disc-to-sphere transition, filopodia extensions, lamellipodia formation, ballooning or procoagulant signaling) are accomplished in just a few minutes; often after a long quiescent phase. Characterization of these events necessitates therefore a large field acquisition method at low light intensity. To this end, the development of techniques, such as dark-field microscopy [START_REF] Kraus | Comparative morphology analysis of live blood platelets using scanning ion conductance and robotic dark-field microscopy[END_REF] or lensless wide-field holography [START_REF] Sobieranski | Portable lensless wide-field microscopy imaging platform based on digital inline holography and multi-frame pixel super-resolution[END_REF] is of particular interest. They allow a rapid automatic search for platelets engaged in an activation process and also some quantification, including contact area, fractal dimension or spreading geometry, in a minimally invasive way, albeit with reduced spatial resolution.

Furthermore, to fully characterize the morphological events leading to platelet activation and clotting they need to be followed in three spatial dimensions (4D timelapse). Many studies, however, restrict their observations to imaging of spread platelets on a flat glass surface considering them as pseudo-2D objects. Indeed, the small axial size of the adherent platelet, the absence of a thick nucleus and the limited axial resolution of the optical microscopes make this choice appropriate for the spread phase. Nevertheless, the key events of platelet activation are often related to 3D transitions, like disk-to-sphere cytoskeleton reorganization [START_REF] Diagouraga | Motor-driven marginal band coiling promotes cell shape change during platelet activation[END_REF] or membrane ballooning [START_REF] Agbani | Coordinated Membrane Ballooning and Procoagulant Spreading in Human Platelets[END_REF]. Furthermore, the clot growth itself, through addition of new platelet layers, is by definition a 3D process selected by evolution to create an efficient local positive feed-back loop, amplifying the contraction forces on the vessel walls. Imaging these mechanisms in 3D and over time depends even more on the available photon budget, since it requires high speed and high quality image acquisition at low exposure times.

For all the above listed reasons, the necessary compromise between the spatial resolution, sensitivity and the imaging speed seems to be of particular importance in case of live platelet microscopy. Fortunately, recent spectacular advances in contentaware image restoration [START_REF] Weigert | Content-aware image restoration: pushing the limits of fluorescence microscopy[END_REF] look very promising for low-light optical imaging. Thanks to deep-learning training with synthetic or physical data this algorithm allows denoising, recovery of isotropic resolution, 3D projection, and even restoration of subdiffraction structures. Artificial intelligence techniques are also unavoidable in the future for single particle tracking approaches, which currently encounter limitations due to low signal to noise ratios and model biases [START_REF] Newby | Convolutional neural networks automate detection for tracking of submicron-scale particles in 2D and 3D[END_REF]. Together with the development of parallel imaging modalities for cells and tissues like soSPIM [START_REF] Galland | 3D high-and superresolution imaging using single-objective SPIM[END_REF] or light-sheet microscopy [START_REF] Chen | Lattice light-sheet microscopy: imaging molecules to embryos at high spatiotemporal resolution[END_REF] and correlative optical and non-optical superresolution approaches, a promising future for platelet imaging can be foreseen. 

Table 1 : Currently used classical and advanced microscopy methods in live platelet research including optical and scanning probe modalities. Principal advantages and inconveniences are listed, as well as references for application examples. Method Refs Advantages for Live platelet imaging Principal limits and inconveniences of methods

 1 

	Atomic force	[25]	-Very high spatial resolution	-Serial acquisition, long image
	microscopy (AFM) with or without	[38]	(cantilever dependent) -Possibility to perform force and	acquisition time (e.g. 26 min for 50x50 µm), used only for adherent
	gluing a platelet to		elasticity measurements (related	platelets
	the cantilever		to the cytoskeleton organization)	-Artifacts may be present due to
			between platelets or between a	probe sticking to membrane
	Non-photon		platelet and a substrate	-Difficulties to glue a platelet to the
	imaging,			cantilever without its activation
	combinable with			-Imaging force may distort 3D shape
	inverted optical			of cells, resolution depends on the
	stand			elastic modulus (state of the
				cytoskeleton)
				-Short distance between the cantilever
				and the substrate of spread platelets
				may impair the results
	Scanning ion	[37]	-No direct mechanical contact	-Serial imaging of one platelet at a
	conductance microscopy (SICM) Particularity:	[38] [40] [36]	between the probe and the platelet surface -no mechanical activation of the platelet and no image deformation due to the	time, relatively long image acquisition time (6-9 min for 50x50 µm) -Necessity to manufacture nano-
	hopping probe		probe 'sticking' to the membrane	pipettes
	mode		-Lateral resolution depends	-Essentially used for adherent or
			mainly on the inner diameter of	spread platelets, no direct imaging of
	Non-photon		the glass pipette, often	internal platelet structures or
	imaging,		homemade, typically 100 nm	organelles possible
	combinable with		-Useful also to measure	
	inverted optical		viscoelastic properties	
	stand			
	Confocal	[18]	-High lateral resolution and 3D	-Diffraction limited point spread
	microscopy modalities: 1. raster laser scanning 2. fast line	[29] [28] [22] [8] [30] [9]	optical sectioning -Parallel acquisition of the field containing several platelets is possible -Possibility to do FRET, FRAP and photoactivation	function -Optical aberrations and light scattering hamper imaging in thick clots or in situ 1. Quite slow acquisition with the galvanometer raster scanning;
	scanning	[7]	1. Highest confocal spatial	Small pixel dwell time using the
			resolution. Moderate imaging	resonant scanner, leading to the bad
	3. spinning disk		rate of 1-2 im/s (up to 30 im/s in	S/N ratio and the necessity of the
			case of using resonant scanner).	pixel averaging.
			Moderate photo-bleaching and	2. High laser power together with the
			phototoxicity.	rapid image repetition rate lead to
			2. Highest temporal resolution due	pronounced photobleaching and
			to parallel (512 pix) excitation	activation of platelets even in the
			and detection, while keeping a	liquid phase.
			long pixel dwell time.	Anisotropic lateral resolution and
			Possibility to synchronize the	heterogeneous illumination field
			fast 2D and axial piezo focusing	are due to excitation optics
			(up to 10 Hz in small 3D region).	geometry.
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3.

Least photobleaching thanks to spatial spread of light and low intensity excitation. Fast acquisition (typically >20 im/s) and good S/N ratio due to the spinning image averaging. 
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