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12 ABSTRACT (<300 words)

13 Biomineralization is the process by which organisms use minerals to harden their tissues and
14 provide them with physical support. Biomineralizing cells concentrate the mineral in vesicles that
15  they secret into a dedicated compartment where crystallization occurs. The dynamics of mineral-
16  vesicle motion and the molecular mechanisms that regulate it, are not well understood. Sea urchin
17  larval skeletogenesis provides an excellent platform for the analyses of vesicle kinetics. Here we
18  used calcein labeling and lattice light-sheet microscopy to investigate the three-dimensional (3D)
19  vesicle dynamics in control sea urchin embryos and in Vascular Endothelial Growth Factor
20  Receptor (VEGFR) inhibited embryos, where skeletogenesis is blocked. We developed
21  computational tools for displaying 3D-volumetric movies and for automatically quantifying
22 vesicle dynamics in the different embryonic tissues. Our findings imply that calcium vesicles
23 perform an active diffusion motion in all the cells of the embryo. This mode of diffusion is
24 defined by the mechanical properties of the cells and the dynamic rearrangements of the
25  cytoskeletal network. The diffusion coefficient is larger in the mesenchymal skeletogenic cells
26  compared to the epithelial ectodermal cells, possibly due to the distinct mechanical properties of
27  thetwo tissues. Vesicle motion is not directed toward the biomineralization compartment, but the
28  vesicles sow down when they approach it, and probably bind for mineral deposition. Under
29  VEGRFR inhibition, vesicle volume increases and vesicle speed is reduced but the vesicles
30 continuein their diffusive motion. Overall, our studies provide an unprecedented view of calcium
31 vesicle 3D-dynamics and illuminate possible molecular mechanisms that control vesicle
32  dynamics and deposition.
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34  Authorssummary (150-200 wor ds)

35 Biomineralization is a widespread, fundamental process by which organisms use minerals to
36  harden their tissues. Mineral bearing vesicles were observed in biomineralizing cells and believed
37 to play an essential role in biomineralization, yet little is known about their three-dimensional
38  (3D) dynamics. Here we quantify 3D-vesicle-dynamics during skeleton formation in sea urchin
39 larvae, using lattice-light-sheet microscopy. We discover that calcium vesicles perform an active
40  diffusive motion in both calcifying and non-calcifying cells of the embryo. The motion of the
41 vesicles in the calcifying skeletogenic cells, is not directed toward the biomineralization
42  compartment and has a diffusion coefficient of ~0.01um? /sec and average speed of ~0.09um/
43  sec. The inhibition of Vascular Endothelial Growth Factor Receptor (VEGFR) that blocks
44  skeletogenesis, increases vesicle volume and decreases vesicle speed but doesn't change the
45  diffusion mode in the embryo cells. Our studies reveal the diffusive motion of mineral bearing

46  vesicles and have implications on basic and translational research.

47

48  Biomineralization; biophysics;, Lattice light sheet microscopy; vesicles trafficking; active
49 diffusion; seaurchin; VEGF
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51 Introduction

52  Organisms from the five kingdoms of life use different minerals to harden their tissues and gain
53  protection and physical support[1]. The ability of the cells to control the time and place of crystal
54  nucleation as well as crystal orientation, elasticity and stiffness is beyond the state-of-the art of
55  human technologies[2-4] and inspired the design of biomimetic systems[5-7]. Biomineralization
56 is thought to have evolved independently and rapidly in different phyla, through the use of
57  preexisting components and the evolution of specialized biomineralization proteing8, 9]. The
58 biomineralized skeletons, teeth and shells, constitute the fossil record that carry the information
59 on the evolution of life on earth. Thus, revealing the cellular and molecular control of the
60  biomineralization process has been the desired goa of both fundamental and applied researchers

61 inthefields of biology, chemistry, geology and material scienceq[1, 8-10].

62  Within the variety of minerals used and phylum specific proteins, a common design of mineral
63  uptake and deposition emerges from various studies. the mineral enters the cells through
64  endocytosis of extracdlular fluid[11, 12]. The minera is then concentrated and maintained in an
65  amorphous phase in intracellular vesicles until the vesicles are deposited into a dedicated
66  compartment where crystallization occurg[13]. The biomineralization compartment provides a
67  highly regulated environment for crystal nucleation and growth. The molecular mechanisms that
68  regulate the accumulation and trafficking of mineral vesicles and those that control vesicle

69 secretion into the biomineralization compartment, are not well understood.

70  Sea urchin larval skeletogenesis is an excellent system for investigating mineral uptake and
71  deposition within a relatively small (~100um) and transparent embryo, which is easy to
72 manipulate[11, 14-21]. The sea urchin skeleton is made of two rods of calcite termed “ spicules’
73 generated by the skeletogenic mesodermal cells[18, 22]. The skeletogenic cells fuse and arrange
74  inaring with two lateral symmetrical cell clusters. In those lateral clusters the skeletogenic cells
75  form a tubular compartment into which calcium-carbonate is deposited to make the calcite
76  spiculeg[16, 20, 21]. The uptake of calcium from the blastocoel fluid occurs through endocytosis,
77  as was shown through a series of experimentg[11, 14, 15]: Electron microscope images of the
78  skeletogenic cells show cell membrane invagination that forms an inner pocket of about 1um
79  filled with blastocoel fluid[11]. This pocket then separates from the cell membrane and forms an
80 intracellular vesicle with a similar size (~1um)[11, 14, 15]. Calcium vesicle movement was
81  tracked manualy and the vesicles seem to barely move within the skeletogenic and ectodermal

82  celq15]. Cacium and carbonate are eventualy concentrated in the vesicles in the form of
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83 amorphous cacium-carbonate (ACC)[11, 14, 15, 23], which is deposited into the
84  biomineralization compartment where crystallization occurs[14, 20, 24, 25].

85 The regulation of endocytosis and vesicular transport between membrane-bound cellular
86  compartments were intensively studied in other systems[26, 27]. The observed size of the pocket
87  and vesicles (~1um) suggests that this endocytosis process is most likely macropinocytosis (“cell
88  drinking”), and not receptor/clathrin mediated endocytosis (upper limit of ~200nm)[26] or
89  caveolin mediated (upper limit of ~80nm)[28]. Macropinocytosis is an actin-dependent process
90 that initiates from surface membrane ruffles that give rise to large endocytic vacuoles called
91  macropinosomes[29]. The macropinosomes go through a maturation process that involves
92  shrinking and coating with various membrane-bound proteins[30, 31]. Some of the membrane-
93  bound proteins could be motor proteins like dynein or kinesin that actively transport vesicles
94  aong the microtubules in the cellg[32, 33]. Alternatively, the vesicles can perform a diffusive
95  motion that is constrained by the cellular organelles and affected by the dynamic remodeling of
96 the cytoskeleton network within the cell[34-37]. This mode of vesicle diffusion within the cellsis
97 cdled “active diffusion” to distinguish it from thermal diffusion[34-37]. Possibly, some of the
98 molecular mechanisms that regulate macropinosomes shrinking and transport are used by the
99  skeletogenic cells to concentrate the calcium and carbonate they uptake from the blastocoel and

100  transfer it into the biomineralization compartment.

101  The molecular control of sea urchin skeletogenesis has been intensively studied resulting in a
102  state-of-the-art model of the gene regulatory network (GRN) that controls skeletogenic cell fate
103  specification[17, 18, 38-40]. A key control gene in this GRN encodes the Vascular Endothelia
104  Growth Factor Receptor (VEGFR)[17, 39-41]"" that in vertebrates regulates the formation of
105 blood vessels (vascularization) and the sprouting of new blood vessels from existing ones
106  (angiogenesis)[42]. VEGFR is exclusively expressed in the sea urchin skeletogenic cells, and its
107  inhibition by either genetic manipulation or using the VEGFR specific inhibitor, axitinib, distorts
108  skeletogenic cell migration and completely blocks spicule formation[17, 39, 41]”". We previously
109  studied the cellular and molecular machinery activated by the VEGF pathway during sea urchin
110  skeletogenesis and revealed multiple parallels to the regulation of vertebrate vascularization[17].
111  The similarities are observed both in the upstream gene regulatory network, in the downstream
112  effector genes and the cellular processes that VEGF signaling activates. Possibly, sea urchin
113  skeletogenesis and vertebrate vascularization diverged from a common ancestral tubulogenesis

114  program, uniquely co-opted for biomineralization in the echinoderm phylum.
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115  VEGRFR inhibition in the sea urchin embryo affects the number of calcium vesicles accumulated
116  in the skeletogenic cells[17]. We previously studied the role of sea urchin VEGF signaling in
117  calcium vesicle accumulation using calcein labeling in live embryos by confocal microscopy[17].
118  We observed that calcium vesicles are still detected in the sea urchin embryo under VEGFR
119  inhibition. However, when the spicules form in normal embryos the number of vesicles in the
120  skeletogenic cdls is higher under VEGFR inhibition compared to normal embryos. Possibly,
121 calcium vesicles accumulate in higher numbers in the skeletogenic cells when VEGF signaling is
122 inactive since the biomineralization compartment doesn’t form and vesicles are not deposited.
123 Yet, these measurements were based on two dimensional images, therefore they lack the
124 volumetric information and temporal resolution required for assessing calcium vesicle volume
125  and kinetics in the 3-dimensional (3D) cellular environment. Lattice light-sheet microscopy
126  (LLSM) is a promising technique for the measurement and assessment of the 3D vesicle

127  dynamicsin live sea urchin embryog[43].

128 LLSM is arecent improvement in 3D fluorescence imaging[43]. Light-sheet microscopy (LSM)
129  excites a sample using an excitation objective that is perpendicular to the imaging objective. This
130  excitation aong a “sheet” reduces the excitation time for each point in the sample, while
131  maintaining similar resolution to confocal microscopy. Lattice light-sheet techniques extend LSM
132 by using a lattice beam to excite the sample rather than a Gaussian beam. The lattice beam
133  improves the spatial resolution of the excitation, as well as reduces the intensity of excitation on
134  the sample. LLSM techniques produce high spatial and temporal resolution images, while
135  avoiding the phototoxicity problems that are common with confocal and standard LSM. The high
136  gpatial and temporal resolutions are indispensable for capturing the motion of fast-moving
137  subcellular structures such as the calcium vesicles. In addition, the reduced excitation of the
138  LLSM avoids harming the cells of the embryo alowing for the long-term visualization of calcium

139  dynamics.

140  The power of LLSM to produce fast high-resolution imaging also presents new challenges for
141  dataanalysis. Single slice-based visualization often misses important structure in the 3D volume.
142 While full 3D volumetric visualization provides a more comprehensive view of the data, it also
143 requires a deep understanding of the image statistics in order to properly highlight structures of
144  interest. Similar to looking through fog, image noise in 3D volumetric data visualization can
145  obscure the structure unless the visualization parameters are tuned for each dataset. The high
146  throughput of LLSM exacerbates these problems: the microscope can generate gigabytes of

147  image data per minute, requiring high-performance graphics and computer hardware in order to
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148  enable real-time visuaization of the datasets. Therefore, manually quantifying cellular and sub-
149  cellular dynamics in tens of 3D movies, each having hundreds of frames, is error-prone and in

150  most cases, practically infeasible.

151  Automated analysis approaches are highly suitable for handling large 3D LLSM datasets.
152  However, accurate computational analysis of biological image data is also an active area of
153  research and presents additional cross-disciplinary chalenges. Quantification of cellular
154  dynamics begins with automatic identification of individual structures of interest in each frame
155  (often referred to as segmentation). After segmentation, a tracking algorithm links the segmented
156  structures frame-to-frame to maintain the “identity” for each object over time. Once tracking is
157  complete, size and motion dynamics can be measured for each object and statistical comparisons
158 can be made. Severa software tools have been developed focused on automatic 3D biological
159  image analysis[44-46]. The LEVER package is extensible and supports visudization of the
160  vesicle tracking along with the raw image data for validation of the automated results. LEVER
161  has previously been used for both 2D and 3D cellular dynamics quantification. As part of this
162  work we integrated our segmentation and tracking approaches into LEVER to be used for
163  quantifying 3D calcium vesicle dynamics[47-49].

164  Herewe used LLSM to measure 3D vesicle dynamics in control and VEGFR inhibited sea urchin
165 embryos at the gastrula stage using calcein and membrane labeling. We extended the LEVER
166  software platform to support automatic identification and tracking of calcium vesiclesin 3D and
167  to generate interactive volumetric 3D visualization and movie capture. We applied these tools to
168  quantify calcium vesicle dynamics within different embryonic tissues and across experimental
169  conditions. Our studies reveal the typical length and velocity scales and the characteristic motion
170  of calcium vesicles in the sea urchin embryonic cells and illuminate possible molecular
171 mechanismsthat control this motion.

172

173 Results

174  Detecting cellular and calcium vesicle dynamicsin LLSM

175  In order to visualize 3D calcium vesicle dynamics in live sea urchin embryos for long periods of
176  time, we used the LLSM at the advanced imaging center at the Janelia research campus[43]. This
177  LLSM setup alows for high temporal resolution of ~40ms per slice and about ~2 sec for 3D
178  embryonic volume of ~40um[43, 50]. We used green calcein to stain the calcium ions[14] and

179  FM4-64 to mark cell membranesin live sea urchin embryos of the species, Lytechinus variegatus
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180 (L. variegatus) at different stages of skeletogenesis (Fig. 1A-C)[17]. Calcein is membrane-
181  impermeable and therefore can only enter the cells through endocytosis|11]. To study the effect
182  of VEGF signaling we treated sea urchin embryos with the VEGFR inhibitor, axitinib (Fig. 1D-
183  F). Axitinib is a specific inhibitor of human VEGFR2 that binds to the kinase domain that is
184  highly conserved between human and sea urchin; specifically, the six amino-acids to which
185  Axitinib binds are conserved between human and sea urchin VEGFR[17]. Axitinib treatment
186  resultsin similar skeletogenic phenotypes to those observed in genetic perturbations of the VEGF
187  genein L. variegatus[39] and particularly, it results in complete skeletal loss (Fig. 1D-F)[17, 39].
188  Axitinib is dissolved in DMSO and our control embryos were therefore cultured in a similar
189  concentration of DM SO like the axitinib embryos, see Methods for experimental details. Details
190  of al thetime-lapses we used in thiswork are provided in Dataset S1.

191  Before we further describe our experiments and observations, some methodological limitations
192  must be mentioned. The embryos were grown in calcein until early gastrula stage and then calcein
193  was washed about two hours or more before we could image vesicle dynamics. This time interval
194  after the wash was necessary to eliminate the calcein stain from the cell cytoplasm and
195  Dblastocoelar fluid so the individual calcein stained-vesicles would be distinct from the
196  background. However, as the blastoceolar fluid was not stained with calcein during the imaging,
197  we were unable to detect live-pinocytosis as well as unstained calcium vesicles that were
198  apparently deposited into the spicules (Fig. 1C). To immobilize the embryos and enable live-
199  imaging for long period of time (>30min), we immersed the embryos in low melting agarose and
200 in this condition the spicule elongation is significantly slower than in free swimming embryos. In
201  other systems, substrate stiffness was shown to regulate cellular behaviors[51][52], and we need

202  toconsider this effect in our interpretation of the data.

203 4D rendering of the LLSM data reveals rich cellular behaviors and vesicular

204  dynamics

205  To visualize the 3D structure and mation of the cells and the vesicles in the embryos throughout
206  time, we reconstructed a 3D model from the individua slices and then connected these images
207  over time to produce time-lapse sequences. The datasets are made up of two-channels (calcein
208 and FM4-64) of between 80 to 120 image-slices per time point (frame). Each frame is
209  reconstructed into a 3D volume that spans approximately 40um of the sea urchin embryo. We
210 present here six representative movies, three of control and three of VEGFR inhibition, that
211  include 200-400 frames separated by time intervals of 3.26-6.12 sec, spanning about 20-30

212 minutes of cellular and vesicular motion (Fig. 1 and Movies S1-6).
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213 The rendered movies demonstrate the highly dynamic cellular and vesicular motion in the two
214  experimental conditions. At the developmental stages in which we recorded the movies the
215  skeletogenic cells are in close contact with the ectodermal layer[53]. In hormal embryos they are
216  in close vicinity to the developing spicule (Fig. 1B,C, 2A) and in both conditions they form
217  clusters and rapidly extend filopodia that contact and fuse between cell§39] (Figs. 1 and 2). We
218  also detect some non-skeletogenic mesenchymal cells that move around individually and are not
219  in direct contact with the ectoderm (Fig. 1A, Sup movie 3). The formation of skeletogenic cell
220  clusters that are bound to the ectoderm in both control and VEGFR inhibition suggests that
221  VEGF-independent ectodermal cues are responsible for the observed skeletogenic adhesion[53].

222 Vesicle volume is larger in the skeletogenic cells vs. the ectodermal cells and
223 increases under VEGFR inhibition

224 Next, we wanted to study the effect of VEGFR inhibition on the volume of calcium vesicles
225  within the embryonic cells. To automatically quantify vesicle volume, we identified each vesicle
226  in al frames using the segmentation agorithm discussed in the methods section (Fig. 3A, B).
227  After automated identification of each vesicle, the size of each vesicle can be measured based on
228  the volume of the pixels identified. To differentiate between the skeletogenic cells and the other
229  embryonic territories we manually identified the boundaries of the ectoderm and of the endoderm
230  regionsin thefirst frame of each movie and used this frame for volume statistics (Fig. 3C). Asthe
231  endoderm region was apparent only in few of the movies, we focused on characterizing the sizes
232 of vesicles in the ectoderm and the skeletogenic cells. In some of the movies the mesodermal
233 region contains a few non-skeletogenic mesodermal cells, but since the movies were focused on
234 clusters of skeletogenic cells, the contribution of the non-skeletogenic cells to our analyses is

235 minor.

236  Our measurements show that in control embryos, the average volume of calcein stained vesicles
237  in the skeletogenic cells is ~0.4um® while in the ectodermal cells it is significantly smaller,
238 ~0.25um° (Fig. 3D, Dataset S1). Under VEGFR inhibition, the average volume of calcein stained
239  vesicles is higher compared to norma embryos both in the skeletogenic cells and in the
240  ectodermal cells (Fig. 3D, Dataset S1). The average volume of the calcein stained vesicles under
241 VEGFR inhibition is ~0.46pm?® in the skeletogenic cells and ~0.34um?in the ectodermal cells, an
242 increase of more than 12% in vesicle volume in both tissues. We previously observed an increase
243 in the number of vesicles in the skeletogenic cells under VEGFR inhibition at the time when the
244 gpicule forms in normal embryog[17]. The increase in vesicle number and volume might result

245  from the higher level of calcium present in the blastocoel when VEGF signaling is inactive, since
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246 calcium is not sequestered into the spicules and accumulates in the blastocoel and its level is
247  increased in al the cells of the embryo.

248  Vesicle speed isdower in the skeletogenic cells compared to the ectoder mal cells and

249  thedirectionality issimilar in the two tissues.

250 Wewanted to quantify vesicle dynamics in the cells of the sea urchin embryo and study the effect
251  of VEGFR inhibition on vesicle motion. To do that we applied the tracking algorithm we
252 developed previously[49, 54] (see the methods section for details). Tracking maintains the
253  identity of each vesicle over time, alowing instantaneous speed and velocity measurements,
254  frame to frame, for each individual vesicle. Throughout this manuscript we use the term “speed”
255 to describe the size of the velocity and the term “velocity” to describe the vector-velocity that
256  includes the information of both the size and direction. An example instantaneous speed
257  measurement is shown in Figure 4A, the magenta line represents the motion of the vesicle from
258  the previous frame. The vesicle instantaneous speed is the length of the line (distance traveled in
259  asingle frame) divided by the time between frames (here, ~6 seconds). An important constraint
260  on the effectiveness of tracking algorithms is the temporal resolution of the imaging relative to
261  the speed of tracked objects. In the case of the calcium vesicles, we discovered that too much
262  motion occurred between frames for effective tracking if the temporal resolution was 15 seconds
263  or more per frame. We therefore only applied the tracking agorithm and motion analyses to
264  movies with temporal resolution less than 15 seconds per frame, that is, 3.26-6.12 seconds per
265  frame (see Dataset S1 for the details of movies that were included in this analysis).

266  The average instantaneous speed per track of the vesicles in the skeletogenic cells is about
267  0.09um/sec in control embryos and is reduced to ~0.08um/sec in VEGFR inhibition (Fig. 4C,
268 Dataset S1 and methods). A larger difference is observed between the vesicle speed in the
269  skeletogenic cells and in the ectoderm, where the average instantaneous speed per track is
270  0.07um/sec in control embryos and reduces to ~0.05pum/sec under VEGFR inhibition. Thus,
271  vesicle volume and speed are larger in the skeletogenic cells compared to the ectodermal cellsin
272 both control and VEGFR inhibition (Fig. 3D, 4C, Dataset S1).

273 Interestingly, the instantaneous speed decreases with VEGFR inhibition while the volume
274  increases in this condition for both the skeletogenic cells and the ectoderm. Despite these clear
275  trends, there is no correlation between vesicle volume and speed throughout the experimental
276 conditions (Fig. S1A, B). The lack of correlation implies that the change of vesicle volume is not
277  related to the change in vesicle motion and is due to different regulation of these quantitiesin the

278  embryonic cells.

10
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279  To further characterize vesicle motion, we quantified the directionality of vesicle velocity by
280  measuring the directionality index. The directionality index is the ratio between the maximal
281  displacement and the total length of the vesicle track during a time window of one minute (Fig.
282  4B)[55, 56]. Values close to 1, reflect linear (directed) motion and values close to O, reflect
283  random motion. The average directionality index in both the skeletogenic and ectodermal cellsis
284  about 0.42 and it shows minor changes under VEGFR inhibition (Fig. 4D, Dataset S1). Thisvalue
285 is similar to the directionality index measured for endocytic vesicles that guided by molecular
286  motors along microtubules in astrocyte cultures[55, 56]. However, the typical speed of motor-
287  guided vesicles in these cultures and in other systems is much faster (~0.4-0.5um/sec)[55-57]
288  compared to our measurements (~0.05-0.09um/sec). Additionally, the motor-guided movement of
289  vesicles along microtubules was shown to be in bursts of directed motion that last ~6-7 seconds
290 followed by a pause for a similar time interval[36, 57]. If that was the case for the calcium
291  vesicles we would have expected to see two peaks of instantaneous speed, a fast-speed peak
292  corresponding to the directed motion and a slow-speed peak corresponding to the pause.
293  However, the distribution of measured instantaneous speed shows only a single peak that
294  corresponds to the relatively slow movement of the vesicles reported above (Fig. S2). The slow
295 instantaneous speed and the lack of two modes of motion suggest that the vesicle motion is not

296  guided by molecular motors along the microtubule network.

297  The calcium vesicles perform an active diffusion motion in the skeletogenic cellsand

298 theectoderm

299  In other systems, vesicles were shown to experience a diffusive motion that is not thermal in
300 nature but results from the dynamic remodeling of the cytoskeletal network and the ubiquitous
301  activity of motor proteins that affect every moving object within the cell cytoplasm[36, 37]. This
302 mode of diffusion is called “active diffusion” and is characterized by a larger amplitude (step
303 size) compared to the amplitude of thermally-induced diffusion. Additionally, the diffusion
304  coefficient for active diffusion is independent of particle size, unlike thermal diffusion where the
305  diffusion coefficient decreases with increasing particle size[37]. To test whether the calcium
306  vesicles experience an active diffusion motion we fit a standard diffusion motion model to each
307  track. We plot the mean-square displacement, {(Ax?2), as afunction of time, At, and use alinear fit
308  tomeasure the diffusion coefficient[34], D, (Ax?) = DAt, for each track (Fig. 4E). Mean-square
309 displacement is measured by taking the squared sum of path-lengths (e.g. the lengths of magenta
310 line segments in Fig. 4B) for each vesicle track. Most of the data fit well within this model, that
311 is, R? > 0.8 for 90% of the tracked vesicles (Fig. 4F). The average diffusion coefficient is

11
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312  D~0.01um?/sec in the skeletogenic cells and is not affected by VEGFR inhibition (Fig. 4E,
313 Dataset Sl). In the ectoderm the diffusion coefficient is smaller, D~0.008um?/sec and it
314  decreases to 0.005um?/sec under VEGFR inhibition. This is in agreement with the lower
315 instantaneous speed measured for the ectodermal vesicles compared to the skeletogenic cells (Fig.
316  4C). The diffusion coefficient does not correlate with vesicle size (Fig. S1C, D), which supports
317 active diffusion. Thus, our analyses reveal an active diffusion mode of the calcium vesicle motion
318 in both the skeletogenic and ectodermal cells, with higher diffusion coefficient in the skeletogenic
319 cdlls.

320 Vesicle motion is not directed toward the spicule but the vesicle speed slows down

321 closetothe spicule

322 Lastly, we wanted to investigate vesicle deposition in norma embryos and study vesicle motion
323  near the spicule in this condition. Vesicle-membrane fusion is a very fast process that occurs
324  within ~100 milliseconds[58], and therefore our temporal resolution did not allow us to detect
325 such events. However, vesicle content deposition can last several minutes, as was shown for the
326  vesicles that carry adhesive glycoproteins that are secreted into the lumen of the drosophila
327  sdlivary gland[59, 60]. To seeif we could detect such processes, we studied the directionality and
328  gpeed of vesicle motion relative to the spicule and tried to infer whether the vesicles are trafficked

329  toward the spicule and if they slow down near the spicule vicinity.

330 To measure vesicle mation relative to the spicule we manually marked the spicule and measured
331  vesicle velocity toward the spicule at increasing distances from the spicule (Fig. 5A, B). The
332  average velocity is around zero indicating random motion toward and away from the spicule,
333  which suggests that vesicle motion is not directed towards the spicule; in other words, the spicule
334  does not attract vesicle movement towards it. However, the average vesicle speed is significantly
335  lower near the spicules (Fig. 5C). The vesicle speed is ~0.05um/sec at distances of 1-2pum from
336 the spicule, while at distances >8um it increases to ~0.09um/sec, which is the average
337  instantaneous speed in the skeletogenic cells (Fig. 5C). Overall, vesicle velocity is not directed
338  toward the spicules but the vesicles significantly slow down near the spicule, possibly, as they

339  bindtoit and deposit their content.
340 Discussion

341 A key requirement of biomineralizing organisms is the ability to accumulate minerals inside
342  intracellular vesicles where the mineral is kept in an amorphous state until it is deposited into the

343  bhiomineraization compartment[11, 13, 15]. Despite the key role of minera bearing vesicles in
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344  the biological regulation of biomineralization, very little is known about their trafficking inside
345  thebiomineralizing cells and the regulation of their dynamics and deposition. Here we studied the
346  cdlular dynamics and the motion of calcium vesicles in the cells of hormal sea urchin embryos
347  and in embryos grown under VEGFR inhibition, where skeletogenesis is blocked. Our studies
348 reveal differences in vesicle volume and speed between the epithelial ectodermal cells and the
349  mesenchymal skeletogenic cells that generate the skeleton. In both tissues the vesicles seem to
350 perform an active diffusion motion, with higher diffusion coefficients in the skeletogenic cells.
351  Themotion of the vesicles is not directed toward the spicule but they seem to slow down near it,
352  as they possibly bind and deposit the mineral. Below we discuss the possible molecular
353  mechanisms that underlie these observations and the implications of our studies on the
354  understanding the biological regulation of biomineralization and reproducing it in artificial
355  systems.

356  Our measurements show that in both control and VEGFR inhibited embryos, the average volume
357  of cacein stained vesicles is larger in the skeletogenic cells compared to the ectodermal cells
358 (Fig. 3D, Dataset S1). This difference might result from different processing of the vesicle
359  content in these two cell populations. Indeed, previous studies where calcein was added to the sea
360  water together with another membrane impermeable dye, aexa-dextran, showed different
361  behaviors of the dyes in the skeletogenic vs. ectodermal cells: while most of the ectoderm
362  vesicles were stained evenly with the two dyes, about a third of the skeletogenic vesicles were
363  stained only in calcein and lack alexa-dextran'’. This indicates that calcium vesicles in the
364  skeletogenic cells are biologically processed to eliminate the sea water and increase the calcium
365  concentration, while in the ectoderm this processing does not occur. Together, these findings
366 indicate that the biological regulation of calcium vesicle content is distinct between the
367  skeletogenic and the ectodermal cells which apparently leads to higher calcium vesicle volumein

368  the skeletogenic biomineralizing cells. There is a multitude of evidence of a specific activation of

369  genesthat regulate co;z homeostasis in the skeletogenic cells, e.g., the carbonic anhydrase like-7,
370 Carad7[17, 41], and the bicarbonate transporter, SCL4al0[61]. However, further studies are
371  required to identify the genes responsible for the specific regulation of Ca ionsin the vesicles of
372  the skeletogenic cells.

373  VEGFR inhibition increases cal cium vesicle volume in both the skeletogenic and ectodermal cells
374  (Fig. 3D). Apparently, when the skeleton doesn’'t form and the calcium is not sequestered into the
375  spicule, calcium is accumulated in the sea urchin blastocodl and is taken by the cells through

376  macropinocytosis. As VEGFR is only expressed in the skeletogenic cells, the increase of calcium
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377  vesicle volume in both tissues supports VEGF-independent macropinocytosis as a mgjor source

378  of calcium accumulation in all the cells of the embryo.

379  The slow speed of the vesicles compared to motor-guided motion on microtubules and the good
380  agreement of the diffusion model support an active diffusion motion in al the cells of the embryo
381 (Fig. 4). In active diffusion maotion the vesicle diffusion length depends on the mechanical
382  properties and dynamics of the cytoskeleton network in the cells so every object in the cell is
383  expected to move in a similar manner, regardless of its size[34, 37]. Hence, the lower speed and
384  diffusion coefficient of the vesicles in the ectoderm could be due to the epithelia nature of these
385  cells that makes them stiffer compared to the mesenchymal skeletogenic cells[51]. The lack of
386  correlation between the diffusion coefficient and vesicle size (Fig. S1C,D) and the similarity of
387  thevalues we measured to the diffusion coefficients measured in mice synapses where the vesicle
388  size is much smaller (~50-100nm)[62], further support the active diffusion motion modality.
389  Under VEGFR inhibition, the vesicle speed is slightly reduced but the vesicles continue in their
390 diffusive motion, indicating that the motion of the vesicles in the cells is VEGF-independent.
391  Overadll, our studies suggest that calcium vesicles undergo active diffusion motion that reflects the
392  mechanical properties of cells and therefore varies between the mesenchymal skeletogenic cells

393  andtheepithelial ectodermal cells of the sea urchin embryo.

394 The interaction of theembryoswith the surrounding agarose could have potentially affected
395 themechanical propertiesof the cells, asenvironmental stiffness was shown to affect cell
396  dtiffness and mechanical propertiesin other systems[51]. The agarose stiffness is about 35-
397  50kP[63] which is much more rigid than the sea water where the sea urchins naturally grow. The
398  agarose stiffness could increase the stiffness of the ectodermal cells and of the skeletogenic cells
399 that attach to them and affect their mechanical properties. This effect and possibly the lack of
400 movement, could underlie the slow growth of the spicule under these conditions. Relatedly,
401  vertebrates endothelial cell-specification and vascular tubulogenesis were shown to depend on
402  the mechanical properties of the substrate in-vitro[52, 64, 65]. Specifically, growth on soft
403  substrates promoted VEGF-induced vascular tubulogenesis whereas growth on more rigid
404  substrates inhibited this process[52]. It would be interesting to study the effect of environmental
405  dtiffness on the mechanical properties of the sea urchin embryonic cells and see whether the
406  inhibition of tubulogensis in hard substrates is common to vertebrate vascularization and sea

407  urchin skeletogenesis.

408  Our analysis of vesicle movement near the spicules showed that the vesicle motion is not directed

409  towards the spicule but they slow down at distances of 1-2um from the spicule, as they possibly
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410  bindtoit (Fig. 5). In the Drosophila salivary gland aregulatory network of cytoskeleton proteins
411  assembles around the vesicles once they bind to the apical membrane and controls the secretion
412  of the vesicle content[59, 60]. This network includes the small GTPase, Rhol, that activates the
413  Rho kinase, ROK, that activates myosin Il contractions. Additionally, Rhol recruits a RhoGap
414  protein that inactivates Rhol which leads to the disassembly of the F-actin around the
415  vesicleg60]. Relatedly, inhibition of the sea urchin homolog of ROK completely blocks
416  skeletogenesis, inhibition of the small GTPase CDC42 prevents the formation of the spicule
417  chord and biomineralization, and knockdown of the RhoGap gene, rhogap24l/2 perturbs normal
418  spicule formation[17, 66, 67]. Based on these works and on our observation, we offer the
419  following hypothesis for mineral deposition: The calcium vesicles attach to the inner membrane
420  of the spicule chord, and secret their content by regulated acto-myosin contractions around the
421  vesicle. To verify our hypothesis, the role of these and other cytoskeleton remodeling proteinsin

422  vesicle deposition in the sea urchin need to be investigated.

423  The absence of directed vesicle motion is quite promising for the design of artificial systems that
424 try to mimic the ability of biomineralizing cells to control mineral properties and growth[5, 68].
425  In these systems, synthetic vesicles with controlled lipid, protein and mineral content are
426  fabricated, the proteoliposomes. The proteoliposomes are investigated in search for novel
427  therapeutic approaches for promoting calcification on one hand, and preventing ectopic
428  calcification on the other hand[5, 6, 68]. If mineral bearing vesicles are not actively transported to
429  the biomineralization site, but just diffuse, there is one less molecular mechanism to worry about
430  when constructing artificial vesicle based biomimetic systems. Thus, our studies provide a
431  promising starting point for deciphering the molecular control of calcium vesicle dynamics with

432 implications for both basic and translational research.
433 Methods

434  Adult animalsand embryo cultures

435  Adult L. variegatus were obtained from the Duke University Marine Laboratory (Beaufort, NC,
436  USA). Spawning was induced by intracoelomic injection of 0.5M KCl. Embryos were cultured in
437  artificial seawater at 23°C.

438  Calcein staining

439 A 2mg/ml stock solution of green calcein (C0875, Sigma, Japan) was prepared by dissolving the
440  chemica in distilled water. Working solution of 25ug/ml was prepared by diluting the stock
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441  solution in artificial sea water. Embryos were grown in calcein artificial sea water from

442  fertilization and washed from calcein about 2-3 hours prior to the experiments.
443  FM4-64 staining

444 A 100pg/ml stock solution of FM4-64 (T13320, Life technologies, OR, USA) was prepared by
445  dissolving the chemical in distilled water. Working solution of 5ug/ml was prepared by diluting
446  the stock solution in artificial sea water. Calcein stained embryos were immersed in working

447  solution about 10 minutes before visualization.
448  Axitinib (AG013736) treatment

449 A 5mM stock solution of the VEGFR inhibitor, axitinib (AG013736, Selleckchem, Houston, TX,
450 USA), was prepared by reconstituting this chemical in dimethylsulfoxyde (DMSO). Treatments
451  were carried out by diluting aliquots of the axitinib stock in embryo cultures to provide a final
452  concentration of 150 nM. Control embryos in all experiments were cultured in equivalent
453  concentrations of DM SO at no more than 0.1% (v/v).

454  Sample preparation for Lattice Light Sheet Micraoscopy

455 2% low melting agarose (Sigma cat# A0701) melted in artificial sea water at 37°C was added to
456  the stained embryos at the ratio of 5:1, to immobilize the embryos. The sample was then
457  immersed in the microscope tab with 8 mL artificial sea water with 20uL FM4-64 working

458  solution.
459  Lattice Light Sheet Microscopy

460  The lattice light sheet microscope (LLSM) used in these experiments is housed in the Advanced
461 Imaged Center (AIC) at the Howard Hughes Medical Institute Janelia research campus. The
462  system is configured and operated as previously described[43]. Samples are illuminated by a 2D
463  optical lattice generated by a spatia light modulator (SLM, Fourth Dimension Displays). The
464  sample is excited by 488 nm, diode lasers (MPB Communications) through an excitation
465  objective (Speciad Optics, 0.65 NA, 3.74-mm WD). Huorescent emission is collected by
466  detection objective (Nikon, CH Apo LWD 25XW, 1.1 NA), and detected by a SCMOS camera
467  (Hamamatsu Orca Flash 4.0 v2). Acquired data are deskewed as previously described[43] and
468  deconvolved using an iterative Richardson-Lucy algorithm with a point-spread function
469  empirically determined for the lattice-light sheet optical system.

470  Tracking of Calcium Vesicles
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471  The automatic detection of vesicles in each frame (segmentation) is accomplished using the high-
472  performance Hydra Image Processing library for fast 3-D image filtering[69]. We use a blob-
473  detection approach similar to Chenourd et al. based on the Laplacian of Gaussians (LOG)
474  filter[47]. The LOG filter can be used for blob-like object detection. In this work we used a
475  thresholded 3D LOG to identify the vesicles in each frame. This method identifies the size and
476  position of each vesicle, some example vesicle detections are shown in figure 3B, based on the
477  imagedatain Fig. 3A. Source code for all segmentation, tracking and statistical analyses can
478  befoundin thereferenced GitLab repository[70].

479  Inorder to keep track of each vesicle over time, we integrated our segmentation approach into the
480 LEVER software package[48, 49]. LEVER uses a multitempora cost function based on a small
481 motion model to link the most likely vesicle detections into tracks (Fig. 4B). We used these
482  vesicle tracks to analyze vesicle dynamics such as changes in velocity or size over time. The
483  performance of the tracking algorithm degrades with significant motion, beyond the capabilities
484  of the software to predict[48, 54]. In these datasets it is difficult to determine the frame-to-frame
485  vesicle identities even by eye (see eg. movie S7). For this reason, we have restricted our

486  tracking-based analyses to datasets with a time-lapse of 6.12 seconds or less, per frame.
487  Single-Frame Manual Identification of Ectoder mal Region

488 In order to examine the dynamics of calcium specifically in the skeletogenic cells, we must
489  separate out the ectoderm cells which form the exterior layer of the sea urchin embryo. However,
490  in these images, the cells of the ectodermal region are often similar in their general shape to the
491  skeletogenic cells and are quite close together. For this task we manually defined the ectodermal

492  boundary in thefirst frame of each dataset. An example of such aboundary is shown in figure 3C.

493  We aso applied a registration algorithm using normalized covariance to automatically detect
494  motion of the ectoderm region over time. For all movies analyzed, the motion of the ectoderm
495  region was minimal for the first 50 frames. We therefore limited the analysis of our datasets to the
496  first 50 frames, alowing the use of the ectoderm mask for identifying vesicles throughout the

497  analysis.
498  Vesicle Speed, Directionality, and M otion

499  We measure the frame-to-frame speed of each vesicle by measuring the distance moved between
500 frames divided by the frame rate. This instantaneous speed is averaged over each vesicle track to
501  produce an aver age instantaneous speed per vesicle. Short vesicle tracks (less than 7 frames) are

502  ignored asthey are likely to be made up of noisy or unreliable detections.
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503 We also measure the directionality index for each vesicle (Fig. 4B). This is the ratio of the
504 maximal displacement of the vesicle divided by the total path length traveled by the vesicle in a
505  window of 60 seconds. For example, in figure 4B, the directionality index ratio would be the
506 length of the white dotted segment (maximal displacement) divided by the total length of the
507  magenta segments. The index is related to the directedness of motion observed for each vesicle, a
508 vesicle traveling in a straight line will have a directionality index of 1, whereas an undirected

509 vesiclewill have alow directionality index.

510 In order to identify the types of motions exhibited by the calcium vesicles, we fit a standard
511 diffusion motion model to each track. For the diffusion model, we measure the diffusion
512  coefficient as the slope of the linear relationship between vesicle mean-square displacement
513 (MSD) and time. All motion and size comparisons were based on the vesicle segmentation and
514  tracking information from the LEVER software, they were computed using MATLAB version
515  2019b analysis software.

516
517  Spicule-Relative M easurements

518  Understanding the dynamics of calcium vesicles in biomineralization requires identifying the
519  motion of vesicles relative to the skeletal structure (spicule) in DM SO image sequences. For a
520  selection of movies with a visually defined spicule, we manually identify the spicule centerlinein
521 asingle frame. An example centerline is shown along with the 3-D spicule image in figure 5A.
522  All vesicle distances are measured relative to the spicule centerline in each frame. Vesicles are
523  hinned in 1um increments by their average distance from the spicule for comparison of average
524  gpeed at different distances from the spicule. Average distance change per second is also

525  measured for each vesicle, thisisreferred to as the average velocity toward the spicule.
526  Statistical Analysis

527  For the analysis of differences in average vesicle size and motion characteristics, we first apply
528 the Kruskal-Wallis one-way rank test to identify if there are significant differences across all
529  experimental groups and regions. If a significant difference is observed, then post-hoc pairwise
530 analysis (Dunn-Sidak) is carried out between groups to identify differences between each pair of
531  interest. The MATLAB version 2019b software package was used to perform the analysis. The p-

532  valuesof each comparison are presented in Dataset S1.

533
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776

777

778 Figure 1 Examples of the LLSM 3D images of sea urchin embryos in different
779  developmental stages and treatments. These representative images are 2D projections of the 3D
780 rendered frames of selected datasets. Calcein staining is marked in green and the FM4-64
781  membrane staining is marked in gray. (A-C), control embryos (DM SO) at the early gastrula stage
782  before spicule formation (A), just after the tri-radiate spicule forms (B) and when the spicule is
783  elongated (C). (D-F) Representative embryos at gastrula stage treated with VEGFR inhibitor,
784  axitinib, do not have spicules while embryos in a similar stage have elongated spicule. Scale bars
785  are 5um. 3D movies showing the first 100-200 frames of each of the dataset presented in this
786  figure are provided as movies S1-6. Ec — ectoderm, SC — skeletogenic cells, NSM- non-
787  skeletogenic mesoderm, S— spicule.
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788

789  Figure 2 Sequences of time-lapse images demonstrating cellular dynamics in control and
790 under VEGFR inhibition. (A) Time-lapse images of control embryo (sup movie 3) showing the
791  rapid movement of a free mesenchymal cell (marked in arrowhead) compared to the stable
792  position of the skeletogenic cells that are in direct contact with the ectoderm (asterisks). (B)
793  Time lapse images of an embryo grown under VEGFR inhibition demonstrating the active
794  filopodia extension and fusion between two skeletogenic cell clusters. Relative time from the
795  beginning of the movie is shown in seconds at the top of each frame. Scale bar is 10um. Ec —
796  ectoderm, S— spicule, SC — skeletogenic cell, F - Filopodia
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798  Figure 3 Vesicle volumeislarger in the skeletogenic cells compared to the ectoder mal cells
799 and is dignificantly larger under VEGFR inhibition. (A-C) An example for the image
800  processing involved in the quantification of vesicle volume in the ectodermal vs. skeletogenic
801  embryonic domains. (A) Raw image rendering of calcium vesicle detection. (B) Demonstration of
802  the automated vesicle detection (segmentation) overlaid on the image in (A). (C) Manua
803 identification of ectodermal region in red, rendered along with raw image frame. (D) Comparison
804  of vesicle sizes in ectodermal and skeletogenic cells in control and VEGFR inhibition. Each box
805  plot shows the average (white square), median (middle line), the first and the third quartiles (the
806 25" and 75" percentiles, edges of boxes) skeletogenic cells compared to the ectodermal cells in
807  dl treatments and VEGFR inhibition significantly increases vesicle volume in the skeletogenic
808  and the ectodermal cells. (Dunn-Sidak test, p<0.0001, exact p-values are given in Dataset S1).
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810 Figure4 Vesicletracking reveals an active diffusion motion with higher diffusion coefficient
811 and speed in the skeletogenic cells compared to the ectodermal cells. (A, B) Examples for the
812  automated tracking used to quantify vesicle kinetics. (A) Instantaneous speed indicates the
813  distance traveled between sequential frames divided by the time interval between the frame. The
814  magenta line demonstrates this distance for the magenta |abeled vesicle. (B) Directionality index
815 isthe ratio of maximal displacement (white line) over the total distance traveled (magenta line)
816  within a one-minute time interval. A representative 3D movie of tracking session is provided in
817 movie S7. (C-E) Comparison of vesicle motion statistics between control and VEGFR inhibited
818  embryos. Each box plot shows the average (white square), median (middle line), the first and the
819 third quartiles (the 25" and 75" percentiles, edges of boxes) and outliers. (C) Vesicle
820  instantaneous speed. (D) Directionality index. (E) Vesicle diffusion coefficient. (Dunn-Sidak test,
821  p<0.0001, exact p-values are given in Dataset S1). (F) Histogram of Diffusion model fit, 90% of
822  vesicletracks are well modeled by the standard diffusion model (R?>0.8).
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825  Figure5 Vesicle velocity is not directed toward the spicule buts vesicle speed is lower near
826  the spicule. (A) An example for the manually identified spicule centerline shown in red with raw
827 image data. (B) Average instantaneous velocity (pm/sec) toward the spicule relative to the
828  average distance from spicule. Each box plot shows the average (white square) median (middle
829 line), the first and the third quartiles (the 25" and 75" percentiles, edges of boxes) and outliers.
830 (C) Average instantaneous vesicle speed (Um/sec) at increasing average distances from the
831  spicule (um). The speed at distances 1-2um are significantly lower than at distances >6um
832  (Dunn-Sidak test, p<0.001, exact p-values are given in Dataset S1).
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