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Abstract

Exocytosis is a dynamic physiological process that enables the release of biomolecules to the
surrounding environment via the fusion of membrane compartments to the plasma membrane.
Understanding its mechanisms is crucial, as defects can compromise essential biological functions.
The development of pH-sensitive optical reporters alongside fluorescence microscopy enables the
assessment of individual vesicle exocytosis events at the cellular level. Manual annotation
represents, however, a time-consuming task, prone to selection biases and human operational
errors. Here, we introduce ExoJ, an automated plugin based on ImageJ2/Fiji. ExoJ identifies user-
defined genuine populations of exocytic events, recording quantitative features including intensity,
apparent size and duration. We designed ExoJ to be fully user-configurable, making it suitable to
study distinct forms of vesicle exocytosis regardless of the imaging quality. Our plugin
demonstrates its capabilities by showcasing distinct exocytic dynamics among tetraspanins and
vesicular SNAREs protein reporters. Assessment of performance on synthetic data demonstrated
ExoJ is a robust tool, capable to correctly identify exocytosis events independently of signal-to-
noise ratio conditions. We propose ExoJ as a standard solution for future comparative and

quantitative studies of exocytosis.
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Introduction

Exocytosis is a fundamental biological process to convey sets of chemical information to the
extracellular environment, and deliver membrane proteins and lipids to the plasma membrane (PM)
(Jahn and Stdhof, 1999). Briefly, the process consists in the transport, docking, priming and fusion
of intracellular compartments to the PM (Verhage and Sgrensen, 2008). This eventually leads to
the deposition of proteins and lipids into the PM, and the release of their luminal content to sustain
important physiological functions and to respond to external stimuli. An orchestrated
spatiotemporal control of exocytosis is thus critical in the regulation of physiological and
pathological processes such as those sustained by the release of exosomes (Alberts et al., 2006;
Bebelman et al., 2018; Chen and Scheller, 2001; Gucek et al., 2019; Gundelfinger et al., 2003;
Lamichhane et al., 2015; Martinez-Arca et al., 2001a; Meldolesi, 2018; Urbina et al., 2018; van
Niel et al., 2018; Wang et al., 2018). This also underlies the need to characterize the structural
dynamics of the fusion machinery, the biochemical profile of the biological contents and the
spatiotemporal dynamics of their release. In addition to a collection of biochemical approaches,
methods using live-cell imaging of fluorescently-tagged intracellular vesicles allow for
spatiotemporal monitoring and quantitative analysis of content release (Ge et al., 2010). In
particular, total internal reflection fluorescence microscopy (TIRFM) has become the imaging
modality of choice due to its inherent high signal-to-noise ratio with a reduced phototoxicity while
increasing temporal resolution (Axelrod and Omann, 2006; Bebelman et al., 2020; Burchfield et
al., 2010; Mattheyses et al., 2010; Miesenbdck et al., 1998; Sankaranarayanan et al., 2000a;
Schmoranzer et al., 2000). The TIRFM evanescent field of illumination enables the recording of
events close to the PM, minimizing the disturbance from fluorescently-labeled vesicles in the

cytoplasm. Specific labeling of vesicle exocytosis is achieved by tagging the content and/or the
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vesicle membrane with a pH-sensitive fluorescent protein (FP) variant of GFP, known as pHIluorin
(Miesenbdck et al., 1998). The FP pHIuorin is quenched in the acidic vesicular lumen, and
brightens in the neutral extracellular environment upon vesicle fusion to the PM (hereafter termed
fusion event). Using TIRFM, the fusion event appears as an abrupt brightening followed by
spreading of the fluorescence signal (Miesenbdck et al., 1998). Besides the vesicle-specific protein
marker, the choice of the FP greatly influences the monitoring of the dynamics of exocytosis steps
as evidenced by others (Liu et al., 2021a; Martineau et al., 2017; Sankaranarayanan et al., 2000b;
Shen et al., 2014). Taken together, the subsequent amount of data generated by fluorescent time
series poses the need of a robust analysis pipeline to identify exocytic events in an unbiased manner.
Manual annotation of each candidate event represents a time-consuming task, and is prone to
selection biases. In particular, recordings of fusion event XY location to report potential
intracellular hotspots, the intensity which estimates the relative amount of proteins, the apparent
size and the duration are hardly reproducible from one cell to the other. Numerous algorithms have
been developed to address these challenges in a semi- (Bebelman et al., 2020; Huang et al., 2007,
Jullie et al., 2014; Wang et al., 2018) or fully automated manner (Diaz et al., 2010; Mahmood et
al., 2023; Moro et al., 2021a; Persoon et al., 2019; Sebastian et al., 2006; Urbina and Gupton, 2021;
Yuan et al., 2015). These solutions are, however, optimized for a particular population of vesicular
cargoes and hence specific applications (Bebelman et al., 2020; Burchfield et al., 2010; Diaz et al.,
2010; Huang et al., 2007; Jullie et al., 2014; Moro et al., 2021b; Persoon et al., 2019; Sebastian et
al., 2006; Urbina et al., 2018; Wang et al., 2018; Yuan et al., 2015). Here we present Project-ExoJ
(hereafter named ExoJ), a solution developed as an ImageJ2/Fiji (Schindelin et al., 2012) plugin
that automates the identification of fluorescently-reported fusion event. We designed ExoJ to be
fully user-configurable, with a graphical user interface to set up a series of parameters that define

a genuine population of exocytic events according to the experimental conditions. To improve user
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experience, we provided tools for visualizing and further reporting features such as spatial location,
intensity over time, apparent size and duration. To illustrate ExoJ capability, we focused on fusions
events reported by tetraspanin (TSPAN) and vesicular soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor (v-SNARE) proteins coupled to pHluorin. Recordings of
quantitative features revealed significant differences between and among labeled vesicle
populations. Assessment of ExoJ performance using synthetic data revealed a highly robust and

reliable identification tool insensitive to noise encountered in experimental settings.
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95 Results

96 ExoJ workflow for automated identification of exocytic events

97 At least three modes of exocytosis have been identified (full-collapse, kiss-and-run and compound

98  exocytosis) and characterized according to their fusion dynamic patterns (Wu et al., 2014).

99  Although each mode has its own fluorescence fluctuation pattern, the intensity decays to a certain
100  extent right after vesicle fusion to the PM. This makes automatic recognition possible. Hence, we
101 describe a fusion event as a transient diffraction-limited or large object that displays a sudden
102 increase followed by an exponentially decreasing fluorescence intensity into the background. This
103  fluorescence decrease is characterized by the mean lifetime decay t (Fig. 1A). With this definition,
104  we designed a processing pipeline broken into three main steps. Each step is managed in its own
105  graphical user interface (GUI) dialog in which every parameter can be manually adjusted (Fig. 1).
106  These parameters can be saved and called in the pipeline to improve reproducibility (Fig. 1B,C,D

107  and Table 1).

108  Vesicle detection

109  The first step consists in detecting vesicles seen as bright spots from image series (Fig. 1B and
110 Table 2). Before performing spot detection, we apply a custom photobleaching correction
111 algorithm to compensate for the variations in image intensity within fluorescent time sequences, as
112 described in the Materials and Methods section. Users can rely on either a wavelet-based (default
113 option) or local maximum algorithm detection (by unchecking the wavelet filter box; Fig. 1B). For
114  the wavelet-based option, we employ the multiscale a trous wavelet transform algorithm (Olivo-

115  Marin, 2002).
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116 To selectively keep user-specified sized spots from image series, images are convolved with a set
117  of wavelet functions that are scaled according to the minimum and maximum vesicle radius (Min.
118  and Max. vesicle radius; Fig. 1B). The resulting images are then decomposed into high and low-
119  frequency components. On the low frequency component images, pixel values are now equal to
120  wavelet coefficients Cwavelet as a result of wavelet transformation (Show wavelet lowpass image;
121 Fig. 1B). The coefficient Cwavelet COarsely translates the similarity between sets of pixels and the
122 user-defined wavelet functions. Cwavelet Value increases when there is a close resemblance between

123 the intensity signal and the user-defined wavelet functions.

124  The median absolute deviation (MAD) is a measure of variability similar to standard deviation but
125  less sensitive to outliers (e.g. non-specific cell compartments, noise saturated pixels, ...). We next
126  define a single hard threshold parameter kowavelet With cwavelet Calculated from the MAD of Cwavelet

127  as follows:
128 Owavelet = median (abs (Cwavelet — median (Cwavelet)))

129  Users set the tolerance of the spot detection algorithm when they set the value of k. Thus, the
130  algorithm sets to zero the pixel coefficients Cwavelet Whose absolute values are lower than Kowavelet
131 (Fig. 1B). Hence, setting a high k value would decrease the number of detected objects. An inverse
132 transform is finally applied to reconstruct single fluorescence intensity images (Fig. 1B and Table
133 2). Alternatively, users can rely on a custom-written local maximum algorithm on single images
134 (unchecked Wavelet Filter box; Fig. 1B). In this option, each pixel is replaced with its
135  corresponding neighborhood maximum intensity value. The radius of the neighborhood is set to
136  twice the user-defined minimal vesicle size. With this approach we also defined kor where oF is

137  now obtained from the MAD of pixel intensity at each image.
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138  The detection result on single images can be previewed to ensure that proper fluorescence spots
139  were accurately detected (Fig. 1B and Table 2). Once determined, the parameter is applied for the
140  whole image series to extract the XY location of all fluorescent spots with a local maxima method

141 within an adaptive window sized to 2 * Min. vesicle radius + 1.

142 Vesicle tracking

143  The second step consists in building individual time-lapse trajectories of previously localized
144  fluorescent spots (Fig. 1C). While the starts of single trajectories are due to the appearance of a
145  bright spot, the ends are not solely due to the fusion to the PM but could result from limitations in
146  imaging conditions (e.g. low signal-to-noise ratio, loss of focus, ...). To account for this caveat, we
147  combine a simple but yet sufficient multi-frame nearest-neighbor approach with a gap-closing
148  algorithm (Chenouard et al., 2014; Crocker and Grier, 1996). Here, our plugin introduces three cut-
149  off parameters that need to be tailored according to vesicle behavior, consisting of a spatial
150  searching range, a temporal searching window and a minimal event size (Fig. 1C and Table 3).
151  Spot size, direction and intensity are not considered during the frame-to-frame tracking process.
152  Spots within the user-defined spatial and temporal searching range are assigned to the same

153  trajectory, minimizing their global lateral displacement.

154  Fusion event identification

155  Various features have been considered to streamline the accurate identification of different types
156  of fusion events in different cellular contexts (Bebelman et al., 2020; Burchfield et al., 2010; Diaz
157  etal., 2010; Moro et al., 2021a; Sebastian et al., 2006; Urbina et al., 2018; Wang et al., 2018; Yuan
158 et al., 2015). Here, we combine advantages of previous methods to define a versatile processing

159  protocol. We reason that all fusion events display a statistically significant and transient
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160  fluorescence peak fluctuation F above the local background Fo, followed by an exponential
161  fluorescence decay (Fig. 1D). Considering single vesicle trajectories, we first perform consecutive
162  adjacent image subtraction to normalize the background fluorescence intensity (Jullie et al., 2014;
163  Sebastian et al., 2006). This step results in a high signal-to-noise ratio 1%-order differential
164  fluorescent image series dF (Fig. 1D). For each candidate fusion event, we calculate cgr as the
165 MAD of dF instead of solely considering the normalized peak change in fluorescence intensity
166  AF/Fo(Bebelman et al., 2020; Jullie et al., 2014; Persoon et al., 2019; Urbina et al., 2018). To refine
167  the estimation of ogr, the trajectories of single candidate events are extended before (resp. after)
168  the appearance (resp. disappearance) of the vesicle according to user entries (Expanding Frames;
169  Fig. 1D). We eventually proceed with a moving linear regression on the fluorescence peak intensity
170  profile to refine the onset time to of candidate fusion events. This step helps considering
171 fluorescence saturation and successive events at the same XY location. The algorithm also

172 evaluates the maximal displacement of candidate events relative to their initial XY location at to.

173 Additional measurements are made by our plugin to describe the population of candidate fusing
174  vesicles, including the mean lifetime t which relates to the fusion dynamics and serves as a proxy
175  for the fusion duration; the apparent size of the fusion event and the normalized peak change in

176  fluorescence intensity AF/Fowhich estimates the relative amount of fluorescently-labeled proteins.

177  To account for various types of vesicle fusion and/or image series acquired under different
178  experimental conditions, we integrate user-defined entries to modulate the definition of a genuine
179  fusion event and hence the identification requirements of the algorithm (Table 4). In particular,
180  candidate events with dF higher than kogr (Detection threshold; Fig. 1D), limited displacements
181  (Max. displacement), duration (Upper/Lower decay limit) and estimated size (Upper/Lower est.

182  radius limit) at to that comply with user inputs are seen as genuine fusion events (Fig. 1D). For the
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183 last two parameters, the goodness-of-fit, reported by the coefficient of determination R?, is set as a
184  threshold value (Min. R?) above which events are selectively kept (Fig. 1D, see parameters 8 and
185 9). Once the identification parameters are set, the plugin summarizes features of user-defined
186  genuine events for potential manual curation, visualization and export of detection features (Fig.

187  S1).
188  ExoJ is an adaptative tool to detect fusion events with high accuracy

189  To evaluate whether our tool can accurately detect fusion events, we used Hela cells expressing
190  pHluorin-tagged CD9, CD63 and CD81 TSPANs commonly used to track extracellular vesicle
191  (EV) exocytosis (Crescitelli et al., 2013; Kowal et al., 2016; Mathieu et al., 2021; Théry et al.,
192  2018; Witwer and Théry, 2019), and v-SNARE VAMP2 and VAMP7 proteins which are
193  components in the fusion machineries in many cellular contexts (Burgo et al., 2012; Chaineau et
194  al., 2008; Daste et al., 2015; Gupton and Gertler, 2010; Han et al., 2017; Jahn and Scheller, 2006;
195  Martinez-Arca et al., 2001b; Martinez-Arca et al., 2003; Proux-Gillardeaux et al., 2005; Proux-
196  Gillardeaux et al., 2007; Vats and Galli, 2022; Verderio et al., 2012; Wang et al., 2018) (Fig. 2A).
197  To account for different image qualities and/or fusion reporter signal intensity (Fig. 2A), we
198 iteratively refined the detection threshold values Kowavelet (Fig. 1B and Table 2), dF/cqr (Fig. 1D
199  and Table 4) and the time window centered around candidate events at to (Expanding frames; Fig.
200 1D and Table 4) until we reach a plateau of detected TSPAN- and v-SNARE-reported fusion
201 events. While detection thresholds allow for distinct fusion intensity with respect to the local
202  background, our algorithm explores a user-set time window to optimize the capture of fusion events
203  of different dynamics. No further adjustments were made before running the identification process
204  of each vesicle population in a batch-processed manner. We eventually reported a total number of

205 481 and 315 analyzed events for TSPAN and v-SNARE population respectively. After in-depth
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206  reviews, we removed 10 TSPAN-pHIluorin and 2 v-SNARE-pHIuorin detection hits that did not
207  correspond to fusion events but rather to filopodia tips coming in and out of focus, extracellular
208  fluorescent objects and stationary vesicles. The overall identification error rate of 1.5% is

209  comparable or better than previously published algorithms (Urbina et al., 2018; Yuan et al., 2015).

210  The capacity to modulate the identification algorithm ensures our plugin to be adaptive in detecting

211 distinct types of fluorescently-reported fusion event with high accuracy.

212

213  ExoJ feature evaluation provides quantitative insights into distinct forms of vesicle-mediated

214  exocytosis

215  We next evaluated whether ExoJ could be used to quantitatively study exocytosis. TSPAN CD9,
216 CD63 and CD81 are known to form protein microdomains at the PM (Hemler, 2005; le Naour et
217  al., 2006) regulating various cellular function ranging from cell adhesion to proliferation (Becic et
218 al., 2022) and signaling at the immunological synapse (Levy and Shoham, 2005). Recently, these
219  three TSPANS are found to be enriched to various degrees in the membrane of EV subpopulations
220  such as ectosomes and exosomes (Crescitelli et al., 2013; Escola et al., 1998; Kowal et al., 2016;
221  Mathieuetal., 2021; Théry et al., 2018; Verweij et al., 2018). Exosomes are formed as intraluminal
222 vesiclesin late endosomes, and their secretion can be detected using pHIuorin-tagged proteins (Fig.
223 2A). Previous studies have, however, found CD9 mainly enriched in other subtypes of EVs directly
224  budding from the plasma membrane and hence not monitored by our approach (Kowal et al., 2016;
225 Mathieu et al.,, 2021; Verweij et al., 2018). We examined post-fusion features of TSPAN
226  subpopulations and compared them to transport vesicles reported with v-SNARE-pHIuorin (Fig.

227  2A). In Hela cells, the detection algorithm recorded a statistically similar fusion activity between
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228 individual reporter populations (Fig. 2B) with no correlation with the intensity and fusion apparent
229  size (Fig. 2C,D). Despite TSPAN-pHIluorin-reported events displaying two to three-fold higher
230 fusion intensity than the v-SNARES, our unbiased automatic detection method was able to capture
231  exocytic events reported by both, highlighting the effectiveness of our approach even in the
232 presence of significantly varying signal intensity (Fig. 2A,C). The recorded difference among v-
233 SNARE-pHIuorin subpopulations is consistent with previous findings in various cellular contexts,
234  where v-SNAREs VAMP2 and VAMP7 were observed to be differently localized in endosomes at
235  different stages (Gupton and Gertler, 2010; Wang et al., 2018) (Fig. 2C,E). The estimation of
236  apparent size of events reported by TSPAN-pHIluorin (Fig. 2D) matches previous qualitative
237 analysis at supra-optical electron microscopy (EM) resolution using a dynamic correlative light
238  electron microscopy approach (Verweij et al., 2018). In addition, the apparent size did not differ
239  significantly from v-SNARE-pHIuorin-reported events (Fig. 2D) which was at the lower end of the
240  total spectrum previously reported by Altick and colleagues (Altick et al., 2009). This, however,
241  closely matches early quantitative EM studies in the central nervous system (Roizin et al., 1967).
242  Focusing on the fusion duration, we first noted the short-lived fluorescence signal of v-SNARE-
243 pHluorin, corresponding to a rapid either post-fusion lateral diffusion at the PM or endocytic
244  process (Alberts et al., 2006; Miesenbdck et al., 1998; Urbina et al., 2018; Verweij et al., 2018;
245  Wang et al., 2018) (Fig. 2E). We also showed that subpopulations of TSPAN-pHIuorin displayed
246  a significantly distinct fusion event duration (Fig. 2E). The signal duration at the PM of CD81-
247  pHIuorin was almost two- and three-fold longer than CD63- and CD9-pHIuorin respectively. This
248  could not previously be measured with this level of accuracy (Verweij et al., 2018). The divergence
249 in fusion duration could not be explained by a noticeable difference in apparent size, nor a
250 significantly higher amount of TSPANSs (Fig. 2C,D). For CD63 and CD81, we hypothesized that

251  this difference could either reflect the various regulatory fusion machineries and/or the
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252 heterogeneity in the composition, the biogenesis, the maturation and the secretion of reported EV
253  subpopulations (Edgar et al., 2016; Larios et al., 2020). Indeed, TSPANSs are known to organize in
254  distinct TSPAN-enriched microdomains that consist primarily of less than 120 nm homotypic
255  TSPAN-TSPAN interactions and specific partner proteins (Charrin et al., 2009; Rubinstein et al.,
256  1996; van Deventer et al., 2021) and mark distinct populations of exosomes (Matsui et al., 2021).
257  Furthermore, the signal duration of CD9-pHIluorin was similar to v-SNARE-labeled population of
258  vesicles, as previously observed (Verweij et al., 2018). This suggested that CD9-pHIluorin bursts
259  of fluorescence may reflect post-fusion lateral diffusion over the PM or endocytosis similarly to v-

260  SNARE-pHIuorin rather than exosome secretion in most events.

261  Altogether, our computer vision-assisted tool enabled us to record and evaluate features of different

262  types of cargo and/or vesicles, providing quantitative insights into post-fusion dynamics.

263

264  Performance assessment of ExoJ evidences a highly robust solution to detect fusion events

265  To fully assess the performance of ExoJ, we simulated movies with synthetic data corresponding
266  to fluorescence signal of fusion events randomly distributed at the cell surface (Fig. 3A). In our
267  simulation, we modeled a random number of events across a wide range of normalized intensity
268  AF/Fo, apparent size and duration t features including data collected in this study and in different
269  cellular contexts and/or protein reporters from others (Persoon et al., 2019; Urbina et al., 2018;
270  Verweij et al., 2018; Wang et al., 2018; Yuan et al., 2015). We also simulated events featured as
271 non-relevant, exhibiting distinct signal decay behaviors (see Materials and Methods for details).
272 We additionally tested the influence of increasing Gaussian noise signal which coarsely

273 recapitulates local background variation (Fig. 3A). ExoJ was able to accurately capture simulated
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274  events within the range of typical signal-to-noise ratio observed experimentally, with an
275 identification error rate (also equates to 100 — accuracy) as low as 1.5% up to 3% which remains
276  comparable to Urbina and colleagues’ work (Urbina et al., 2018) (Fig. 3B). At each noise
277  increment, we thoroughly adjusted the algorithm requirements by refining kowavelet (Step 1), dF/car
278  (step 3), both goodness-of-fit R? and the time window to optimize event identification (Fig. 1D and
279  Table 4). In response to incremental Gaussian noise, ExoJ detection capability was significantly
280  degraded with an error rate up to 7% =+ 1.4%, which still performs at a higher level of accuracy
281 under equal noise condition (Urbina et al., 2018). Error rate alone is an incomplete measure on
282  simulated movies with disparate fusion activity. Thus, we introduced standard metrics such as
283  sensitivity, precision and specificity which altogether score the ability to correctly detect events
284  while accurately discarding those featured as non-relevant (see Materials and Methods for details).
285  Results on simulated events demonstrated that ExoJ is a highly robust tool with scoring metrics
286 above 97% (Fig. 3C) which bettered previously published algorithms (Sebastian et al., 2006;
287  Urbinaetal., 2018). Increasing the contribution of Gaussian noise signal significantly impaired the
288  ability to correctly capture fusion events down to 89.6% (sensitivity) in the lowest condition.
289  However, these captured events were accurately identified (precision of 97.8%) while avoiding
290 those non-relevant (specificity of 97.3%) (Fig. 3C). This balance between sensitivity and precision
291 was observed independently of added Gaussian noise signal, and reported with a very high F1 score
292 (Fig. 3C). In addition, there was no correlation between ExoJ scoring results and the frequency rate
293  of fusion events simulated per movie. The flexibility of ExoJ enabled us to relax the algorithm
294  requirements to account for changes in imaging signal-to-noise ratio without degrading its ability

295  to effectively capture fusion events.
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Finally, we asked whether the event detection procedure is reliable enough to handle biological
variability between individual cells. To mimic this, we took advantage of the random
spatial distribution of Gaussian noise added to simulated timeseries. We added noise with a sigma
value of 1, followed by event identification using constant set of parameters previously optimized
for single simulated movies. We repeated this procedure ten times, scored ExoJ performance at
each round and reported the overall relative variation using the MAD. Our results demonstrated a
high repeatability in detection, independently of the simulated fusion event rate as well (Fig. 3D).
The average MAD evaluation showed an overall variation of 4.1%, 4.0% and 7.7% for accuracy,

F1 score, and specificity, respectively.

Taken together, assessment of ExoJ performance revealed a robust tool in identifying fusion events

insensitive to experimental noise.
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307 Discussion

308

309 Here we presented ExoJ, a computer-vision assisted tool for the automated identification and
310 analysis of vesicle exocytosis events marked by a pH-sensitive probe. The identification algorithm
311  was designed as a fully user-configurable processing pipeline, making it suitable to detect and
312 analyze various forms of exocytic events independently of the imaging condition. Built-in options

313  were implemented for visualization and manual curation of event features.

314

315 Considerations and future applications

316  We demonstrated ExoJ ability in monitoring fusion events reported by TSPAN- and v-SNARE-
317  pHluorin proteins with high accuracy. Reporting of spatiotemporal features provided quantitative
318 insights with unique details between and among subpopulations of vesicle exocytosis. Using
319 simulated data covering a wide range of feature data, performance assessment underscored ExoJ
320 asarobustand reliable identification tool. As it is, ExoJ usage has no specific constraints on vesicle
321  exocytosis features including normalized intensity AF/Fo, duration of signal decay t and apparent
322 size. In response to changing condition in imaging, the sensitivity of event detection could be
323  adjusted by lowering the detection threshold value ko right from the first step (Fig. 1B). This will
324  increase the number of captured spots along with the processing time in the subsequent steps (up
325  to 12 minutes per movie on average for +o¢ condition; Fig. 3A). We derived the duration of fusion
326  events by evaluating the mean lifetime t of fluorescence peak intensity profiles F fitted with single
327  mono-exponential decay functions (Fig. 1A). While most studies described exocytosis kinetics

328 with single exponential decay, raw data are available for export and manual curation using a
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329  different mathematical model as performed by Mahmood and colleagues (Mahmood et al., 2023).
330  Apparent size is not a limiting factor since spots are seen as gaussian-shaped intensity over a user-
331 defined range of gaussian widths. In contrast to fusion intensity and duration, apparent size results
332 were, however, modest due to the resolution limit of TIRFM (Fig. 2D). The advent of fast-imaging
333 Structured Illumination Microscopy and novel fluorescent markers may improve the recording of
334  the structural dynamics of exocytosis with unprecedented resolution (Huang et al., 2018; Li et al.,
335  2015; Liu et al., 2021b; Roth et al., 2020). In combination with ExoJ, we are confident that these
336  developments will certainly help providing insights into exocytosis-associated protein dynamics,

337 and exploring machinery involved in EV biogenesis and secretion (Verweij et al., 2022).

338

339  Relevance to existing methods

340  Numerous bioinformatics tools on single or cross-platforms have previously been developed for
341  specific applications which make fair comparison difficult (Bebelman et al., 2020; Burchfield et
342  al., 2010; Diaz et al., 2010; Jullie et al., 2014; Mahmood et al., 2023; Moro et al., 2021a; Persoon
343 etal., 2019; Sebastian et al., 2006; Urbina et al., 2018; Wang et al., 2018; Yuan et al., 2015). In
344  addition, some image formats are not accepted, file size limit could hinder the time of analysis, and
345  feature extraction approach could vary (Mahmood et al., 2023; Urbina and Gupton, 2021; Urbina
346 etal., 2018; Yuan et al., 2015). Our goal in developing ExoJ was to provide a common, yet robust
347  computer-vision assisted solution regardless of the experimental condition. To this end, we
348  designed a GUI-based tool as a plugin for ImageJ2/Fiji, a well-established platform for biological
349  image analysis (Schindelin et al., 2012). As a result, ExoJ accepts all type of image formats and bit
350 depths recognized by ImageJ2/Fiji. Prior to running ExoJ if necessary, experimental data could be

351  pre-processed using built-in filter toolboxes. In the last decade, supervised methods approaches
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352  have achieved great success in providing solutions for detecting subcellular structures in
353  fluorescent microscopy images (Boland and Murphy, 2001; Hu et al., 2010; Johnson et al., 2015).
354 In particular, machine learning approaches were successfully applied for spot detection upon a
355 training phase (Jiang et al., 2007; Lin et al., 2019). Careful selection and label of training datasets
356 is, however, an essential prerequisite, either manually or using other detection methods. Instead,
357  we opted for unsupervised methods which also perform well with simple user-configurable features
358 such as fluorescently patterned vesicular spots (Basset et al., 2015; Smal et al., 2010). We
359 illustrated the capacity of ExolJ to detect distinct exocytic events, illustrated here by TSPAN- and
360 SNARE-pHIuorin, using a limited number of biological parameters (Fig. 1B-D). We based ExoJ
361  detection on a proven wavelet transform algorithm (Lagache et al., 2018; Olivo-Marin, 2002;
362  Puspoki et al., 2016; Ruusuvuori et al., 2010; Toonen et al., 2006; Yuan et al., 2015). We also
363 introduced the statistical measure MAD to hone the capture of candidate exocytic events which
364  could partly explain the performance difference with Yuan and colleagues’ wavelet-based tool
365 (Yuanetal., 2015). Our detection algorithm also explored a user-set time window centered around
366  exocytic events, whereas previously published tools had it fixed or hardly modifiable (Mahmood
367 et al., 2023; Urbina and Gupton, 2021; Urbina et al., 2018; Yuan et al., 2015). Throughout the
368  workflow, users can go back and forth to readjust parameters and preview results. Much efforts
369 have been devoted to facilitate the identification of user-defined genuine events as well as
370 implementing options for data visualization, manual curation and export (Fig. S1). In addition to
371 our study, ExoJ has recently demonstrated its capability in providing quantitative insights on the
372 role of SNARE protein SNAP29 in CD63-pHluorin-labelled EVs in PC-3 cells imaged with a
373 confocal spinning-disk microscope (Hessvik et al., 2023). We are convinced that ExoJ could
374  become a standard tool for quantitative review of comparative studies of vesicle exocytosis in an

375 unbiased manner.
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376 Materials and Methods

377

378 Installation and system requirements

379  ExoJ was developed as an ImageJ2/Fiji (Schindelin et al., 2012) plugin for the automated detection
380 and analysis of exocytic events in 8 or 16-bit grayscale fluorescent image series. The plugin is
381  published under the GPLv3 license. It uses ImageJ2/Fiji capabilities to open a wide range of image
382  formats using the plugin Bio-Formats (Linkert et al., 2010). The plugin ExoJ can be downloaded

383 on the following website https://www.project-exoj.com/ with the code source available at

384  https://github.com/zs6e/excytosis-analyzer-plugin. To install the plugin, place the .jar file in the

385  ImageJ2/Fiji plugin directory. After a restart, ExoJ will be available in the ImageJ2/Fiji plugin
386  menu. ExoJ is compatible with ImageJ v1.53t or newer version, and has been tested on Windows
387 and MacOS platforms. We recommend using a 64-bit operating system with Java 8 installed and

388 atleast 4 GB RAM.

389

390 Photobleaching correction

391  The main challenges posed by reliable vesicle detection are associated with prolonged live-cell
392  acquisition, such as cell migration, focus drift and photobleaching. While cell migration and focus
393  drift lead to unpredictable fluorescent changes at a given pixel, the photobleaching effect can be
394 theoretically compensated to a certain extent (Miura, 2020). The variations of fluorescent signals
395  over time within cell compartments are occurring at slower dynamics compared to single fusion
396 events. To compensate for this effect, we implement an optional custom-written correction based

397 on a non-fitting, pixel-by-pixel weighted detrending method. The option is available during the
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398  spot detection step (Fig. 1B). If “Correct photobleaching” is selected in the setting menu, the
399  correction is applied on the whole time series and can be reversed upon deselection. In detail, for
400 each pixel Pxy, we measured the fluorescence intensity difference between the first Pxyo and last
401  Pxyt frame in the image series. These values were then normalized by the difference between the
402  maximal pumax and minimal pmin intensity, also calculated throughout the image series to generate a

403  weight map (Wxy) such as:

404 I/ny = (nyO - nyt)/(#max — Umin)

405  Next, for each frame i we calculate the difference di between the mean intensity of the entire image
406  series p and the mean intensity of that frame pi. Finally, the fluorescence intensity of every pixel

407  at each frame is compensated by Wiy di to obtain the final detrended image series.
408
409  Built-in tools

410 A series of built-in options are implemented to visualize single and/or the population of fusing
411  vesicles. Each analyzed fusion event can be visualized as a sequence of cropped images with
412 associated fluorescence peak intensity F, 1% order differential intensity dF and estimated radius
413  fitting plots. We also record the fluorescence spreading over time associated with each vesicle
414  fusion event (Spatial dynamics; Fig. S1A) as initially proposed by Bowser and colleagues (Bowser
415 and Khakh, 2007). We allow the possibility to discard events using the appropriate button in the
416  result table (Remove; Fig. S1A). Similarly, candidate fusion events can be manually added and
417  immediately reviewed (draw and press Add; Fig. S1A). Upon selection, the plugin will prompt the

418  user to define the timeframe of candidate fusion events. A spatiotemporal map distribution of
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419  fusion events is available upon selection in the result table (Fig. S1B), and can further be exported

420 as an RGB image.

421

422  Reporters of fusion events in live cells

423  We used TSPAN and v-SNARE proteins as fusion event reporters. Specifically, we focused on
424  TSPAN CD9, CD63 and CD81 (Escola et al., 1998; Kowal et al., 2016; Thery et al., 2018; Yafiez-
425 MO etal., 2015), and v-SNARE VAMP2/synaptobrevin2 (vesicle-associated membrane protein 2)
426 and VAMPT7/TI-VAMP (vesicle-associated membrane protein 7 / Tetanus neurotoxin-Insensitive
427  vesicle-associated membrane protein) (Chaineau et al., 2009; Galli et al., 1998) proteins coupled
428  to pHIuorin (Alberts et al., 2006; Miesenbdck et al., 1998). CD9-pHIuorin, CD63-pHluorin and
429  CDB81-pHluorin plasmids were constructed as previously described by Verweij and colleagues
430  (Verweij et al., 2018). VAMP2-pHluorin was a kind gift from Dr. T. Ryan (Cornell University,
431  USA). VAMP7-pHIuorin construction corresponds to an improved version (Chaineau et al., 2008)
432  previously described (Alberts et al., 2006; Martinez-Arca et al., 2000) and further characterized
433  (Burgo etal., 2013; Wang et al., 2018). We used Hela cells cultured in DMEM supplemented with
434  10% FBS (Perbio Sciences; HyClone), 100 U/ml penicillin G, 100 mg/ml streptomycin sulfate and
435 2 mM glutamax (Invitrogen, Thermofischer Scientific). Cells at 50% to 60% confluence were
436  transfected using Lipofectamine 2000 reagent (Invitrogen) on either 35-mm glass bottom petri
437  dishes (Ibidi) scaled with 500 ng of TSPAN-plasmids or 18-mm round glass coverslips deposited
438 in 12-well plates scaled with 1 ug of VAMP plasmid. Glass coverslips were further mounted on a

439  Chamlide EC magnetic chamber (LCI).

440
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441  Live cell imaging

442  Prior to imaging, cell medium was replaced with homemade Hepes-buffered Krebs-Ringer as
443  previously used by Danglot and colleagues (Danglot et al., 2012) or Leibovitz’s L-15 solution
444  (Gibco). Hela cells were imaged 24 h after transfection on an inverted microscope (Axio Observer
445 7, Zeiss) equipped with a TIRF module and a top stage imaging chamber (Tokai Hit STX-CO2)
446  ensuring a constant temperature at 37°C. All imaging experiments were carried out with a 63x 1.4
447  NA oil objective (Zeiss), an air-cooled 488 nm laser line at 0.4-0.6% power, with a TIRF angle set
448  for 300-400-nm penetration depth and an additional optovar 1.6x to reach a pixel size of 100 nm.
449  Images were acquired with Zen Black (SP2.3, Zeiss) onto an electron-multiplying charge-coupled
450  device camera (iXon, Andor) at a frame rate of 5 Hz. Fluorescent timeseries were saved as tiff or
451  czi files. Fusion activity was defined as the number of detected events throughout the cell surface
452  over the course of a time-lapse experiment, which was typically 3 minutes (Fig. 2B). Thus,
453  experimental data in this study consisted in single fluorescent timeseries of 901 images. Cell
454  surface measurement was carried out using ImageJ/Fiji segmentation tools (Schindelin et al.,

455  2012). Number of analyzed cells (N) per labeled population is indicated.

456

457  Procedure for TSPAN- and vSNARE-reported fusion events

458  The detection parameters are adapted to the different types of fusion event. After a few rounds of
459  optimization, we set the detection threshold values kowavelet to 4.0-5.0 (resp. 3.0) and dF/cqr to 4.0-
460 5.0 (resp. 3.0-3.5) for fusion events reported by TSPAN-pHIluorin (resp. v-SNARE-pHIluorin). We
461 imposed a minimal signal duration of two frames (Fig. 1D). We completed the detection of

462  candidate events with additional frames corresponding to 1 s (resp. 3-4 s) before (resp. after) the
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463  maximal peak fluorescence at to (Expanding frames; Fig. 1C and Table 4). For v-SNARE-pHIuorin,
464  we limited the temporal window to 0.6 s (resp. 2-3 s) before (resp. after) the maximal peak. The
465  fluorescence profiles were fitted with a minimal number of five points and a minimal goodness-of-
466  fit R? of 0.75 were set as the fitting threshold. The initial vesicle radius (step 1; Fig. 1B) and the
467  tracking parameters (step 2; Fig. 1C) do not vary between TSPAN and v-SNARE protein reporters.
468 In details, we reported the number of identified events n for each protein reporters as follows: CD9,

469 n=129; CD63, n=200; CD81, n =152; Vamp2, n = 232; Vamp7, n = 83.
470
471  Computer simulation of exocytosis

472  To fairly assess the robustness of ExoJ, we generated 20 movies of 901 images with randomly-
473  distributed gaussian-shaped pHIluorin signal intensity on the cell surface. We simulated two groups
474  of synthetic events, labeled as relevant and non-relevant according to the features we imposed. A
475  series of parameters was defined to encompass distinct features of relevant exocytic events
476  including those approximated by users in this study as well as previous works (Persoon et al., 2019;
477  Urbina et al., 2018; Verweij et al., 2018; Wang et al., 2018; Yuan et al., 2015). In details, we
478  imposed to the simulated events a random distribution of: (1) normalized fluorescence peak
479  intensity AF/Fo as low as 10% up to 200% above the local background (centered circle of 9-pixel
480 radius) and (2) apparent size over a range of gaussian widths from 3 to 7 pixels. Events featured as
481 relevant exhibited single exponential decay behaviour with a mean lifetime t from 1 to 50
482  timeframes. In contrast, we modified the transient nature of exocytic events featured as non-
483  relevant where the signal decay could be (1) 1-frame long, (2) long-lived and constant fluorescence
484  peak intensity, or (3) a damped sine wave along with (4) a random spatial displacement. The

485  maximal number of simulated relevant and non-relevant events was both fixed to 50, and randomly
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486  set for each movie. The simulated fusion activity eventually ranged from 1.2 to 9.8 um2.min2.10°
487  which matches with previously recorded frequency rate (Persoon et al., 2019; Urbina et al., 2018;
488  Verwelij et al., 2018; Wang et al., 2018; Yuan et al., 2015). The identification pipeline was
489  optimized to capture simulated events labeled as relevant. To represent random noise, we added a
490  range of fluorescent intensities that follow a Gaussian distribution to the simulated movies using

491  ImagelJ built-in function Add Specified Noise.
492
493  Performance evaluation metrics

494  To benchmark the performance of ExoJ several metrics were used including identification error
495  rate, sensitivity, precision, specificity and F1 score. These metrics were recorded for analysis on
496  movies with simulated events with relevant (resp. non-relevant) features considered as true positive
497  (TP) (resp. true negative, TN) attribute. When running ExoJ, each identified event was considered
498  with either relevant (TP) or non-relevant (labeled as false positive, FP) attributes. Finally,
499  undetected relevant event was considered with false negative (FN) attribute. Considering these
500 definitions, metrics are measured based on direct count of true and false positives and negatives

501  suchas:
502 Identification error rate = 100 (1 — ((TP + TN)/all simulated events))

503  which corresponds to the proportion of correctly identified relevant and non-relevant events out of

504  all the simulated events.

505  Sensitivity = 100 * (TP/(TP + FN))
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506  which reports the proportion of correctly identified relevant events out of the total number of

507 simulated relevant events;

508 Precision = 100 = (TP /(TP + FP))

509  which reports the proportion of correctly identified relevant events out of the total number of

510 identified fusion events;

511  Specificity = 100 « (TN/(TN + FP))

512  which reports the proportion of correctly identified non-relevant events out of the total number of

513  simulated non-relevant events.

514  We additionally introduced F1 score (Fawcett, 2006) which reports the capability to both capture

515  relevant events (sensitivity) and be accurate with the events ExoJ does capture (precision) as:

516  F; score = 2 * ((sensitivity = precision)/(sensitivity + precision))

517  with 1.0 as the highest possible value.

518

519  Statistical data analysis

520  We performed statistical analysis using Prism 9.0 (GraphPad). For multiple comparisons between
521  populations of labeled vesicles, Kruskal-Wallis non-parametric ANOVA was used to determine
522  significance, followed by Dunn’s post hoc test for multiple comparisons between populations of
523 labeled vesicles and simulated movies with increasing Gaussian noise intensity. Statistical
524  significance was considered for oo = 0.05. Data are reported as box and whisker plots. Boxes show

525 the median +/- interquartile range and the whiskers go down to the minimum and up to the maximal
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526  value in each dataset. For each population, median value is displayed in brackets below each

527  corresponding box and whisker plot unless mentioned otherwise in the legend.
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837  Figure legends

838  Figure 1. ExoJ facilitates the automated identification of pHIuorin-reported exocytosis.

839  (A) A prompt of available files appears at the start of ExoJ. Users can load, refresh and select image
840  series of interest. The framework of the algorithm comprises three main steps to identify and
841  analyze exocytic events from fluorescent time series. A typical fusion event labeled by CD9-
842  pHluorin in Hela cell is shown as a time-lapse montage. Before fusion (gray), the fluorescence is
843  quenched in acidic environment. Upon fusion, the pHIluorin is exposed to neutral pH. A bright
844  diffraction-limited spot appears and diffuses over time (blue-colored inset frames). Signal intensity
845 s fitted using a mono-exponential decay function to extract the mean lifetime, denoted as t. (B)
846  Detection of vesicles (seens as spots) are first defined by setting the minimal and maximal vesicle
847  radius. Vesicles are detected using either a local maximum (unchecked box) or a trous wavelet
848  transform algorithm (default option, checked box). The detection threshold value is manually set
849 by users to permit the algorithm to detect spots on single images (here in red). The threshold value
850 isamultiple of o (MAD) of either wavelet coefficients Cwavelet (2 trous wavelet transform) or pixel
851 intensity calculated for each fluorescent image (local maximum). Increasing the detection threshold
852 ultimately leads to a decreased number of detected vesicles as illustrated for both algorithms here.
853  (C) Previously detected spots are connected to reconstruct time-lapse trajectories. The parameters
854  considered for reconstruction are illustrated, and include the maximal distance (spatial searching
855 range) and the time gap (temporal searching depth) between two successive spots as well as the
856  minimal number of connected spots (event duration). Tracking results including intensity profile
857 and fluorescent montage for single candidate events can be reviewed upon selection (Show
858  Tracking list button). (D) For each candidate fusion event, a series of user-defined parameters are

859  applied to identify fusion events. (1) The number of data points used for fitting a negative mono-
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860  exponential function to derive the mean lifetime t can be adjusted. (2-3) The number of additional
861  frames around the detected event (intensity peak) is set by users to refine the evaluation of local
862  background. (4) The detection threshold cge is the MAD of the 1% order differential fluorescence
863 intensity profile set to sort exocytic events. (5) Upper and lower decay limit entries enable users to
864  set the range of mean lifetime t of fusion events. The fluorescence peak intensity profiles at
865  different timepoints were fitted with a two-dimensional Gaussian fit to estimate the apparent radius
866  of fusion event and track the XY position. Fusion events can be identified by accordingly setting
867  therange of apparent radius (6) and the position XY over time (7). Evaluation of both mean lifetime

868 1 and apparent radius is associated with the goodness-of-fit R? (8-9).
869

870  Figure 2. Feature evaluation of fusion events evidences distinct dynamics of vesicle-mediated

871  exocytosis.

872  (A) Schematic model illustrating the markers used in this work to monitor vesicle fusion to the PM.
873  The content and/or the vesicle membrane are labeled with pHluorin. Time-lapse montages of
874  TSPAN- and v-SNARE-mediated fusion events are shown (invert LUT). (B-E) Combined scatter
875  dot (black circle) and box and whisker (red border) plots are shown for individual population of
876 labeled vesicles. The median values of fusion (B) activity, (C) normalized peak intensity (AF/Fo),
877 (D) apparent size and (E) event duration (t) are displayed in brackets. (B) Number of analyzed
878  cells (N) for TSPAN and v-SNARE proteins are indicated and represented with black circles. (C-
879 E) Feature comparisons between TSPAN- and v-SNARE-labeled vesicular population were
880  performed using a Kruskal-wallis’s test followed with a post hoc Dunn’s multiple comparison test.

881  Only statistical differences are indicated. Black circles correspond to single fusion events. (C) For
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882  fusion activity reported by AF/Fo: **** P < 0.0001; ***, P <0.0002; (D) For fusion apparent size,
883 *, P <0.04; (E) For fusion duration reported by the mean lifetime t, **** P < 0.0001; ***, P <

884  0.0002; *, P <0.03.

885

886  Figure 3. ExoJ is a highly robust tool to identify distinct forms of fusion events.

887  (A) Examples of simulated exocytic event signal at the cell surface with increasing Gaussian noise
888 intensity (Invert LUT). The inset (blue box) shows four simulated relevant (resp. non-relevant)
889  events indicated by green (resp. pink) arrowhead(s). The total number of simulated exocytic events
890 as well as their XY location, normalized peak intensity AF/Fo, apparent size and duration t are
891  randomly set (see Materials and Methods). (B) A total of 20 movies were simulated with an overall
892  balanced number of randomly generated relevant (green) and non-relevant exocytic (pink) events
893  asindicated. The XY plot corresponds to the evaluation of identification error rate with increasing
894  Gaussian noise intensity. The estimated noise range of experimental image series is indicated in
895  yellow. Data represent mean = SEM. Kruskal-wallis’s test was performed (P < 0.0001) followed
896  with a post hoc Dunn’s multiple comparison test with 0 as the control (****, P < 0.0001; **, P <
897  0.002; n.s., non-significant). (C) Assessment of ExoJ sensitivity (proportion of correctly identified
898 relevant events), precision (proportion of identified events as relevant ones that were actually
899  correct), specificity (proportion of correctly identified non-relevant events) with increasing
900  Gaussian noise intensity are shown as combined scatter dot (black) and box and whisker (red) plots.
901 Mean value as well as average F1 score are reported for each condition. Black dots correspond to
902 the scoring results of individual simulated movies. Kruskal-wallis’s test was performed (P <

903  0.0001) followed with a post hoc Dunn’s multiple comparison test with 0 as the control (****, P <
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904 0.0001; **, P < 0.002; n.s., non-significant). (D) Assessment of ExoJ repeatability on individual
905 simulated movies with added Gaussian noise of sigma equal to 1, and reported by the MAD of
906 accuracy, F1 score and specificity. Scoring results of simulated results are shown as combined
907  scatter dot (black) and whisker (red) plots, and were sorted according to the simulated fusion

908  activity.

909

910 Figure S1. Built-in tools for visualizing fusion events.

911  (A) Series of measurements on single fusion events are summarized in a result table, including the
912 XY location, the onset time (peak frame), the maximal displacement during the fusion event, the
913  detection threshold value (dF/cdrF), the local background (Fo) and normalized peak fluorescence
914  intensity (AF/Fo), the estimated apparent size (est. radius) and mean lifetime decay (7).
915  Corresponding graphs can be displayed for each fusion event upon selection in the result table. (B)
916  Visualization of the distribution of fusion event duration (Tau Stat.), apparent size (Radius Stat.)
917 and temporal occurrence (Event counts) throughout the fluorescent times series can be generated

918 upon selection. A spatial occurrence map (Distribution map) is also available for export.


https://doi.org/10.1101/2022.09.05.506585
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.05.506585; this version posted January 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

919 Table legends

920 Table 1. General commands throughout the identification and analysis process
921  Table 2. Parameters and options for vesicle (seen as spot) detection

922  Table 3. Parameters and options for vesicle (seen as spot) tracking

923  Table 4. Parameters and options for the identification of vesicle fusion events
924

925  Supplementary Materials

926  File 1. Configuration file for the identification of TSPAN-labeled fusion events.

927  File 2. Configuration file for the identification of v-SNARE-labeled fusion events.
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(Pop-up window)

List of available files

Upon starting the plugin, a pop-up window lists opened image-type files. To
start (resp. stop) the analysis, press Open (resp. Close). If an image series does
not appear, Refresh the pop-up window.

After pressing Open, the selected image series will be duplicated for further
processing and analysis. Note that the plugin can run in parallel multiple

instances.

Save, Load, Restore

Parameters are saved (in .dat format), loaded (.dat file) or restored to the

metadata of the image series.

Label color

Detected vesicles (seen as spots) are marked by circles of selected color.

Preview, Run

At each step, processing results can be reviewed for different set of parameters
(Preview).
During the spot detection step, single fluorescent images are displayed. During
the spot tracking step, the whole sequence is  shown.
During the event identification step, the whole sequence and the table result are
displayed.

To proceed to the next step, press Run.
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Pixel size, Frame rate, Frame

time interval

Pixel size, frame rate (and time interval) are automatically extracted

from the metadata of selected image series. Correct if necessary.

Min. and Makx. vesicle radius

Initial user-entries for the estimated radius (in pixel) of the vesicular

population of interest.

(Checked)

Use wavelet filter

Apply a trous wavelet transform algorithm on fluorescent image series
where pixel values now correspond to wavelet coefficient (Cwavelet)-

Result on single images can be reviewed (Preview button).

Detection threshold

Critical integer value that corresponds to a multiple of the MAD of
Cuavelet (noted Gwaveler). For a high (resp. low) value, number of detected

spots is decreasing (resp. increasing) along with the calculation time.

Show lowpass image

When activated, this option displays the result of the a trous wavelet
transform algorithm on single frames including fluorescent spots

(colored circles) with Cyaveler above the detection threshold.

(Unchecked)

Use wavelet filter

The spot detection relies on the local maximum algorithm with Min.

and Makx. vesicle radius as initial entries.

Detection threshold

Critical integer value that corresponds to a multiple of the MAD of all

pixel intensity (noted Ginensity) at each image.

Correct Photobleaching

A pixel-by-pixel detrending method is immediately applied to the
image series. Strongly recommend to correct photobleaching when
applicable to improve wavelet-based spot detection. Note that the
correction can introduce bright/saturated pixels. The process can be

reversed by deactivating the option.
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Spatial searching radius

(in pixel)

This integer value corresponds to the maximal acceptable
displacement of the spot (flagged by its fluorescence peak) between
two consecutive frames. We recommend setting the value similar to
Min. vesicle radius (from Step 1) to account for possible

movements during image acquisition (cell, imaging setup, ...).

Temporal searching depth

(in frame number)

This integer value corresponds to the maximal acceptable frame gap
if the tracked spot disappears from one frame to the next. In this case,
the algorithm will suppose that the given spot remains at the same
position until it reappears in the following frames. The algorithm will
hence generate virtual spots to fill the gap and assemble tracks. By

default, the value 1 corresponds to a no gap situation.

Minimal event size

(in frame number)

This threshold value corresponds to the minimal duration of each
individual track that will be processed and analyzed (Event

identification step). Note that gaps are not counted in the track size.

Show tracking list

When activated, the list of all vesicle trajectories with a user-
specified Minimal event size is displayed for review. Traces of F

and dF, montages of still images can be generated and saved.
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Min. points for fitting

procedure

Integer value that corresponds to the minimal number of points
needed to fit the fluorescence decay intensity over time to derive the

mean lifetime. By default, 5 data points are recommended.

Expanding frames

(pre/post peak)

Addition of frames around the peak detection. Note that a large
window after peak detection (post) improves the evaluation of mean
lifetime decay but might hinder the detection of consecutive fusion
events at the same location. The two integer values influence the
evaluation of MAD of the 1st order differential intensity peak (dF),

noted ©.

Detection threshold (dF/c)

Integer value above which the 1st order differential intensity peak

dF is seen as a fusion event.

Upper/Lower decay limit

Integer range for the mean lifetime decay of candidate fusion events.

A minimal value of 2 timepoints is recommended.

Upper/Lower estimated radius

limit

Integer range for the estimated radius of candidate fusion events.

Max. displacement

Maximal lateral shift of the peak intensity (F) recorded throughout

the fusion event process.

Min. R?

Minimal value of goodness-of-fit R? set as a threshold and evaluated
from fitted curves for deriving the mean lifetime and the estimated

radius of the fusion event
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