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Introduction

Exocytosis is a fundamental behavior, ubiquitous across eukary-
otes and cell types. Vesicle fusion promotes secretion of biomol-
ecules and insertion of transmembrane proteins and lipids into 
the plasma membrane, which can affect physiological processes 
including polarized growth and motility (Mostov et al., 2000; 
Winkle et al., 2014). Where and when vesicle fusion occurs 
may be a critical regulatory point in cellular physiology. The 
minimal machinery required for fusion is the SNA​RE complex 
(Söllner et al., 1993), comprising a tightly associated bundle of 
four α-helical coiled-coils (CCs). For exocytosis, one α-helix is 
provided by a vSNA​RE, such as vesicle-associated membrane 
protein (VAMP) 2 (synaptobrevin), VAMP3, or VAMP7 (teta-
nus-insensitive VAMP) in mammals or snc1/2 in yeast (McMa-
hon et al., 1993; Protopopov et al., 1993; Galli et al., 1998). 
Other α-helixes are provided by plasma membrane target (t)-
SNA​REs—syntaxin-1 and synaptosomal-associated protein 
25 (SNAP25)—in mammals or Sso1p/Sso2p and sec9 in yeast 
(Aalto et al., 1993; Söllner et al., 1993; Brennwald et al., 1994).

VAMP2, SNAP25, and syntaxin-1 were identified in brain, 
where they mediate synaptic vesicle fusion and neurotransmit-
ter release. VAMP7 functions in SNA​RE-mediated exocytosis 
in both neurons and nonneuronal cells (Galli et al., 1998; Mar-
tinez-Arca et al., 2000). Subsequent to synaptic vesicle release, 
clathrin-dependent endocytic retrieval of membrane material 
maintains membrane homeostasis (Heuser and Reese, 1973; 

Pearse, 1976). Perhaps less appreciated than synaptic exocy-
tosis is the developmental exocytosis that occurs before synap-
togenesis. The acquisition of an elongated, complex neuronal 
morphology entails significant plasma membrane expansion, 
estimated at 20% per day (Pfenninger, 2009). This is remark-
able when compared with concomitant neuronal volume in-
creases estimated at less than 1%. We previously demonstrated 
that constitutive SNA​RE-mediated exocytosis is required 
during neuritogenesis and axon branching (Gupton and Gertler, 
2010; Winkle et al., 2014). We hypothesize exocytosis provides 
membrane material to the expanding plasma membrane, which 
can only stretch 2–3% before rupturing (Bloom et al., 1991), 
however whether SNA​RE-mediated exocytosis supplies suffi-
cient material for membrane expansion has not been addressed. 
Asymmetric exocytosis is linked to attractive axonal turning 
(Tojima et al., 2007, 2014; Ros et al., 2015). As several neuro-
logical disorders are accompanied by disrupted neuronal mor-
phology (Paul et al., 2007; Engle, 2010), regulated exocytosis 
involved in appropriate neuronal morphogenesis is likely cen-
tral to the formation and maintenance of a functional nervous 
system. However, how exocytosis is spatially and temporally 
organized in developing neurons is not known.

Neurite elongation and branching in developing neurons requires plasmalemma expansion, hypothesized to occur 
primarily via exocytosis. We posited that exocytosis in developing neurons and nonneuronal cells would exhibit distinct 
spatiotemporal organization. We exploited total internal reflection fluorescence microscopy to image vesicle-associated 
membrane protein (VAMP)–pHluorin—mediated exocytosis in mouse embryonic cortical neurons and interphase mela-
noma cells, and developed computer-vision software and statistical tools to uncover spatiotemporal aspects of exocyto-
sis. Vesicle fusion behavior differed between vesicle types, cell types, developmental stages, and extracellular 
environments. Experiment-based mathematical calculations indicated that VAMP2-mediated vesicle fusion supplied ex-
cess material for the plasma membrane expansion that occurred early in neuronal morphogenesis, which was balanced 
by clathrin-mediated endocytosis. Spatial statistics uncovered distinct spatiotemporal regulation of exocytosis in the 
soma and neurites of developing neurons that was modulated by developmental stage, exposure to the guidance cue 
netrin-1, and the brain-enriched ubiquitin ligase tripartite motif 9. In melanoma cells, exocytosis occurred less frequently, 
with distinct spatial clustering patterns.
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To visualize exocytic vesicle fusion, here we exploited 
the pH-sensitive variant of GFP (pHluorin) attached to the lu-
menal side of a v-SNA​RE, which illuminates the occurrence of 
fusion pore opening between the acidic vesicular lumen and the 
neutral extracellular environment (Miesenböck et al., 1998). 
Analysis of such images has remained a manual and potentially 
biased time-intensive process. Here we developed computer- 
vision software and statistical methods for unbiased auto-
mated detection and analysis of VAMP-pHluorin–mediated 
exocytosis. This uncovered spatial and temporal organization 
and regulation of exocytosis in developing neurons that were 
distinct in soma and neurites, modulated by the developmental 
stage of the neuron, and sensitive to the axon guidance cue 
netrin-1.  Mathematical estimates based on empirical find-
ings suggested that VAMP2-mediated exocytosis and clath-
rin-mediated endocytosis approximately describe membrane 
expansion in developing neurons. Compared with neurons, 
melanoma cells exhibited slower frequencies and a distinct 
organization of exocytosis.

Results

Automated identification and analysis  
of exocytosis
Whether exocytosis is sufficient for neuronal plasmalemmal 
expansion, how fusion is organized spatially and tempo-
rally, and the mechanisms that regulate developmental exo-
cytosis are not established. We imaged VAMP2-pHluorin or 
VAMP7-pHluorin in mouse embryonic cortical neurons using 
widefield epifluorescence or total internal reflection fluores-
cence (TIRF) microscopy to visualize exocytosis (Fig. S1 A). 
The area-corrected frequency of VAMP2-mediated exocytosis 
at the basal plasma membrane measured from the TIRF images 
was ∼1.4-fold higher than measured by widefield microscopy, 
which captures events at both basal and apical membranes 
(Fig. S1 B). In contrast, the frequency of VAMP7-mediated 
exocytosis was comparable between the two imaging modes 
(Fig. S1 B). VAMP2-pHluorin exhibited a higher plasma 
membrane fluorescence than VAMP7-pHluorin (Fig. S1 C), 
which may occlude identification of apical VAMP2-mediated 
events. Indeed, events at the apex of the soma were visible by 
widefield microscopy only when the focal plane was shifted 
(Fig. S1 D, black arrows). This suggests that VAMP2-medi-
ated events were not captured simultaneously on both mem-
branes, and that the frequency of fusion observed by widefield 
microscopy was an underestimation. We conclude that the fre-
quency of exocytosis is comparable between apical and basal 
plasma membranes for both VAMP2- and VAMP7-mediated 
exocytosis (Fig. S1, B and D), and was best captured by TIRF 
microscopy. For subsequent analysis, we relied on TIRF mi-
croscopy, which also offered increased signal-to-noise and 
spatial resolution, reduced photobleaching and phototoxicity, 
and faster image acquisition.

To perform unbiased, efficient identification and analysis 
of VAMP2-pHluorin–mediated exocytosis from TIRF images, 
we developed a computer-vision–based approach implemented 
in MAT​LAB and R (Fig. 1 A, Video 1, and supplemental .m 
and .R files). In the analysis pipeline, the cell was identified 
and segmented from noncellular background and a single cell 
mask was created, as cells did not significantly change shape 
or size over imaging (∼2 min). We developed an algorithm that 

detected both diffraction-limited and larger fluorescent objects 
(Fig. 1 A; see Materials and methods). To assemble a coherent 
picture of exocytic events over time, fluorescent objects repre-
senting individual vesicles that may be undergoing exocytosis 
are linked across frames using a Kalman filter (Kalman, 1960; 
Fig.  1  B and Fig. S2 A). The Kalman filter used a cost ma-
trix to determine whether an object detected in one frame was 
a new object, i.e., a fusion pore opening, or an existing object, 
i.e., the continuation of an exocytic event. Critically, the Kal-
man filter can handle the linkage of both motile objects, such 
as a motile fluorescent vesicle, and nonmotile objects, such 
as a fusing vesicle. Bona fide exocytic events were defined as 
transient, nonmotile objects that reached a significant intensity 
above the mean local background intensity calculated from pre-
vious frames, followed by an exponential fluorescence decay, 
with no limit on how long an event could last (Fig.  1 C; see 
Materials and methods).

Confirmation of exocytic detection
To test the algorithm accuracy at identifying transient events, 
neurons were treated with NH4Cl (Fig. 1 D and Video 2), which 
alkalinizes intracellular vesicular compartments, reversing 
quenching of pHluorin fluorescence (Miesenböck et al., 1998). 
NH4Cl treatment increased vesicular fluorescence (Fig.  1  D), 
and events detected were near or at zero, indicating the algo-
rithm identified only transient fluorescent exocytic events. To 
confirm identified events were VAMP2-dependent, neurons 
were treated with tetanus neurotoxin (TeNT), which cleaves 
the cytoplasmic face of VAMP2, preventing SNA​RE complex 
formation and fusion (Link et al., 1992). VAMP2-pHluorin– 
mediated fusion events were rarely detected, if at all, indicating 
that the algorithm identified TeNT-sensitive events (Fig.  1  D 
and Video 2). To ensure images were acquired at a sufficient 
frame rate to capture all events, we artificially decreased sam-
pling. At an acquisition rate of 1 Hz, the frequency of detected 
events was underestimated as compared with 5 Hz; no further 
improvement occurred at 10 Hz (Fig.  1  E). We subsequently 
used an acquisition rate of 10 Hz to satisfy the Nyquist crite-
rion and ensure ample resolution for analyses of individual exo-
cytic events. To assess the robustness of the algorithm to local 
background variation caused by plasma membrane–localized 
VAMP2-pHluorin and system noise, and to calculate true error 
rates, computer simulations of exocytic events based on empir-
ical measurements were created (Fig.  1  F; see Materials and 
methods). The detection software was robust to the typical sig-
nal-to-noise ratio observed experimentally, with an error rate 
2–7% (Fig.  1  G), comparable or better than other algorithms 
(Sebastian et al., 2006; Yuan et al., 2015).

A series of measurements were made to describe the 
population of fusing vesicles (Fig. 1, H–L), including the fre-
quency of exocytosis per neuron (Fig.  1  I); the peak change 
in fluorescence per event (ΔF/F; Fig.  1, H and J), which es-
timates the amount of VAMP2-pHluorin per vesicle; the 
event t1/2 (Fig. 1, H and K), which represents how quickly the 
VAMP2-pHluorin fluorescence decayed; the shape of the initial 
exocytic boundary (major/minor axis; Fig. 1 L), and the time 
and location (x, y) of fusion. The shape of the t1/2 distribution 
exhibited no artificial truncation, indicating events with short 
or long t1/2 were detected. The frequency of VAMP2-pHluorin 
exocytic events detected from TIRF images by the software was 
not different from that counted by several independent trained 
users (Fig. 1 I; P = 0.56).
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Figure 1.  Automated identification and analysis of VAMP-pHluorin mediated exocytosis. (A) Overview of automated software. A cell mask is generated, 
followed by fluorescent maxima detection. A tracking matrix connects candidate events over time (Frame-to-Frame Tracking). (B) The tracking matrix was 
constructed using a Kalman filter to link a single exocytic event into a track over multiple frames. (C) Schematic and TIRF image montage show a typical 
exocytic event. Prefusion, VAMP2-pHluorin is not fluorescent (1, blue). Upon fusion pore opening (2, green), a bright fluorescent diffraction-limited spot 
appears. The VAMP2-pHluorin diffuses in the membrane over time (3, orange). (D) Example minimum projections of inverted TIRF time-lapse images before 
or after treatment with NH4Cl or TeNT. NH4Cl or TeNT treatment reduced the number of events detected (box plot, median ± interquartile range (IQR); 
whiskers reach minimum and maximum values within 1.5 times the IQR; n = 6 neurons per condition). See Video 2. (E) Box and whisker plots of effect of 
acquisition rate on exocytic detection (n = 17). (F) Examples of simulated images with noise of increasing Gaussian intensity. (G) Six simulations of exocytic 
events with increasing Gaussian or Poisson intensity demonstrate the robustness of the algorithm to image background and system noise. Typical experimen-
tal signal-to-background is highlighted in cyan. (H) ΔF/F for an individual exocytic event. Fusion pore opening occurs at time = 0 s. The normalized peak 
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Confirmation of detection of VAMP7-
mediated exocytosis
We next tested whether the algorithm also accurately de-
tected VAMP7-mediated events. Surprisingly, the frequency of 
VAMP7-mediated exocytosis detected was considerably lower 
than we previously reported using manual analysis (∼15-fold 
less; Fig. S1 B; Winkle et al., 2014). Alkalization with NH4Cl 
revealed numerous VAMP7-containing vesicles and confirmed 
VAMP7-pHluorin fluorescence was quenched by low pH 
(Fig. S3 A). To ensure the algorithm was capable of detecting 
VAMP7-mediated fusion, we coexpressed VAMP7-pHluorin 
along with an activating VAMP7 mutant lacking the autoin-
hibitory longin domain (VAMP7ΔLD; Martinez-Arca et al., 
2000). VAMP7ΔLD expression increased the frequency of 
VAMP7-mediated exocytosis (Fig. S3 B), as previously shown 
(Burgo et al., 2013), demonstrating the algorithm was capable 
of detecting VAMP7-mediated events.

Several potential factors could account for the disparity 
between the algorithm and hand-counted VAMP7-mediated 
exocytosis, including different image acquisition rates, unique 
attributes of VAMP7-containing vesicles, and the more rigor-
ous definition of a fusion event used by the algorithm. Artifi-
cially decreasing the temporal resolution of images to match 
the 2-Hz sampling rate used previously (Winkle et al., 2014) 
increased apparent exocytic frequency (Fig. S3 C) but did not 
account for the differences between automated and manually 
defined values. Because these newly identified events met al-
gorithm requirements only at reduced temporal resolution, we 
conclude they were unlikely true events. The peak ΔF/F and 
t1/2 were not significantly different between VAMP2-pHluorin 
and VAMP7-pHluorin (Fig. S3 D), indicating these were not the 
sources of incongruence. Along with artificially lowering the 
sampling rate, relaxing the algorithm requirement that events 
be nonmotile, a parameter that was difficult to assess manu-
ally, permitted the software to capture an exocytic frequency 
indistinguishable from previous studies (Fig. S3 C; Winkle et 
al., 2014). The mean squared displacement of events detected 
under this relaxed requirement was higher for VAMP7 than 
VAMP2 (Fig. S3 E), explaining why VAMP7-mediated events 
were previously overestimated and VAMP2-mediated events 
were not. To examine whether motile fluorescent puncta rep-
resented actual exocytic events, we coexpressed the autoinhib-
itory longin domain (VAMP7-LD; Martinez-Arca et al., 2000) 
with VAMP7-pHluorin. As reported, VAMP7-LD expression 
decreased VAMP7-pHluorin–mediated exocytic events when 
the nonmotile requirement was included in the detection al-
gorithm (Fig. S3 B). Upon relaxation of this parameter, an in-
crease in motile, VAMP7-mediated events was detected (Fig. 
S3, B and E). Together these results suggest that motile fluores-
cent events are not true exocytic events, and that the algorithm 
accurately detects exocytosis.

Spatiotemporal changes in exocytosis 
occur during development
With the algorithm validated, we set out to investigate devel-
opmental exocytosis. Dissociated neurons initially exhibit a 

“pancake-like” shape with peripheral protrusions. By 24 h in 
vitro, protrusions coalesce into immature neurites. By 48  h, 
neurons typically have several defined neurites, one of which is 
significantly longer and considered the axon. By 72 h, neurons 
are characterized by longer neurites and a longer, potentially 
branched axon. We hypothesized the temporal and spatial dis-
tribution of exocytosis in neurons would change over develop-
mental time, and potentially involve fusion of both VAMP2- and 
VAMP7-containing vesicles. We measured VAMP2-pHluorin 
and VAMP7-pHluorin exocytic parameters in mouse embryonic 
day 15.5 (E15.5) cortical neurons after 24, 48, and 72 h in vitro 
(Fig. 2, A–I; and Videos 3 and 4). The rate of VAMP7-mediated 
exocytosis was negligible under these conditions (Fig. 2 E), so 
we focused on VAMP2-mediated exocytosis. We mapped the 
spatial occurrence and density of VAMP2-pHluorin–mediated 
events (Fig. 2 A), which suggested that their spatial distribution 
was not uniform. Neurons were segmented into soma and neur-
ite regions of interest, and the frequencies of VAMP2-mediated 
exocytosis were compared, controlling for basal cell surface 
area (Fig. 2, B–D). At 24 h, exocytic frequency was faster com-
pared with 48 and 72 h (Fig. 2 B), and faster in the soma com-
pared with neurites (Fig. 2, C and D). This relationship between 
exocytic frequency in soma and neurites remained between 24 
and 48 h (Fig. 2, C and D). However, at 72 h, a redistribution 
occurred, with an increased frequency of events in neurites and 
decreased frequency in the soma (Fig. 2, C and D).

Exocytic heat maps revealed that events were potentially 
clustered into spatial hot spots (Fig. 2 A). To determine if exo-
cytosis was organized nonrandomly and to distinguish between 
clustering, randomness, or regular spacing (dispersal) of exo-
cytic events, we adapted Ripley’s K function (Ripley, 1976; see 
Materials and methods; Fig. 2, F and G). There has been limited 
use of the K function for analysis of exocytosis, restricted to 
individual cells of simple morphology (Díaz et al., 2010; Yuan 
et al., 2015). Group comparisons have not been performed, 
which limits statistical power, comparisons, and conclusions. 
In our case, an aggregated Ripley’s K function (L[r]) compares 
the experimental distances in space or time between detected 
events in multiple cells (Fig.  2 F) against the theoretical dis-
tances between the same number of events if they occurred 
randomly in the same space or time. Simulated random events 
were performed for each test group, based on the experimental 
events and experimental space or time. When the experimental 
Ripley’s K function ± SEM (LObs[r]) and the theoretical random 
Ripley’s K function (Ltheo[r]; Fig. 2 G, red line) overlap, events 
were randomly organized. At distances where LObs(r) rose above 
Ltheo(r), exocytosis was clustered (P < 0.05), and at distances 
where LObs(r) fell below Ltheo(r), events were dispersed (P < 
0.05). At 24 h, exocytosis exhibited spatial randomness in soma 
and neurites as well as temporal randomness (Fig. 2, H and I). 
In contrast, at 48 and 72 h, exocytosis was clustered into spa-
tial hot spots in both neurites and soma (Fig. 2 H), with higher 
clustering in the soma (P < 0.05). Spatial clustering in each re-
gion did not change between 48 and 72 h (P > 0.05). However, 
exocytosis became clustered into temporal bursts at these time 
points. Thus, spatial and temporal organization of exocytosis 

change in fluorescence intensity (peak ΔF/F) and event t1/2 (in s) are indicated. Initial fluorescence is estimated from 10 frames (1 s) before peak of fluores-
cence (initiation of exocytosis). t1/2 is estimated using a negative exponential decay. (I) Box and whisker plots of user-based and automated detection of the 
frequency of VAMP2-pHluorin–mediated exocytosis were not different (n = 16, paired t test, P = 0.56). Data points represent frequency per cell. Histograms 
of measured peak ΔF/F (J), event t1/2 (K), and major/minor axis of the first frame of each detected exocytic event (L). n = 462 exocytic events for each.
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Figure 2.  Spatiotemporal changes in exocytosis during neuronal development. (A) Heat maps of the density of VAMP2-mediated exocytosis in cortical neurons 
cultured in vitro for 24, 48, or 72 h before imaging. The blue and orange boxes demarcate soma and neurite examples used in F, respectively. (B) Frequency 
of VAMP2-pHluorin mediated exocytosis for basal plasma membrane of cortical neurons over developmental time. (*, P < 0.05; n = 17 cells per condition and 
464, 455, and 466 exocytic events per condition; box and whiskers plots, box shows median ± IQR and whiskers reach minimum and maximum values within 
1.5 times the IQR). See Video 3. (C and D) Box and whiskers plots of frequency of VAMP2-pHluorin–mediated exocytosis in the soma (C) and neurites (D) of 
cortical neurons. (E) Box and whiskers plots of frequency of VAMP7-pHluorin–mediated exocytosis for basal plasma membrane was not significantly different 
between time points (n = 14 cells per condition). See Video 4. (F) Schematics of Ripley’s L(r) function in spatial and temporal dimensions. Red dots represent 
exocytic events. (G) Example of Ripley’s L(r) analyses. The mean L(r) value of the aggregated data from multiple replicates (LObs[r], black line) and standard 
error of the data (Lerr[r], pink) is compared with the expected L(r) value of completely random exocytic events (Ltheo[r], red dashed line). (H) Spatial Ripley’s L(r) 
function analysis revealed that events were randomly distributed in the soma at 24 h, whereas exocytosis occurred in spatial clusters in the soma at 48 and 
72 h. Exocytosis followed a similar pattern in the neurites (LObs[r] = mean of 17 per condition). (I) Temporal Ripley’s L(r) function of exocytic events over time in 
mouse cortical neurons, yet temporal bursts of exocytosis at 48 and 72 h in vitro (LObs[r] = mean of 17 per condition). See Video 3.
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evolved from random to clustered during neuronal morphogen-
esis and was distinct in the soma and neurites.

A mathematical approximation of 
membrane expansion
To determine the significance of VAMP2-mediated exocytosis 
in the expansion of neuronal surface area, we sought to cal-
culate plasma membrane expansion and exocytic addition of 
membrane. A similar basal neuronal surface area was estimated 
from TIRF images of VAMP2-pHluorin and CAAX-GFP (Fig. 
S4 A). Folding of the plasma membrane was not observed in 
neurons expressing CAAX-GFP or VAMP2-pHluorin, whereas 
plasma membrane folding was apparent in nonneuronal cells in 
the culture expressing CAAX-GFP (Fig. S4 B). Scanning elec-
tron microscopy revealed that the apical membrane of neurites 
was flat, and only minimal apical membrane ruffling occurred 
on the growth cone and soma (Fig. S4 C). The neurite surface 
area was thus approximated by doubling the basal area. To ac-
count for the 3D shape of the soma with a flat basal surface 
attached to the coverslip, the soma was fit to a truncated ellip-
soid. The height of the ellipsoid was approximated via confocal 
z-stacks (Fig. S4 D) and the length and width via the longest 
and shorted axes of the soma (Fig. S4 E). Neurite and soma 
surface areas were summated to estimate neuronal surface area. 
We derived the increase in cell surface area between 24 and 48 h 
using a Bayesian linear model, based upon empirical neuronal 
surfaces area measurements, using time in vitro as a categori-
cal predictor (Fig. 3 A; see Materials and methods). Posterior 
predictive checking indicated that the model was a good fit 
(Fig. 3 B), with predicted credible regression lines showing a 
positive increase in surface area at 24 and 48 h (Fig. 3 C). The 
90% confidence interval showed that the surface area increased 
by 979–1018 µm2 with a mean of 999 µm2 (Fig. 3 D, blue line). 
This amounted to a ∼57% increase over a 24-h time period, 
more than previous estimates (Pfenninger, 2009).

We estimated the surface area added by VAMP2-medi-
ated exocytosis using the frequency of exocytosis (Fig.  2  B) 
and surface area of vesicles. A potential range of vesicular sur-
face areas was approximated from vesicle diameters measured 
from transmission electron micrographs of cortical neurons at 
48 h in vitro, with the assumption that vesicles were spherical 
(Fig. 3 E). Assuming a single population of vesicles with un-
imodal size distribution, and correcting for capturing random 
slices smaller than the actual vesicle diameter, we took the 
conservative estimate that the 75th percentile of the interquar-
tile range represented the vesicle diameter (130 nm; Plooster 
et al., 2017). We also considered a smaller vesicle population, 
using the 25th percentile of the interquartile range (80 nm). We 
estimated membrane addition between 24 and 48  h in vitro, 
using the following formula:

	​ y  = ​ {​[​
​y​ upper​​  =  S + ​​(​​ ​f​ 24​​ × z​)​​​

​  
​y​ lower​​  =  S + ​​(​​ ​f​ 48​​ × z​)​​​

 ​]​​,​

where y represents predicted neuronal surface area at 48 h, S is 
neuronal surface area at 24 h, f24 and f48 are exocytic frequency 
at 24 and 48 h, respectively, and z is surface area of vesicles. 
Because the frequency of exocytosis was not measurably differ-
ent on basal and apical membranes (Fig. S1), we used the mean 
frequency of basal exocytosis at 24 and 48 h (Fig. 2 B) to define 
the upper and lower bounds of VAMP2-mediated addition. The 
predicted mean membrane addition was ∼868–1,737 µm2 using 

the smaller vesicle size, and ∼2,200–4,587 µm2 using the larger 
vesicle size. These results suggested that VAMP2-mediated 
exocytosis provided excess material for developmental plasma 
membrane expansion (Fig. 3 D, green lines).

This excess delivery may be balanced by compensatory 
endocytosis. Both clathrin-mediated and clathrin-independent 
endocytosis occur at the synapse (Watanabe et al., 2013; Del-
vendahl et al., 2016), but the relative contributions of different 
forms of endocytosis at the synapse and in developing neurons 
is not known. In several cell types investigated, 95% of mem-
brane internalization occurs through clathrin-mediated endocy-
tosis (Pearse, 1976; Bitsikas et al., 2014). Therefore, we used 
tagRFP–clathrin light chain (Shaner et al., 2008) in conjunc-
tion with TIRF microscopy to measure the frequency of clath-
rin-mediated endocytosis (Fig.  3  F). The rate of endocytosis 
did not change between 24 and 48 h (Fig. 3 F). To exclude the 
clathrin coat, we measured the inner diameter of clathrin-coated 
vesicles from electron micrographs (34 nm; Fig. 3 G). With an 
additional parameter of clathrin-mediated membrane internal-
ization, we updated our formula:

	​ y  = ​ {​[​
​y​ upper​​  =  S + ​​(​​ ​f​ 24​​ × z​)​​​ − ​​(​​ ​e​ 24​​ × x​)​​​

​   
​y​ lower​​  =  S + ​​(​​ ​f​ 48​​ × z​)​​​ − ​​(​​ ​e​ 48​​ × x​)​​​

 ​]​​,​

where e24 and e48 are the endocytic frequency at 24 and 48 h and 
x is the surface area of clathrin-coated vesicles.

The new predicted mean membrane addition between 24 
and 48 h was ∼1–868 µm2 using the smaller exocytic vesicle 
estimation, and ∼547–2416 µm2 using the larger vesicle esti-
mation (Fig. 3 D, orange lines). These results suggest that, by 
first approximation, plasma membrane expansion in cortical 
neurons can be explained by VAMP2-mediated exocytosis and 
clathrin-mediated endocytosis.

Netrin-1 modulates the spatiotemporal 
distribution of exocytic events in neurites
To further determine how exocytosis is organized during neu-
ronal morphogenesis, we investigated the consequences of bath 
application of netrin-1 (Fig. 4, A–I), a guidance cue that accel-
erates neuronal morphogenesis (Winkle et al., 2016). Further 
validating the accuracy of the automated software, we con-
firmed previous findings (Winkle et al., 2014) that netrin stimu-
lation increased the frequency of exocytosis (Fig. 4 E). Analysis 
of individual events identified parameters that were insensitive 
to netrin, including the major/minor axis of the vesicle fusion 
event, the peak ΔF/F, and the t1/2 (Fig. 4, A–C). This suggests 
that netrin altered the probability of fusion, but the same vesi-
cles fuse with the plasma membrane using similar mechanisms, 
as they contained indistinguishable amounts of VAMP2-pHluo-
rin, and fluorescence dissipated with identical patterns.

Mapping the location and density of events (Fig.  4  D) 
revealed that netrin altered their nonuniform spatial distri-
bution. Interestingly, netrin increased the frequency of exo-
cytosis in the soma by ∼31% (Fig.  4  F), yet increased the 
frequency in neurites by 92% (Fig.  4 G), indicating neurites 
have increased responsiveness to netrin. Ripley’s K function 
revealed that exocytic events were nonrandomly clustered 
at all distances in soma and neurites. In neurites, netrin en-
hanced clustering (Fig.  4  H). In contrast, spatial clustering 
in the soma appeared to relax after netrin addition, although 
these changes were not significant. Ripley’s L(r) function 
showed temporal exocytic clustering that was lost upon netrin 
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Figure 3.  A mathematical estimation of membrane expansion. (A) Hierarchical diagram of the Bayesian linear model of neuronal surface area increases. 
Probability distributions (blue) of surface areas at 24 and 48 h represent priors imposed, with mean μ and SD σ for the normal distributions, and a uniform 
distribution for the model error. (B) Posterior predictions of surface area expansion by the model (orange lines) were compared with actual data (black 
line) to check for model fit. (C) Credible regression lines (orange) and mean (blue line) regression line of predicted plasma membrane expansion (n = 400 
credible regression lines, n = 62 cells). (D) Estimates of membrane addition between 24 and 48 h. The black line is the measured surface area at 24 h in 
vitro. The blue line and blue shaded area represent predicted amount of plasma membrane expansion using a Bayesian linear model (A–C). Green lines 
represent predicted membrane added by VAMP2-mediated exocytosis. Orange lines represent predicted net membrane addition from VAMP2-mediated 
exocytosis after accounting for clathrin-mediated membrane removal. (E) Example transmission electron micrograph and histogram of measured diameters 
of non–clathrin-coated vesicles with density line overlaid (black solid line), 25th percentile (red dotted line), and 75th percentile (black dotted line) of the 
interquartile range (n = 88). (F) Box and whisker plots of frequency of clathrin-mediated endocytosis (n = 7 cells at 24 h and n = 8 cells at 24 h; box 
represents median ± IQR and whiskers reach minimum and maximum values within 1.5 times the IQR). (G) Example transmission electron micrograph and 
histogram of measured diameters of clathrin-coated vesicles with a density line overlaid (black solid line). The 25th percentile of the interquartile range (red 
dotted line, 30 nm) and 75th percentile of the interquartile range (black dotted vertical line, 40 nm; n = 13).
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addition (Fig. 4 I). These results suggest that netrin modulates 
the distribution of exocytosis specifically in neurites and dis-
sipates temporal clustering.

Tripartite motif 9 is required for netrin-
dependent exocytic changes in neurites
To determine how netrin differentially affected exocytosis in 
the soma and neurites, we investigated the brain-enriched E3 
ubiquitin ligase tripartite motif (TRIM) 9, implicated in con-

straint of exocytosis and netrin responses (Winkle et al., 2014). 
Genetic loss of Trim9 did not change the major/minor axis of 
the initial vesicle fusion event, the peak ΔF/F, or the event t1/2 
(Fig. 4, A–C). Although Trim9 deletion increased exocytic fre-
quency and blocked netrin-dependent increases in exocytic fre-
quency (Fig. 4 E), responses in the soma were similar to Trim9+/+ 
neurons (Fig. 4 F), indicating somatic responses were TRIM9- 
independent. Neurites of Trim9−/− neurons, however, exhibited an 
approximately threefold increased frequency of basal exocytosis 

Figure 4.  Netrin and TRIM9-dependent changes in the distribution of exocytosis. (A–C) Individual data points and box and whisker plots of peak ΔF/F 
(A), t1/2 (B), and major/minor axis (C) of VAMP2-mediated exocytosis in Trim9+/+ and Trim9−/− cortical neurons, treated or untreated with netrin-1 (n = 562, 
632, 643, and 673 exocytic events per condition, respectively; box represents median ± IQR, whiskers reach minimum and maximum values within 1.5 
times the IQR). (D) Heat maps of density of exocytosis. (E) Individual data points and box and whisker plots of frequency of VAMP2-pHluorin–mediated 
exocytosis (n = 17 cells per condition). (F and G) Frequency of VAMP2-pHluorin–mediated exocytic events in the soma (F) and neurites (G). (H) Ripley’s 
L(r) function applied to the soma and neurites. The data line and pink surrounding SEM represent untreated, and the data line and surrounding blue SEM 
represent netrin-1–treated neurons (n = 17 cells per condition). (I) 1D Ripley’s L(r) function of exocytic events over time (n = 17 cells per condition).
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that was not further increased by netrin (Fig. 4 G). This suggests 
that TRIM9 regulates VAMP2-mediated exocytosis in neurites.

Ripley’s K function indicated that exocytic events were 
nonrandomly clustered at all distances measured in soma and 
neurites of Trim9−/− neurons (Fig.  4  H). Similar to Trim9+/+ 
neurons, spatial clustering in the soma of Trim9−/− neurons ap-
peared to relax after netrin addition. In contrast, spatial cluster-
ing in Trim9−/− neurites failed to increase in response to netrin 
(Fig.  4  H). Further, temporal clustering of exocytic events in 
Trim9−/− neurons persisted after netrin-1 addition (Fig.  4  I). 
This suggests that netrin-dependent modulation of the spatial 
distribution of exocytosis in neurites and the temporal cluster-
ing of exocytosis are TRIM9-dependent.

Different domains of TRIM9 modulate 
specific parameters of exocytosis 
in neurites
TRIM9 is a TRIM E3 ubiquitin ligase, characterized by a ubiq-
uitin ligase RING domain, two BBox domains that modulate 
ligase activity, and a CC motif that mediates multimeriza-
tion (Fig. 5 A). The TRIM9 CC motif also binds the exocytic 
t-SNA​RE SNAP25 (Li et al., 2001) and blocks SNA​RE com-
plex formation and vesicle fusion (Winkle et al., 2014). The 
TRIM9 C-terminal SPRY domain binds the netrin receptor 
DCC (Winkle et al., 2014). To elucidate how these domains 
modified parameters of exocytosis and netrin response, we per-
formed structure-function analysis. Expression of full-length 
and domain mutants of TRIM9 (Fig.  5  A) lacking the RING 
domain (TRIM9ΔRING), SPRY domain (TRIM9ΔSPRY), or 
CC motif (TRIM9ΔCC) in Trim9−/− neurons further indicated 
that TRIM9-dependent regulation of exocytosis occurred only 
in neurites (Fig. 5, B–D). Reintroduction of full-length TRIM9 
reduced the elevated basal frequency of exocytosis and returned 
netrin sensitivity to exocytic frequency in neurites (Fig. 5 C), 
exocytic clustering in neurites (Fig. S5 A), and relaxation of 
temporal clustering (Fig. S5 B).

TRIM9ΔRING expression reduced elevated basal fre-
quency of exocytosis in neurites, but failed to rescue netrin-de-
pendent changes in exocytic frequency (Fig.  5  C), spatial 
clustering (Fig. S5 A), or temporal clustering (Fig. S5 B). 
This indicated the ligase domain was unnecessary to constrain 
exocytosis, but required for response to netrin. Although pre-
vious studies demonstrated that TRIM9-dependent ubiquitina-
tion altered substrate function (Menon et al., 2015; Plooster et 
al., 2017), we did not observe netrin-1 or TRIM9-dependent 
changes in the ubiquitination of SNAP25 (Fig. S5 C), suggest-
ing that ubiquitin-dependent modulation of SNAP25 did not 
explain TRIM9-dependent changes in exocytosis. Expression 
of TRIM9ΔSPRY or TRIM9ΔCC failed to reduce the elevated 
frequency of exocytosis in the neurites (P = 0.23 and P = 0.33, 
respectively; Fig. 5 C) or the netrin-dependent reduction in tem-
poral clustering (Fig. S5 B). Expression of TRIM9ΔSPRY, but 
not TRIM9ΔCC, rescued the spatial exocytic clustering in re-
sponse to netrin-1 (Fig. S5 A), suggesting that TRIM9ΔSPRY 
retains partial netrin sensitivity. Together these results suggest 
that distinct domains of TRIM9 specifically constrain exocytosis 
and regulate spatial and temporal clustering in response to netrin.

Exocytosis in melanoma cells is 
distinctly organized
In contrast to developing neurons, nonneuronal interphase 
cells are typically at a steady-state size. To determine if spatial 

and temporal control of exocytosis varied in such a case, we 
investigated human VMM39 melanoma cells. We monitored 
exocytosis mediated by ubiquitous v-SNA​REs by imaging 
VAMP3-pHluorin or VAMP7-pHluorin (Fig.  6 and Video  5). 
VAMP3-pHluorin and VAMP7-pHluorin exhibited no differ-
ence in the frequency of exocytosis (Fig. 6 A); however, this 
frequency was slower than mediated by VAMP2 and faster than 

Figure 5.  Different domains of TRIM9 modulate specific parameters of 
exocytosis in neurites. (A) Domain organization of mouse TRIM9 (top) and 
domain mutants that lack the ubiquitin ligase containing RING domain 
(TRIM9ΔRING), the DCC binding SPRY domain (TRIM9ΔSPRY), or the CC 
motif (TRIM9ΔCC), which mediates TRIM9 multimerization and interaction 
with SNAP25. (B–D) Box and whisker plots of frequency of VAMP2-pHluo-
rin–mediated exocytosis across basal plasma membrane of neurons (box 
shows median ± IQR, whiskers reach minimum and maximum values within 
1.5 times the IQR). (B), neurites (C), or soma (D) in Trim9+/+ and Trim9−/− 
neurons expressing the indicated TRIM9 domain mutants (n = 17 for each 
condition; *, P < 0.05; **, P < 0.005). See Fig. S5.
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mediated by VAMP7 in neurons (P = 0.002 and P = 0.017, re-
spectively). Mapping the location and density of VAMP3- and 
VAMP7-mediated events revealed their spatial distributions 
were distinct (Fig.  6  B). VAMP7-mediated events appeared 
polarized, whereas VAMP3-mediated events were distributed 
throughout the cell. To quantify this distribution, we segmented 
the cell with lines 10 µm from the edges of the cell, perpendic-
ular to the longest axis (Fig. 6 B). VAMP7-mediated exocytosis 
occurred more in the larger end of the cell than in the middle 
and smaller end, whereas the frequency of VAMP3-mediated 
exocytosis was similar in each region (Fig. 6 C).

2D Ripley’s L(r) analysis demonstrated that VAMP7-me-
diated events clustered at all distances measured (Fig.  6  D). 
VAMP3-mediated exocytosis was organized distinctly; exocytic 
clustering was observed at 1.5–2.5 µm (Fig. 6 D, inset). How-
ever, at larger distances (4.5 µm), the Ripley’s L(r) value fell 
below spatial randomness, indicating dispersal of exocytic hot 
spots. 1D Ripley’s L(r) analysis of the timing of VAMP3- and 
VAMP7-mediated exocytic events revealed that both were tem-
porally random (Fig. 6 E). Together these investigations of the 

spatial and temporal organization of exocytosis in interphase 
cells revealed an organization and likely regulation of exocyto-
sis distinct from developing neurons.

Discussion

Here we built a computer-vision image analysis tool and applied 
extended clustering statistics to demonstrate that the spatiotem-
poral distribution of constitutive VAMP2-mediated exocytosis 
is dynamic in developing neurons, modified by both develop-
mental time and the guidance cue netrin-1, regulated differen-
tially in the soma and neurites, and distinct from exocytosis in 
nonneuronal cells. To our knowledge, this represents the first 
systematic, automated investigation of exocytosis in developing 
neurons. Our algorithm has several advantages over previously 
reported detection algorithms (Sebastian et al., 2006; Díaz 
et al., 2010), including a more rigorous definition of an exo-
cytic event, use of a Kalman filter for better tracking of events, 
and both simulated and experimental validation (Fig. 1 A and 

Figure 6.  Distinct spatiotemporal organi-
zation of fusion of different vesicles pools 
in melanoma cells. (A) Box and whisker 
plots of frequency of VAMP7-pHluorin– and 
VAMP3-pHluorin–mediated exocytosis in 
VMM39 melanoma cells (n = 9 cells/con-
dition; box shows median ± IQR, whiskers 
reach minimum and maximum values within 
1.5 times the IQR). (B) Heat maps of density 
of VAMP7- and VAMP3-mediated exocytosis 
in representative VMM39 melanoma cells. 
Solid white line demarcates longest axis of 
the cell. Dashed perpendicular lines indicate 
minor axes 10 µm from the tips of the longest 
axis. The area encompassed from the edge 
of the cell to the dotted lines were measured 
to define a larger and smaller end of the cell.  
(C) Box and whiskers plots of number of exo-
cytic events normalized to the larger end, 
middle, and smaller end of the cell. VAMP7- 
mediated exocytosis was polarized to the 
larger end of the cell (n = 9 cells). (D) 2D 
Ripley’s L(r) function applied to the spatial 
occurrence of VAMP7- and VAMP3-mediated 
exocytic events (n = 9). VAMP7-mediated 
events exhibited nonrandom clustering at all 
distances measured, whereas VAMP3-medi-
ated events were dispersed at larger distances 
in regularly spaced clusters 1.5–2.5 µm in 
size. (E) 1D Ripley’s L(r) function applied to the 
temporal occurrence of VAMP7- and VAMP3- 
mediated exocytic events. Both VAMP7 and 
VAMP3-mediated events exhibited random 
temporal occurrence. See Video 5.
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Video  1). Although statistics for spatial clustering exist, they 
have not been applied in cells with extreme polarized morphol-
ogy such as primary neurons, nor have they been aggregated 
to compare spatial and temporal parameters of fusion events 
across conditions. Our data and mathematical calculations sug-
gest that in developing neurons, addition of membrane mate-
rial by VAMP2-mediated exocytosis and endocytic retrieval of 
membrane by clathrin are sufficient to explain developmental 
plasma membrane expansion by first approximation.

Dynamic spatial regulation of exocytosis in 
developing neurons
Classic studies hypothesized that vesicles fuse at sites of cell 
growth (Feldman et al., 1981; Pfenninger and Friedman, 1993; 
Craig et al., 1995). Others suggested that membrane translo-
cates anterogradely to the extending neurite tips (Popov et al., 
1993), yet a systematic investigation of where vesicle fusion oc-
curs has been lacking. We suggest that at earlier developmental 
stages, rapid membrane expansion is needed, but the localiza-
tion of insertion is inconsequential. Perhaps with a less complex 
neuronal shape, cytoskeletal forces are sufficient to shape the 
plasma membrane. The developmental reduction in exocytic 
frequency but emergence of exocytic hot spots and shift of 
exocytosis toward neurites as neurons acquire a more complex 
morphology suggests that growth of individual neurites or indi-
vidual branches requires local membrane insertion. Differences 
in the spatial distribution of exocytosis between developmental 
time points and cellular shapes suggest that the location and 
clustering of membrane insertion via exocytosis are regulated 
and developmentally critical to reach appropriate neuronal mor-
phology. Our findings indicate that VAMP7-mediated vesicle 
fusion events were rare in the conditions and at the developmen-
tal time points investigated, and that VAMP2-mediated vesicle 
fusion occurred proximal to sites of growth, such as at the base 
of neurites and branches, supporting the anterograde membrane 
flow hypothesis at early developmental time points.

Calculating membrane growth in 
developing neurons
Several sources for membrane expansion have been identified, 
including exocytosis of secretory vesicles and/or lysosomes 
and membrane transfer at ER-plasma membrane contact sites 
(Arantes and Andrews, 2006; Pfenninger, 2009; Stefan et al., 
2013). Additionally, astrocytes donate membrane material to 
neurons through lipoprotein particles (de Chaves et al., 1997; 
Mauch et al., 2001). The relative contributions of these sources 
have not been explored. Our results and calculations showed 
that the predicted surface area supplied by VAMP2-mediated 
exocytosis was roughly 2–10 times greater than the measured 
expansion of neuronal surface area, and further that clath-
rin-mediated endocytosis compensates by removing excess 
material. The measured increase in surface area most closely 
overlaps with vesicle membrane addition estimated by the ad-
dition of larger vesicles. This vesicle size is supported by the 
likely underestimation of vesicle diameter from electron micro-
graphs and the unimodal distribution of vesicular VAMP2 con-
tent (Fig. 1 J). Although other modes of addition and retrieval 
may also be involved, VAMP2-mediated exocytosis and clath-
rin-mediated endocytosis together predict membrane addition 
that agrees with the membrane growth observed, suggesting 
that they may be the predominant mechanisms of membrane 
flux in developing neurons.

Exocytosis in the soma and neurites is 
distinctly regulated
Netrin-1 affects exocytosis distinctly in neurites and soma, sug-
gesting there is regional regulation of exocytosis. Different pro-
teins and vesicles have been shown to selectively enter certain 
regions of the developing neuron (Winckler et al., 1999; Dean 
et al., 2012; Petersen et al., 2014). We found that TRIM9 specif-
ically regulated exocytosis in neurites; however, TRIM9 is also 
present in the soma. Whether specific TRIM9 isoforms local-
ize and function distinctly or there is differential regulation of 
TRIM9 in the soma and neurites remains to be seen. In vitro, we 
found that cortical axons turn up attractive gradients of netrin-1 
(Taylor et al., 2015) and that this is absent in Trim9−/− neurons 
(Menon et al., 2015). Whether a gradient of netrin-1 induces 
TRIM9-dependent asymmetrical changes in the spatiotemporal 
pattern of exocytosis in the growth cone that are required for 
axon turning is not known.

Unlike TRIM9, F-actin is distributed differently in the 
neurite and soma, as well as within the turning growth cone (He 
et al., 2010). Actin polymerization exerts a mechanical force on 
the plasma membrane, which increases tension and alters vesi-
cle fusion (Kliesch et al., 2017). Because increased membrane 
tension has been coupled to increased exocytic activity (Wen et 
al., 2016), this may provide distinct regulation of exocytosis in 
the soma and neurites, and across the growth cone. Although a 
role for the actin cytoskeleton in exocytosis has been demon-
strated in multiple cell types (Eitzen, 2003), a systematic inves-
tigation of this in developing neurons has not been performed.

Polarized exocytosis in nonneuronal 
migrating cells
The slower frequency of exocytosis in melanoma cells is con-
sistent with melanoma cells not expanding their membrane. 
Polarized exocytosis has been suggested as a driving force in 
directional cell migration (Bretscher, 1996). Indeed, the rate of 
polarized exocytosis at the leading edge of fibroblasts correlates 
with the speed of migration, whereas disruption of cell polariza-
tion and polarized exocytosis is associated with loss of migration 
(Bergmann et al., 1983; Bretscher, 1996; Schmoranzer et al., 
2003). The role of different VAMPs in migration has not been 
systematically explored, even though evidence exists of their 
heterogeneous distribution, transport, and cargo (Advani et al., 
1998; Alberts et al., 2006; Oishi et al., 2006; Burgo et al., 2012; 
Bentley and Banker, 2015). The distinct spatial distributions of 
VAMP3- and VAMP7-mediated exocytosis observed here sug-
gest unique roles for these two vesicle populations in melanoma 
cells, with polarized VAMP7-mediated exocytosis potentially 
associated with expansion of the leading edge during motility.

Materials and methods

Animal work
All mouse lines were on a C57BL/6J background and bred at the 
University of North Carolina at Chapel Hill with approval from the 
Institutional Animal Care and Use Committee. Mouse colonies were 
maintained in specific pathogen-free environment with 12-h light and 
dark cycles. Timed pregnant females were obtained by placing male 
and female mice together in a cage overnight; the following day was 
designated as E0.5 if the female had a vaginal plug. The generation of 
Trim9−/− mice is described in Winkle et al. (2014). Mice were geno-
typed using standard genotyping procedures.
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Media, culture, and transfection of primary neurons and 
immortalized cell lines
Both male and female embryos were used to generate cultures and were 
randomly allocated to experimental groups. Cortical neuron cultures 
were prepared from day 15.5 embryos as previously described (Vies-
selmann et al., 2011). In brief, cortices were microdissected and neu-
rons were dissociated with trypsin and plated on poly-d-lysine–coated 
glass-bottom culture dishes in neurobasal media supplemented with B27 
(Invitrogen). This same media was used for all time-lapse experiments. 
For transfection, neurons were resuspended after dissociation in solution 
(Amaxa Nucleofector; Lonza) and electroporated with a nucleofector ac-
cording to manufacturer protocol. Recombinant netrin was concentrated 
from the supernatant of HEK293 cells (Serafini et al., 1994). Neurons 
were stimulated with 500 ng/ml of netrin-1 added 1 h before imaging.

CRI​SPR-generated TRIM9−/− HEK293 cells were described 
previously (Menon et al., 2015). HEK293 and VMM39 cells were 
maintained in DMEM + glutamine supplemented with 10% FBS. For 
HEK293 and VMM39 cell transfections, HEK293 cells were trans-
fected using Lipofectamine 2000 per manufacturer protocol.

Plasmids and antibodies
pEGFP-SNAP25B was acquired from L.  Chamberlain (University of 
Edinburgh, Edinburgh, Scotland, UK). pcDNA3.1-HA rat DCC was 
acquired from M. Tessier-Lavigne (Stanford University, Stanford, CA). 
PcI-human-VAMP2-pHluorin was acquired from the Rothman labora-
tory (Yale University, New Haven, CT). pCAX-human VAMP3-pHluorin 
and pCAX-human VAMP7-pHluorin have a β-actin promoter (Gup-
ton and Gertler, 2010). pEGFP-human VAMP7 N terminus (longin; aa 
1–120) and VAMP7 C terminus were cloned into an mcherry vector. 
mTagRFP-T–clathrin-15 was obtained through Addgene from M. David-
son (Florida State University, Tallahassee, FL). FLAG-tagged ubiquitin 
was obtained from B. Philpot (University of North Carolina at Chapel 
Hill, Chapel Hill, NC). GFP-CAAX was obtained from Richard Cheney 
(University of North Carolina at Chapel Hill, Chapel Hill, NC). Antibod-
ies include a rabbit polyclonal against GFP (A11122; Invitrogen) and 
ubiquitin (sc-8017; Santa Cruz Biotechnology).

Imaging and image analysis
All TIRF and widefield time-lapse imaging was performed using an in-
verted microscope (IX81-ZDC2; Olympus) with MetaMorph acquisition 
software (Molecular Devices), an electron-multiplying charge-coupled 
device (iXon), and a live cell imaging chamber (Tokai Hit Stage Top 
Incubator INUG2-FSX). The live cell imaging chamber maintained hu-
midity, temperature at 37°C, and CO2 at 5%. For all neuronal exocy-
tosis assays, neurons in culture media expressing VAMP2-pHluorin or 
VAMP7-pHluorin were imaged at the indicated time point in vitro with 
a 100× 1.49 NA TIRF objective and a solid-state 491-nm laser illumina-
tion at 35% power at 110-nm penetration depth or in widefield epifluo-
rescence using a xenon lamp. Images were acquired with MetaMorph 
software onto an iXon camera (Andor) using stream acquisition, imaging 
once every 100 ms for 2 min (10 Hz) or at the indicated acquisition rate. 
For measuring exocytosis in melanoma (VMM39) cell lines, images of 
interphase cells in culture media were acquired at 24 h after transfection 
with the indicated VAMP-pHluorin construct with a 100× 1.49 NA TIRF 
objective and a solid-state 491-nm laser illumination at 35% power at 
110-nm penetration depth. Images were acquired with MetaMorph soft-
ware onto an iXon every 500 ms for 3 min. For all endocytosis assays, 
neurons expressing clathrin light chain–tagRFP were imaged at 1 Hz 
with a 100× 1.49 NA TIRF objective and a solid-state 561-nm laser illu-
mination at 40% power at 110-nm penetration depth.

Confocal Z-stack images of E15.5 cortical neurons at 2 d in 
vitro in culture media were acquired with Zeiss ZEN image acquisition 

software on an 880 confocal laser scanning microscope (Zeiss) with 
a 32-channel GaAsP spectral detector (Zeiss) with 45% quantum ef-
ficiency using a Plan Apo 63× 1.4 NA oil objective (Zeiss), equipped 
with an incubator ensuring temperature at 37°C and CO2 at 5%. Scan-
ning electron micrographs were acquired with a Zeiss Supra 25 Emis-
sion Scanning Electron Microscope with a Standard T-E secondary 
electron detector at 3,500× magnification, 5 Kv. Transmission electron 
micrographs were acquired with a FEI Tecnai T12 Transmission Elec-
tron Microscope using Tecnai software (Thermo Fisher Scientific) and 
a 1k × 1k digital CCD (model 794; Gatan).

ImageJ software (National Institutes of Health) was used for 
general viewing of images and videos.

Exocytic detection algorithm
The automated exocytic detection and image processing was written 
as a suite of MAT​LAB files with an execution script and performed in 
MAT​LAB, with analysis of Ripley’s K and other statistics performed in 
the statistical language R with RStudio. To detect exocytic events, frames 
were first convolved with a Gaussian filter followed by local application 
of an h-dome transform (Vincent, 1993), to detect bright, round-shaped 
objects inside the cell mask against local variations in fluorescence. 
Gaussian mixed models were fit to local fluorescent maxima in each 
frame (Bishop, 2006), allowing the detection of both diffraction-limited 
and larger fluorescent objects. We defined a small radius expected to en-
compass the expansion and/or movement centered on potential fusion 
events identified in the initial frame (t0). Using a cost matrix (Jaqaman et 
al., 2008), detected events that fell into the prediction radius were identi-
fied as the same object; if not, they were identified as a new object. The 
parameters of the cost matrix, including distance between predicted and 
detected locations, were determined experimentally based on the number 
of false positives and false negatives detected (Fig. S2, B and C; Matov 
et al., 2010). The prediction radius was refined in subsequent frames (ti + 
1) based on prior behavior of detected objects. This iterative process con-
tinued through the sequence of images to build connected object tracks, 
which represented potential exocytic events. Bona fide exocytic events 
were defined as transient, nonmotile (mean squared displacement <0.2 
µm2) objects that reached peak fluorescence intensity four deviations 
above the average local background intensity at t0 (the first frame the 
object was detected in), followed by a detectable exponential fluorescent 
decay (≥3 frames) with no limit on how long the events could last. Ob-
jects that did not meet these requirements were discarded.

Clathrin-mediated endocytosis detection
An h-dome transform was performed on neurons expressing clathrin 
light chain–tagRFP to detect fluorescent maxima in each frame. Fluo-
rescent puncta that lasted at least 20 s before disappearing were consid-
ered endocytic events (Loerke et al., 2009).

NH4Cl and TeNT treatments
Neurons transfected with VAMP2-pHluorin or VAMP7-pHluorin were 
imaged at 48 h as in the Imaging and image analysis section. Either 
25  mM NH4Cl or 50 nM TeNT (Sigma-Aldrich) were added to the 
neurons followed by either immediate imaging for NH4Cl treatment or 
imaging 30 min after the addition of TeNT. Analysis of exocytic events 
were performed as described in the Exocytic detection algorithm section.

Simulation of exocytosis
VAMP2-pHluorin signal on the cell surface was simulated with a 
normal distribution using a mean and SD equivalent to the measured 
median, to account for outlier fluorescent pixels, and SDs of exper-
imental VAMP2-pHluorin signal. Gaussian fluorescent peaks with 
varying means and SDs, approximated from user-identified exocytic 
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events, were added to simulate exocytic events. To represent random 
noise, a range of intensities based on typical images that followed a 
Poisson or Gaussian distribution were added to simulated images (Paw-
ley, 1990; Waters, 2009).

Surface area estimation
To estimate the surface area, we used TIRF images of VAMP2-pHluo-
rin expressing cells. The soma was identified and segmented from the 
neurites, and the basal surface area of each was calculated separately. 
Total neurite area was estimated as doubling the measured basal mem-
brane area. The mean height of the soma (∼11 µm) was obtained from 
confocal image z-stacks through cortical neurons at 48 h in vitro. The 
major and minor axis of the soma were measured and used with the 
mean height of the soma to calculate the surface area using the calcula-
tion for a truncated ellipsoid:

	​​  3 __ 4 ​ 4π ​​[​ ​​(​​ab​)​​​​ 1.6​ + ​​(​​ac​)​​​​ 1.6​ + ​​(​​bc​)​​​​ 1.6​  _______________ 3 ​ ]​​​ 
​  1 ___ 1.6 ​

​ + ​ πab ___ ​c​​ 2​ ​​​ (​​0.75c​)​​​​​(​​3c − 0.75c​)​​​,​

where a, b, and c represent the three axes of the soma (length, width, 
and height, respectively). The surface area of soma and neurites were 
summated to obtain the final surface area estimate of the neuron. For 
calculating local SD of fluorescence intensity of GFP-CAAX, a 9 × 9 
square filter was convolved on each pixel, replacing the value with the 
SD of the 9 × 9 block of pixels.

Statistical analysis
The software package R was primarily used for statistical analysis of 
data. Both R and Adobe Illustrator were used for the generation of fig-
ures. At least three independent experiments were performed for each 
assay. Normality of data was determined by Shapiro-Wilk test. For 
two-sample comparisons of normally distributed data, an unpaired t 
test was used for two independent samples, or a paired t test for paired 
samples. For multiple comparisons, ANO​VA was used to determine 
significance, followed by unpaired or paired t tests corrected using the 
Benjamini-Hochberg method. For analysis of nonnormally distributed 
data, the Mann-Whitney test was used for two samples. For more than 
two samples, Kruskal-Wallis nonparametric ANO​VA was used to de-
termine significance followed by the Benjamini-Hochberg method. For 
all Ripley’s L(r) functions, comparisons between individual L(r) func-
tions were made using the Studentized permutation test (Hahn, 2012). 
To test for differences between groups of L(r) functions, we first aggre-
gated K functions and performed Diggle’s test, (Diggle et al., 1991). 
The R package “brms” was used to run the Bayesian linear model and 
generate the graphs used in Fig. 3.

Bayesian linear model
A Bayesian linear model was used to calculate the increase in neuronal 
surface area between 24 and 48 h in vitro. We made the assumption that 
neuronal surface area can only increase over time, and thus used a Γ 
link function for the response variable. To give more weight to the data, 
we chose a weakly informative prior distribution for the predictor (nor-
mal distribution with mean of 500, σ of 100), with the assumption that 
neurons increased surface area over time with no chance of decreasing 
surface area, and a uniform distribution 0–10 for the variance.

Ripley’s K test of complete spatial randomness or complete temporal 
randomness
Ripley’s K function is defined in two dimensions as

	​​ K ^ ​​​(​​r​)​​​  = ​ λ​​ −1​ ​∑ 
i≠j

​ ​​ w ​​(​​​l​ i​​, ​l​ j​​​)​​​​ 
−1

​ ​ 
I​​(​​​d​ ij​​  <  r​)​​​

 _______ n ​ ,​

where λ is the intensity, described as λ = n/A, A is the area encompassing 
the points, n is the number of points, I is an indicator function (1 if true 
and 0 if false), dij is the Euclidian distance between the ith and jth point, and 
r is the search radius. To correct for edge effects, the function is weighted 
by w(li,lj), which represents the fraction of search radius that contains A.

The soma of neurons was analyzed using Ripley’s K function. 
However, long, narrow, and branched neurites posed a challenge to the 
spatial analysis, even with an edge corrector. Thus, we skeletonized 
neurites, and considered them a 1D network (Fig. 2 F). Exocytic events 
in neurites were mapped to the nearest point on the network. We then 
performed an extension of Ripley’s K function, the network K func-
tion, which takes the form

	​​ K ^ ​​​(​​r​)​​​  = ​ 
​|​​​L​ t​​​|​​ _____ ​​(​​n − 1​)​​​n ​ ​∑ 

i=1
​ 

n
 ​​ ​  ∑ 

i≠j,j=1
​ 

n
  ​​ I​​(​​​d​ ij​​  <  t​)​​​,​

where Lt is the union of all links in the network, and dij is the network 
distance between points (Okabe and Yamada, 2001).

Finally, to test the temporal clustering of exocytosis, we per-
formed Ripley’s K function in 1D:

	​​ K ^ ​​​(​​r​)​​​  = ​ λ​​ −1​ ​∑ 
i≠j

​ ​​ w ​​(​​​l​ i​​, ​l​ j​​​)​​​​ 
−1

​ ​ 
I​​(​​​u​ ij​​  <  r​)​​​

 _______ n ​ ,​

where uij is the distance between points on a 1D line (uij = |ui − uj|); 
w(li,lj) is the fraction of the search length, r, that overlaps the number 
line (0,T); and T is the length of the 1D search space (Fig. 2 F, total time 
imaged for temporal analysis).

With the assumption that all cells measured in a group exhibit the 
same clustering pattern, the group-specific mean function is defined as:

	​​​ K ¯ ​​ i​​​​(​​r​)​​​  = ​ ∑ 
j=1

​ 
​m​ t​​

 ​​ ​w​ ij​​​K ^ ​​​(​​t​)​​​​

for each ith group, and the mean K function mean of the total population is

	​​ K ¯ ​​​(​​r​)​​​  = ​  1 __ n ​ ​∑ 
i−1

​ 
g
 ​​ ​n​ i​​ ​​K ¯ ​​ i​​​​(​​t​)​​​,​

where wij = nij/ni, ni is the number of points in the ith group, and n is the 
total number of points of all groups. A test statistic

	​​ D​ g​​  = ​ ∑ 
i=1

​ 
g
 ​​ ​​∫ 

0
​ ​t​ 0​​ ​​​​[​​​​K ¯ ​​ i​ 1/2​​​(​​t​)​​​ − ​​K ¯ ​​​ 1/2​​​(​​t​)​​​​]​​​​​ 2​dt​

is used to test differences between groups. We use the mean sampling 
variance of the functions weighted by wij to construct confidence in-
tervals ± two SEMs. To attach p-values to observed test statistics, 
we use a bootstrapping procedure to determine the distribution of 
Dg. To do so, we define

	​​​ R ^ ​​ ij​​​​(​​t​)​​​  = ​ n​ ij​ 1/2​​​[​​​​K ^ ​​ ij​​​​(​​t​)​​​ − ​​K ^ ​​ i​​​​(​​t​)​​​​]​​​​

as the residual K functions. We obtain the approximate distribution of 
Dg by bootstrapping the residual K functions

	​​​ K ^ ​​ ​ij​​ *​​​​​(​​t​)​​​  = ​ K ¯ ​​​(​​t​)​​​ + ​n​ ij​ −1/2​ ​​R ^ ​​ ​ij​​ *​​​​​(​​t​)​​​​

drawing at random with replacement from Rij(t), keeping the group 
sizes fixed. This bootstrapping procedure is performed 999 times, and 
the observed Dg values are ranked among the bootstrapped Dg values to 
obtain p-values of the null hypothesis: that the two groups being com-
pared came from the same distribution (Diggle et al., 1991).

For ease of interpretation, we use the variance-stabilized Rip-
ley’s K function, L(r), which gives an L(r) equivalent to the radius 
(r) under spatial or temporal randomness (Ltheo[r]). To test whether 
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exocytic events are clustered, the L(r) function of aggregated observed 
data is compared with Monte Carlo simulations of complete spatial 
randomness (LCSR[r]) or complete temporal randomness (LCTR[r]; Dig-
gle, 2013). Under traditional Ripley’s K analysis, LCSR(r) is equivalent 
to πr2; in the case of a network function, LCSR(r) is equivalent to the 
uniform distribution of points on the network. LCTR(r) is equivalent to 
a uniform distribution.

Ubiquitination assays
To measure ubiquitination of SNAP25, HEK293 cells were trans-
fected with HA-DCC, FLAG-ubiquitin, and SNAP25-GFP and 
cultured for 24  h.  4  h before lysing, the cells were treated with 
10 µM MG-132 or 10 µM MG-132 and 600 ng/ml of netrin-1. The 
treated HEK cells were lysed in 20  mM Tris-Cl, 250  mM NaCl, 
3  mM EDTA, 3  mM EGTA, 0.5% NP-40, 1% SDS, 2  mM DTT, 
5  mM N-ethylmaleimide, 3  mM iodoacetamide, and prote-
ase and phosphatase inhibitors (15  mM sodium pyrophosphate, 
50  mM sodium fluoride, 40  mM β-glycophosphate, 1  µM so-
dium vanadate, 150 µg/ml phenylmethylsulfonyl fluoride,  
1 µg/ml leupeptin, and 5 µg/ml aprotinin), pH, 7.4.  For 6 million 
cells, 270 µl of lysis buffer was added and incubated on ice for 10 
min. Cells were removed from the dish and transferred into tubes. 
30 µl of 1× PBS was added, and samples were gently vortexed. Sam-
ples were boiled immediately for 20 min until they turned clear, 
then were centrifuged at 14,000 g for 10 min. The boiled samples 
were diluted using lysis buffer without SDS to reduce the SDS 
concentration to 0.1%. For immunoprecipitation of GFP-SNAP25, 
IgG-conjugated A/G beads (sc-2343; Santa Cruz Biotechnology) 
were used to preclear lysates for 1.5 h at 4°C with agitation. A/G 
beads coupled to anti-GFP Ab (Neuromab) were agitated within 
precleared lysates overnight at 4°C to precipitate GFP-SNAP25. 
Beads were washed three times with lysis buffer, and bound pro-
teins were resolved by SDS-PAGE and analyzed by immunoblot-
ting for GFP, FLAG, and HA.

Online supplemental material
Fig. S1 shows that TIRF imaging captures VAMP2-pHluorin– and 
VAMP7-pHluorin–mediated exocytosis efficiently. Fig. S2 presents 
the Kalman filter algorithm and parameter selection. Fig. S3 presents 
confirmation of VAMP7-pHluorin exocytosis. Fig. S4 presents esti-
mation of exocytic addition and membrane surface area increases in 
developing neurons. Fig. S5 shows that specific domains of TRIM9 
modulate distinct parameters of exocytosis in neurites. Video 1 shows 
algorithm identification of exocytic events. Video  2 confirms that 
detected exocytic events are transient and TeNT-sensitive. Video  3 
demonstrates that VAMP2-mediated exocytosis changes over devel-
opmental time. Video 4 shows that VAMP7-mediated exocytosis adds 
a negligible amount of membrane. Video  5 demonstrates VAMP3- 
and VAMP7-mediated exocytosis in VMM39 melanoma cells. Run_
script.m runs the entire detection algorithm over a folder of image 
stacks. Cell_mask.m creates a binary mask of a cell from a fluorescent 
image. Detection_algorithm.m finds all possible exocytic events and 
fluorescent puncta in each image of a z-stack. Multiobject_tracking.m 
performs the Kalman filter function, linking fluorescent events across 
frames and throwing out nonexocytic objects. Extract_fusion.m com-
piles the fluorescent pixel values, time points, and x and y positions 
of exocytic events and saves them to a CSV file. Full_fusion_script.R 
computes features of each exocytic event. Cell_SurfaceArea.R com-
putes the surface area of the cell soma gives the length, width, and 
height. Bayesian_Cell_Model.R performs linear Bayesian analysis. 
Spatial_analysis.R performs the Ripley’s K function on exocytosis 
given a list of events and a cell mask.
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