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Abstract

Exocytosis involves interactions between secretory vesicles and plasma membrane. Studying the
membrane response is thus critical to the understanding of this important cellular process and to
differentiate different mediator release patterns. Here we introduce a label-free optical imaging
method to detect the vesicle-membrane interaction induced membrane deformation associated
with single exocytosis in mast cells. We show that the plasma membrane expands by a few tens of
nm accompanying each vesicle release event, but the dynamics of the membrane deformation
varies from cell to cell, which reflect different exocytosis processes. Combining the temporal and
spatial information allows us to resolve complex vesicle release processes, such as two vesicle
release events that occur closely in time and location. Simultaneous following of a vesicle release
with fluorescence and membrane deformation tracking further allows us to determine the
propagation speed of the vesicle-release induced membrane deformation along the cell surface,
which has an average value of 5.2 + 1.8 um/s.
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Exocytosis is a basic cellular process that involves membrane fusion and vesicular secretion
of intracellular substances, such as neurotransmitters, exosomes, hormones and enzymes,
which are critical for various cellular functions, including cell-cell communications, immune
responses, synaptic signal transmission and cellular metabolism.13 Uncontrolled exocytosis
results in cell proliferation, migration, invasion and tumor development.# To monitor the
rapid exocytosis process, the detection methods require high sensitivity and high temporal
resolution. The current available techniques include electrophysiological recording,
electrochemical detection, microscopic imaging and spectroscopic analysis.>— The
electrophysiology method measures cellular membrane capacitance by the whole cell patch
clamp technique.19-13 Although powerful, the membrane capacitance reflects an overall
cellular surface area change, which does not provide the spatial information of an exocytosis
event. The electrophysiological recording method, on the other hand, has limited throughput
because it measures one cell at a time. The electrochemical method detects the oxidation
current of molecules released from vesicles with microelectrodes, 1420 which can quantify
the amount of the secretory molecules and monitor the dynamic process of fusion with high
sensitivity?1=22, But it is limited to vesicles containing electroactive species. The
fluorescence microscopy imaging approach can detect individual exocytosis events with
high spatial resolution, 23-28 in which the total internal reflection fluorescence microscopy
(TIRFM) is commonly used to visualize the vesicle movement and fusion2%-30, However,
the temporal resolution of fluorescence imaging is limited by the number of photons emitted
from the fluorophores31. Also, the fluorescence imaging signal does not provide direct
information on the cell membrane mechanical deformation.

Here we report a label-free method to image single vesicle fusion-induced cellular plasma
membrane deformation with ~10 nm precision and milliseconds temporal resolution in mast
cells. Mast cells have been established as the key effector cells in allergic disorder, more
importantly, they are associated with diverse immunological regulations32-34, During the
vesicle exocytosis process, different mediators/exosomes are released for various
functions32, which can be used for disease diagnosis and prognosis3®. However, the
mechanisms underlying differential mediator release are poorly known36. By monitoring the
cellular membrane response during single vesicle release, we are able to differentiate
different secretory processes, which is critical for cell phenotyping and for disease diagnosis
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and treatment. Various optical techniques have been developed for detecting cell membrane
fluctuations, including phase, scattering and interference based methods37-42. This work
combines the phase contrast imaging with a differential optical tracking algorithm to track
displacement at cell edges. Comparing to fluorescence imaging, the phase contrast imaging
is label-free and provides high-contrast images with decent temporal resolution, which can
reveal detailed kinetics of the rapid exocytosis process. We monitored the vesicle release
events in single cells and map the spatial distribution of the cell membrane deformation
induced by vesicle fusion and its evolution over time. From the temporal and spatial
patterns, we identified different membrane responses, corresponding to different exocytosis
modes, such as full fusion and “kiss-and-run” exocytosis. Simultaneous recording of cell
membrane deformation and fluorescence further allowed us to validate the single exocytosis
and study the propagation of exocytosis-induced membrane deformation along cellular
membrane surface. This work provides new insights into exocytosis, and the nm-membrane
deformation tracking capability may be extended to study other cellular processes, such as
endocytosis for drug delivery, and discriminate cell phenotypes with different mediator
release for disease diagnosis.

Methods and Methods

Materials

Cell culture

2,4-dinitrophenylated albumin from bovine serum (DNP-BSA) was purchased from Life
Technologies (Carlsbad, CA). Monoclonal anti-Dinitrophenyl (anti-DNP) IgE, fluorescein
isothiocyanate-dextran (FITC-dextran) and serotonin molecules were purchased from
Sigma-Aldrich (St. Louis, MO). All solutions used in the experiments were prepared with
home-made fresh extracellular buffer (135 mM NaCl, 5 mM KCI, 20 mM HEPES, 1.8 mM
CaCly, 1 mM MgCly, 5.6 mM glucose, pH = 7.4). All reagents were analytical grade from
Sigma-Aldrich, except those stated.

RBL-2H3 cells were purchased from American Type Culture Collection (ATCC, Rockville,
MD). RBL-2H3 cells were cultured in a humidity incubator at 37°C with 5% CO, and 70%
relative humidity. Eagle’s Minimum Essential Medium (EMEM, ATCC 30-2003) with 15%
heat inactivated Fetal Bovine Serum (FBS, Life Technologies, Carlsbad, CA) and 1%
penicillin-streptomycin (BioWhittaker, Basel, Switzerland) were used as culture medium for
cell growth. RBL-2H3 cells were cultured in 25 cm? flask and passaged when approximately
80% confluence was reached. 0.05% trypsin-EDTA (Life Technologies, Carlsbad, CA) was
used for cell passage.

Vesicle release initiation

RBL-2H3 cells were transferred to 35 mm diameter tissue culture petri dish (Corning Inc.,
Corning, NY) for overnight culture. 200 pM serotonin, 0.5 pg/ml monoclonal anti-
Dinitrophenyl (anti-DNP) IgE and 1 mg/ml fluorescein isothiocyanate-dextran (FITC-
dextran, molecular weight 150 KDa) were added to the culture medium for vesicle release
preparation. Serotonin was used to increase the size of vesicle, and this concentration has no
obvious effects on exocytosis kinetics 4344, FITC-dextran was used to label the cells for
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simultaneous tracking of vesicle release with fluorescence imaging and cell membrane
deformation. Anti-DNP IgE was used to bind with the cell surface expressed high affinity
IgE receptors (FceRl). Antigen, 2,4-dinitrophenylated albumin from bovine serum (DNP-
BSA), was introduced to bind to anti-DNP IgE and cross-link FceRI, which initiated a
signaling cascade leading to vesicle exocytosis of the cells and release of chemical
mediators*4,

Before each measurement, the cells were rinsed with 0.1% BSA in an extracellular buffer
(135 mM NaCl, 5 mM KCI, 20 mM HEPES, 1.8 mM CaCl,, 1 mM MgCl,, 5.6 mM glucose,
pH=7.4) for three times to block the surface followed by another three times wash with
extracellular buffer only to remove extra BSA. A petri dish with cells in 1 mL extracellular
buffer was transferred to the microscope, and phase contrast and fluorescent images were
recorded after addition of 1 mL of 5 ug/ml DNP-BSA into the petri dish.

Optical setup

An inverted microscope (Olympus 1X81) equipped with a phase 2 condenser and phase 2
40X objective was used with illumination from the top of the sample cells (Fig. 1A). The
phase contrast image was recorded by a Hamamatsu camera with frame rates up to 400 fps
for tracking membrane deformation. A set of optical filters (Ex420-480/Em515) was used
for fluorescence excitation and collection, and the fluorescent image was recorded at a frame
rate of 8 fps with a second Hamamatsu camera for vesicle exocytosis validation. To
synchronize the recording time of the phase contrast and the fluorescent image sequences, a
shutter was used to cut off the common light path of fluorescent and phase contrast imaging
and aligning the two image sequences allow synchronization (Fig. S2).

Fluorescent imaging

Fluorescent imaging is used for single exocytosis validation. The fluorescence emission was
from the excitation of fluorescein isothiocyanate—dextran (FITC-dextran), which was added
to the cell before overnight culture. FITC-dextran was sensitive to the pH of the medium.
Before vesicle release, the fluorescence signal of FITC-dextran was quenched by the low-pH
of vesicle medium, and during vesicle release, the fluorescence signal was activated by
neutral pH extracellular medium. The fluorescence image was captured simultaneously with
the phase contrast images for vesicle release validation.

Signal analysis

The membrane deformation measured with the differential edge tracking method was
represented in color scale (Supporting Information S-1). The spatial distribution of the
membrane deformation along a cell edge was tracked by extracting the membrane
deformation magnitudes of different positions near the time point where the deformation is
maximum, and the temporal profile of the membrane deformation at different locations
along the cell edge was extracted. By averaging the membrane deformations at different
locations, an average temporal profile of the vesicle release was obtained. By fitting the
spatial distribution with Gaussians, the center of the vesicle release and the full width at half
maximum (FWHM) of the spatial distribution were obtained, and the fitted peaks indicated
the number of the exocytosis events.
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Results and discussion

Detection principle

We studied vesicle release in RBL-2H3, a rat basophilic leukemia cell line (Fig. 1). The
RBL-2H3 cell surface was expressed with immunoglobulin E (IgE) receptors (FceRl),24
which were activated by IgE antibody binding. Exocytosis in the cells was initiated by
specific binding of an antigen to the antibody,2° during which the vesicle docks and interacts
with the plasma membrane of the cells (Fig. 1D). To investigate the membrane responses
during vesicle release, we used a dual-optical system to simultaneously record phase
contrast and fluorescence images of the cells (Fig. 1A). The phase contrast imaging, together
with a differential optical tracking algorithm described below, allows tracking of nm-scale
membrane deformation associated with vesicle release, and the fluorescence imaging based
on the pH sensitive fluorescent dye helped validate individual vesicle release events tracked
by the membrane deformation. Figs. 1B and 1C show a typical phase contrast image and the
fluorescence image of a cell, respectively, where the red arrows mark the locations of vesicle
release.

Because of the small sizes of the vesicles, the vesicle release-induced cell membrane
deformation is expected to be small. To measure the small deformation, we used a
differential optical tracking method to measure position changes in the cell edge associated
with the membrane deformation. The differential optical method includes the following
steps. First, the edge of a cell is identified from the phase contrast image (Fig. 1B). Second,
a rectangular region of interest (ROI) is selected such that the edge of a cell passes through
the center of the ROI. The rectangular ROI is then divided into two equal halves, one half is
inside of the cell (red) and the other half falls outside of the cell (blue, Fig. 1D). When the
cell membrane deforms, the image intensity of one half (1) increases while the other half
(1) decreases. Third, the differential image intensity of the two halves is defined as (11-15)/
(11+15), which is used to determine the cell membrane deformation at each ROI location
(Supporting Information S1). To convert the differential image intensity to an actual cell
edge membrane deformation, calibration was performed using a procedure described in
Supporting Information Fig. S1. This differential optical detection subtracts the common
noise in optical system, thus providing excellent detection limit.

Vesicle release measured by tracking cell edge deformation

We studied exocytosis in different cells and observed membrane responses with variable
temporal and spatial characteristics. One reprehensive response is a rapid expansion of the
cell membrane upon vesicle release followed by slow or little recovery. One such example is
shown in Fig. 2A (top), which plots the membrane deformation of a cell associated with a
vesicle release event, revealing a rapid membrane deformation by ~56 nm over 0.275 s
followed by slow recovery, where 1, 11, 111 and IV mark different time points during the
process. The corresponding snapshots of the phase contrast images at these time points are
labeled by I, II, 111 and IV in Fig. 2A (bottom). The cell deformation is too small to be
directly visible in the phase contrast images, so the magnitude of the cell deformation
determined by the differential tracking method is represented with a color scale overlaid on
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the phase contrast images. The insets in Figs. 2A (bottom) are zoom-in images of the cell
deformation.

To validate that this stepwise cell expansion is due to a vesicle release event, we compared
the cell deformation data (Fig. 2A) with the simultaneously recorded fluorescence images
(Fig. 2B). The fluorescence images (after background subtraction) show a bright spot due to
fluorescence emission at the location marked by a dashed circle (Figs. 2B, bottom). The
location of the observed fluorescence emission coincides with that of cell expansion, which
confirms that the cell edge expansion is due to vesicle release. In contrast to the cell
deformation in Fig. 2A (top), the fluorescent emission in Fig. 2B (top) shows a rapid
increase followed by a rapid decrease during the vesicle release event, corresponding to
membrane fusion (1), during fusion (1) and diffusion of fluorescein isothiocyanate—dextran
(FITC-dextran)(l11 and V). To further confirm that the observed membrane expansion was
related to vesicle release, we examined membrane deformation at other locations along the
cell edge and detected cell deformation only near the location of the fluorescence emission
(Supporting Information Fig. S3).

Fig. 3A shows another membrane response during vesicle release. Unlike the stepwise
expansion shown in Fig. 2A, this is pulse-like, i.e., a rapid expansion followed by immediate
recovery. Fig. 3A (top) is the temporal profile of this deformation, where I, 11, I1l and IV
mark different stages of this vesicle exocytosis event. The time duration is 0.020 s, much
faster than the stepwise expansion in Fig. 2A. The location of the cell deformation is marked
by a red arrow in the snapshots of the phase contrast images at the time points of I, 11, I1l and
IV (Fig. 3A, bottom). The simultaneously recorded fluorescence images during this vesicle
release event shows an obvious bright spot near the cell deformation position (Fig. 3B,
bottom). The temporal profile of the fluorescence emission displays a sharp increase
followed by a decrease, which shows smaller intensity and shorter duration compared with
that in stepwise membrane expansion (Fig. 3B, top). We also tracked cell deformation along
the entire cell edge and detected significant cell deformation only near the fluorescence
emission spot.

We analyzed 130 individual vesicle release events from the fluorescent signals in 52 cells
and found that 110 vesicle release events showed detectable edge deformation. The
histogram distribution of the vesicle release induced membrane deformation is presented in
Fig. S4. For the cells that show deformation during vesicle release, ~90% of them display
stepwise deformation and ~10% show pulse-like deformation. The stepwise cell deformation
indicates an increase in the cell area that sustains after vesicle release, which is consistent
with the stepwise capacitance increases observed for full fusion exocytosis.#® In a full fusion
process, a vesicle fuses into the cell membrane after releasing its chemical content, which
leads to an increase in the cell surface area, and thus membrane expansion. In contrast, the
pulse-like cell deformation is transient, similar to the capacitance spikes observed with
patch-clamp techniques in “kiss and run’ exocytosis.#® In ‘kiss-and-run’ process, the vesicle
interacts with the cell membrane and releases its chemical content via a transient fusion
pore, leading to a transient expansion of the cell membrane. The fluorescent signal of the
pulse-like expansion is smaller than that of the stepwise expansion, which is likely due to the
partial release of vesicle in ‘kiss-and-run’ process.#6-47
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Localized cell membrane deformation due to vesicle release.

Propagation

The cell edge tracking method provides spatial and temporal resolutions, which helps
resolve multiple vesicle releases that take place closely in time and location. Fig. 4A shows a
cell that exhibits stepwise cell membrane deformation during vesicle exocytosis, where the
color scale represents cell deformation magnitude. Fig. 4B plots the spatial distribution of
the cell deformation near the time point where the deformation is maximum. Fitting the
spatial distribution with a Gaussian function leads to a full width at half maximum (FWHM)
of ~1.6 um, which is the spread of the cell deformation near the location of vesicle release
and the fitted single peak implies single vesicle release event. The temporal-spatial pattern,
termed as Kymograph, along the cell edge of this vesicle release provides more complete
information on the spatial distribution and temporal evolution of the cell deformation (Fig.
4C). Figs. 4D—F show a pulse-like cell deformation. In contrast to the example shown in
Figs. 4A-C, the cell deformation in this case is more localized and decay rapidly over time.
The corresponding Kymograph (Fig. 4F) of this vesicle release shows a well-defined spot,
indicating that the membrane deformation is confined in both time and location.

Figs. 4G-I show a complex situation, where two vesicle release events occur closely in both
time and location. The color representation of the cell deformation (Fig. 4G) reveals two
bright (red) spots, each corresponding to a vesicle release event. The two vesicle release
events are also shown as two peaks in the Gaussian fitting of the spatial distribution of the
membrane deformation along the cell edge (Fig. 4H). The two-vesicle release events decay
over time slowly without propagation along the cell edge as shown in the Kymograph (Fig.
41). The Kymograph further reveals that one vesicle release event (marked by a black arrow)
occurs ~0.1 s earlier than the second one (marked by a white arrow). Other examples of
complex vesicle releases are given in Fig. S5. These complex vesicle releases are resolved
because of the spatial and temporal resolutions of the present method.

The observed cell deformation during vesicle release is consistent with the capacitance
measurement, which detects cell surface area increase*8. Cell expansion is expected for a
full fusion process of exocytosis?®-20, where a secretory vesicle docks onto the cell plasma
membrane, forms a fusion pore and becomes fully incorporated with the cell membrane after
releasing chemical contents in the vesicle to the extracellular medium. The incorporation of
the vesicle into the cell membrane increase the area and detected as a stepwise expansion of
cell edge. The pulse-like cell deformation is likely to be a “kiss-and-run’ process, which
perturbs the cell membrane temporarily and observed as a transient cell deformation.

of vesicle release-induced membrane deformation.

Simultaneous recording of phase contrast and fluorescent images allowed us to determine
vesicle exocytosis-induced cell membrane deformation propagation on a cell surface. Fig. 5
shows cell membrane deformation and fluorescence signals of four representative cells. The
location of fluorescence emission in each case is in close proximity with the location of cell
edge deformation (Figs. 5E-L), however, there is a time delay between the cell deformation
and fluorescence emission. As shown in Figs. 5A to 5D, the fluorescence peaks are always
ahead of the membrane expansion. This time delay indicates propagation of the membrane
deformation from the location of vesicle release to the cell edge (Fig. 6B). From the
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propagation distance and time delay, we determined the propagation speed of the membrane
deformation along the cell surface in each cell (Fig. 6). There is a broad distribution in the
propagation speed from cell to cell and the average speed is 5.2 = 1.8 um/s (n=24). This
value is consistent with the membrane shape mediated wave propagation speed 51-52,
Mecahcnial waves have been detected in neurons, which is active and can be highly
directional 33, In contrast, the membrane deformation associated with vesicle release appears
to be a passive response of the cell membrane and progagates in all directions.

Conclusions

By combining a high contrast phase imaging and differential optical tracking method, we
show that the plasma membrane response near the cell edge to single vesicle exocytosis
events can be tracked with nm precision and milliseconds temporal resolution. Using this
capability, we have detected rapid membrane responses upon each vesicle release event in
single cells. Despite large variability for different cells, two representative membrane
deformations were found to be consistent with full fusion and ‘kiss-and-run’ exocytosis
processes. The high spatial and temporal resolutions of the method allow to resolve complex
vesicle release patterns, including multiple vesicles release events that occur closely in both
time and position. Simultaneous tracking of each individual vesicle exocytosis events with
both the fluorescence and cell deformation methods reveals propagation of the membrane
deformation one cell surfaces with an average speed of 5 um/s. This work presents a simple
and label-free method to study single vesicle release events in single cells by tracking cell
membrane deformation, which is not possible with the previous methods, and its high spatial
and temporal resolutions offer new insights into the important processes of vesicle
exocytosis in single cells and may be used to monitor the differential mediator release to
different stimuli for cell characterization for disease study. Furthermore, this method can be
extended to study other cellular processes, such as endocytosis for drug delivery.
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Fig. 1. Detection of vesicle exocytosis by tracking cellular membrane defor mation.
(A) Schematic illustration of the setup. A white light source passes through a 600 nm long-

pass filter (f1) and illuminates sample cells from the top, and a phase contrast image is
recorded by a camera placed behind a second 600 nm long-pass filter (f4). A mercury lamp
from the bottom passes a 420-480 nm band filter (f2) and excites FITC-dextran. Fluorescent
emission from FITC-dextran is collected with a second camera placed behind a 500-550 nm
band filter (f3). A shutter placed at the main optical pathway is used to synchronize phase
contrast and fluorescence imaging. (B) Phase contrast image of RBL-2H3 cells, where the
red arrow marks the position where a vesicle release occurs. (C) Fluorescence image of
RBL-2H3 cells as shown in (B), where the bright spot pointed by the red arrow is due to
fluorescence emission from vesicle release. (D) Illustration of vesicle release initiation in
RBL-2H3 cells and tracking of the associated cell deformation with a differential optical
detection algorithm, where the red and blue rectangles mark the region of interest (ROI).
Scale bar: 20 um.
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Fig. 2. A representative vesicle release event and the associated membrane responses.
(A) Top: Temporal profile of stepwise deformation at the location of vesicle release. Bottom:

Snapshots of phase contrast images at the time points marked by I, Il, 11 and IV along the
temporal profile, where the red arrows mark the location of vesicle release, and insets are
zoom-in images of the cell deformation location. (B) Top: Temporal profile of fluorescence
intensity during the vesicle release event shown in (A). Bottom: Snapshots of the fluorescent
images at the time points marked by I, Il, 111, and 1V (first frame subtracted out), where the
yellow dashed circles mark the location of vesicle release and the red dashed lines mark the
cell edge. Scale bar: 10 pum.
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Fig. 3. A vesiclerelease event and the associated membrane responses.
(A) Top: Temporal profile of pulse-like deformation at the location of vesicle release.

Bottom: Snapshots of phase contrast images at the time points marked by I, I, 1l and IV
along the temporal profile, where the insets are zoom-in images of the cell deformation
location. (B) Top: Temporal profile of the fluorescence intensity recorded during the vesicle
release event shown in (A). Bottom: Snapshots of the fluorescent images at the time points
marked by I, I1, 111, and 1V (first frame subtracted out), where the yellow dashed circles
mark the location of vesicle release and the red dashed lines mark the cell edge. Scale bar:
10 pm.
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Fig. 4. Spatial distribution and temporal evolution of vesicle-release induced cell deformation.
(A, D and G) Phase contrast images of three cells exhibiting different behaviors, where the

colored lines represent the magnitude of cell deformation. The inset in G is the zoom-in
image showing two vesicle release events. (B, E and H) Spatial distributions of cell
deformation along cell edges marked by the red and blue arrows in the corresponding cells
shown in A, D and G, where the black dots are the experimental data and the red lines are
Gaussian fitting to the experimental data. (C, F and 1) Kymographs of cell deformation for
the cells shown in A, D and G, respectively, where the color scale represents the magnitude
of the deformation. Scale bar: 10 pm.
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Fig. 5. Propagation of exocytosis-induced cell membrane deformation on cell surfaces.
(A-D) Temporal profiles of cell membrane deformation (black) and corresponding

fluorescence signals (red) associated with vesicle release in different RBL-2H3 cells. (E-H)
Phase contrast images of the corresponding cells, where the red arrows indicate the locations
of the membrane deformation and colored spots represent the magnitudes of the local
membrane deformation in nm. (I-L) Fluorescence images of the cells shown in (E-H), where
the colored lines represent the local membrane deformation. Scale bar: 10 pm.
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Fig. 6. Propagation speed of vesicle release-induced membrane defor mation on cell surface.
(A) Distribution of the propagation speed in different cells. The mean speed is 5.2 um/s and

the standard deviation is 1.8 pm/s (n=24). (B) Schematic illustration of the membrane
deformation propagation from the place where the vesicle release occurs to the cell edge.
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