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Abstract 

 

Exocytosis of neurotransmitter or hormone-filled vesicles is a highly dynamic process 

regulated by various proteins and lipids. As mainly revealed indirectly by the 

electrophysiological methods, exocytosis is believed to involve multiple kinetic steps 

in which vesicles transit from one state to another. Using total internal reflection 

fluorescence microscopy (TIRFM) which enables direct visualization of individual 

vesicles, we developed an analytical framework to track and analyze vesicle dynamics. 

We demonstrated that all subplasmalemmal vesicles generally undergo constant and 

caged Brownian motion. And they can be classified into three populations that differ 

in their motion characteristics and fusion competence. Furthermore, we showed that 

these vesicle pools are differentially modulated by phorbol-12-myristate-13-acetate 

(PMA), a phorbol ester analog to endogenous diacylglycerol, through both protein 

kinase C dependent and independent pathways.  
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Introduction 

Exocytosis, a process by which secretory vesicles are directed to outer cell membrane 

and subsequently discharge their contents to extracellular environment upon 

triggering, is highly regulated through the orchestrated actions of various proteins and 

lipids [1-4]. It is predominantly believed that exocytosis process proceeds with 

multiple sequential events including vesicle transport, tethering and docking onto 

plasma membrane, priming (or maturation), and final Ca
2+

-dependent vesicle fusion 

[5, 6]. Diacylglycerol (DAG), a secondary messenger lipid generated by 

phospholipase C dependent cleavage of phosphatidylinositol bisphosphate in response 

to a variety of biological signals, modulates multiple stages along exocytotic cascade 

through various mechanisms [2, 7, 8].   

It has long been recognized that DAG potentiates the release of neurotransmitters 

at neuronal synapses and hormone release from endocrine cells through activation of 

protein kinase C (PKC) [9-12]. A number of proteins which involve in different 

aspects of exocytosis have been identified as PKC substrates. For example, PKC 

exerts its influences by phosphorylating SNAP-25 [13], a member of the core 

exocytotic machinery (SNARE protein complex) which drives membrane fusion in 

the final stage of exocytosis. Phosphorylation of SNAP-25 potentiates vesicle 

recruitment [14] and sensitize vesicle release [15]. Munc18, a secretory protein which 

plays an important role in vesicle docking, is another target of PKC [16]. Its 

phosphorylation enhances vesicle replenishment likely via inhibiting the association 

of Munc18 with syntaxin and consequently increasing free syntaxin for SNARE 
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complex formation [17]. Furthermore, activation of PKC causes disassembly of 

peripheral F-actin cytoskeleton and thus facilities vesicle access to the plasma 

membrane [18], likely via phosphorylation of MARCK [19] or other actin filament 

associated proteins [20]. More recently, it has been revealed that, in parallel to its 

classic action on PKC, DAG also binds with Munc13 and consequently induces 

augmentation of exocytosis [21]. Munc13 is believed to be an essential priming 

protein which renders vesicle fusion competence by assisting in the assembly of the 

functional SNARE complex [22, 23]. PKC dependent and independent pathways 

converge on exocytosis machinery in a collaborative and mutually dependent manner 

[24]. 

The studies of DAG effects on the dynamics of exocytosis have mainly relied on 

electrophysiological methods such as membrane capacitance measurements and 

carbon fiber amperometry. These methods, however, can only provide indirect 

information about how secretory vesicles transit from one molecular state to another. 

Direct observation of vesicle dynamics become possible with the emergence of total 

internal reflection fluorescence microscopy (TIRFM), which enables real-time 

visualization and tracking of individual fluorescent-tagged secretory vesicles [25-27]. 

And such observation may provide insightful information on vesicle’s molecular state. 

Because of the selective evanescent illumination of the thin section (~200 nm) just 

above the interface between the glass coverslip and the adhered cell, TIRFM is 

instrumental to gain insights into dynamic events occurring at, or close to, the plasma 

membrane of living cells with outstanding optical contrast and resolution.  
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Phorbol-12-myristate-13-acetate (PMA), a synthetic phorbol ester, is commonly 

used as the stable analog of the endogenous lipid DAG to examine DAG pathways. In 

the present study, we investigated the effects of PMA on vesicle dynamics in rat 

pheochromocytoma (PC12) cells using TIRFM. We found that secretory vesicles in 

the subplasmalemmal membrane region can be differentiated into three distinct 

populations based on their characteristic dynamics. And PMA differentially 

modulates these vesicle pools in PKC dependent and independent manners. 

 

Materials and Methods 

 

Cell culture and solutions 

 

PC12 cells (American Type Culture Collection, Rockville, Md., USA) were cultured 

in RPMI 1640 medium (Gibco, Rockville, Md., USA) supplemented with 10% 

(vol/vol) heat-inactivated bovine calf serum (Gibco), 5% heat-inactivated horse serum 

(Gibco), and 1% penicillin-streptomycin (Gibco) at 37°C in a humidified atmosphere 

of 5% CO2 / 95% air.  

All chemicals were purchased from Sigma (St. Louis, MO, USA). The bath 

solution contains (in mM): 150 NaCl, 5.4 KCl, 2 MgCl2, 1.8 CaCl2, 5 mM glucose, and 

10 HEPES (titrated to pH 7.4). High K
+
 solution used to induce exocytosis in PC12 

cells contains (in mM): 37 NaCl, 105 KCl, 5 CaCl2, 2 MgCl2, and 10 HEPES (titrated to 

pH 7.4). For PMA (phorbol-12-myristate-13-acetate) treatment, cells were incubated in 
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the bath solution with addition of 0.1 M PMA for 10 minutes. In some experiments, 

2.5 M BIS (bisindoylmaleimidine) was applied to the bath solution for 30 minutes 

before the introduction of PMA.  

 

TIRFM imaging  

 

Neuropeptide Y (NPY)–enhanced green fluorescence protein (EGFP) plasmid was a 

kind gift from Dr. Wolf Almers (Vollum Institute, Oregon Health Sciences 

University). Cells were plated onto poly-L-lysine (Sigma)-coated glass coverslips and 

transfected with 1 µg of NPY-EGFP plasmid using FuGENE6 Transfection Reagent 

(Roche, Indianapolis, USA), 1-2 days before the imaging experiments. 

Total internal-reflection fluorescence microscopy (TIRFM) was carried out 

using a Zeiss Axiovert 200 inverted microscope system (Carl Zeiss, Inc., Germany). 

EGFP was excited by 488 nm laser and the emission wavelength was collected at 520 

nm. Time-lapse digital images were acquired by a CCD camera with exposure time of 

20 milliseconds and 2 Hz sampling frequency. Image stacks were collected using a 100 

× 1.45 NA TIRF objective and MetaMorph 6.3 program (Molecular Devices, 

Downingtown, Pa., USA). The imaging chamber was maintained constantly at 25 ºC 

throughout the experiment. Cells, which appear unhealthy or are apparently 

differentiated or are clustered or have less than 10 fluorescently labeled vesicles, are 

considered not typical and thus not chosen for experiments. 
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Analysis of vesicle motion 

 

Vesicles were individually tracked using either MetaMorph or Image J (an open-source 

Java-based image processing program developed at National Institute of Health, 

http://rsb.info.nih.gov/ij/). The vesicle velocity, dwell time and coverage diameters 

were obtained by a program based on Igor (WaveMetrics, Lake Oswego, Or., USA). 

Statistic analyses, namely, SEM and t-test were performed to assess cell-to-cell 

variation. The simulations of vesicle random walk were also realized using an Igor 

routine. In the simulations, each step of the Brownian random walk was assumed 

constant while its direction was random in two dimensions. To simulate the caging 

effect, a reflecting round boundary with various sizes was assumed.    

 

Amperometry measurement  

 

Amperometry recording were performed at room temperature using 5 m carbon fiber 

electrodes (ALA Scientific Instruments, Westbury, Ny., USA). The carbon fiber with 

a freshly cut tip was biased at 700 mV and gently positioned against the cell. The 

amperometry signals were filtered at 1 kHz and sampled at 4 kHz using an EPC-10 

double patch-clamp amplifier (HEKA Electronik, Lambrecht, Germany). The data 

was analyzed using a Igor program, Amperometric Spike Analysis 8.15, developed by 

Dr. Eugene Mosharov (Department of Neurology, Columbia University) [28]. Only 
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spikes with amplitudes larger than 2 pA (5 times of the background noise) were 

considered as amperometric events. 

 

Results 

 

Large dense core vesicles (LDCV) in rat PC12 cells were specifically labeled by 

overexpressing neuropeptide Y fused to enhanced green fluorescence protein 

(NPY-EGFP). While staying within ~200 nm thin layer of cytosol immediately 

adjacent to the plasmalemma, they can be clearly resolved under evanescent-wave 

excitation using a total internal reflection fluorescence microscope. Time-elapsed 

images were taken over two minutes at 0.5 seconds time interval to reveal vesicle 

dynamics. Agreeing with previously reported [27, 29], none of the vesicles in the 

evanescent field adopted stable docking onto the plasma membrane, which might be 

intuitively assumed as a prelude to fusion. Instead, they generally manifested constant, 

but apparently confined, lateral motion, as well as vertical trafficking (transition 

between the inner cytosol and subplasmalemmal region). Vesicles in a cell were 

individually tracked and analyzed to obtain information about their trajectories, 

velocities, and dwell time.  

 

Subplasmalemmal vesicles can be classified into three populations according to their 

motion dynamics 
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We define vesicles that appeared at the beginning of the time-resolved imaging as 

pre-docked vesicles; and vesicles that arrived from the inner cytosol during the 

imaging as visiting vesicles. Comparing to previously docked vesicles, visitors moved 

much rapidly and returned back into the cytosol after a short period of dwell time. 

Pre-docked vesicles can be further distinguished by two types: 1) sedentary 

pre-docked vesicles, which stayed up to the end of the recording (2 minutes) and were 

most inactive in motion; 2) mobile pre-docked vesicles, which were lost into the 

cytosol during the imaging period and moved in moderate speeds. Analyses of vesicle 

dynamics indicate that the three types of vesicles are distinct in their motion 

characteristics, release competence, and dependence on phorbol ester modulations. 

Therefore, they may represent distinct functional pools of vesicles characterized by 

different molecular states. Nevertheless, it should be pointed out that our visual 

classifications on these vesicles types are by no means clear-cut criteria. Hence, such 

distinction between vesicle groups can be somewhat blurred.  

Fig. 1a illustrates the scatter plot of dwell time versus average velocity, in which 

each dot represents one vesicle (the total of 495 vesicles from 10 cells). Average 

velocity is defined as the total distance of vesicle motion divided by vesicle dwell 

time. It is evident that vesicles were clustered into three groups. The visiting vesicles 

(blue) were short lived with an average dwell time of 7.9 ± 0.77 seconds (SEM - 

standard error of the mean) and moved rapidly with an average velocity of 0.74 ± 

0.024 m/s. The mobile pre-docked vesicles (red) lingered in the near plasma region 5 

times longer than the visitors (43.3 ± 3.09 seconds) and with a much slower velocity 
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(0.39 ± 0.021 m/s). The sedentary pre-docked vesicles (green) were most stably 

leashed onto the subplasmalemmal membrane region with the slowest mobility (0.16 

± 0.014 m/s).  

In agreement with the previous studies [30-32], vesicle motion was found to be 

highly restricted as if vesicles were confined in cages. An example trajectory of a 

mobile pre-docked vesicle is depicted in Fig. 1b. We define the longest distance 

between any two vesicle footprints as the long coverage diameter (LCD), as indicated 

by the arrowed-and-dashed red line. The sum of the longest perpendicular distances to 

the LCD axis from two footprints at each side is defined as the short coverage 

diameter (SCD), as indicated by two arrowed-and-dashed black lines. All the vesicle 

footprints fall into the rectangular area specified by the long and short coverage 

diameters.  

In Fig. 1c, each trace demonstrates how LCD of a vesicle evolves with time (from 

its appearance to disappearance) in a typical cell. Visiting vesicles, mobile pre-docked 

vesicles and sedentary pre-docked vesicles, which are represented by different colors 

(blue, red and green, respectively), showed distinct kinetics. If a vesicle undergoes 

unbounded Brownian random walk, its motion coverage would diverge over time, i.e., 

tLCD  . On the contrary, vesicle LCD approaches a limit in a time scale of ten 

seconds, suggesting that vesicle motion is confined within small cages delimited by 

certain physical barriers or due to some tethering forces. The traces from different 

types of vesicles are well separated, indicating characteristic differences in their 

motion.  
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The average behaviors of the three vesicle pools are obtained from 10 cells (Fig. 

1d). Due to varying dwell time, we average the LCD curves of the visiting vesicles 

over the initial 10 seconds, only for those which survived up to 10 seconds or more 

(blue circles; the average from 50 vesicles). Mobile pre-docked vesicles are averaged 

over 20 second time frame, while those whose dwell time were less than 20 seconds 

are not used (red circles; 74 vesicles). Sedentary pre-docked vesicles are also 

averaged over 20 seconds (green circles; 77 vesicles). The 10 second and 20 second 

time frames are selected for averaging to balance two considerations: first, to assure 

that not too many vesicles are left out for analysis; on the other hand, only vesicles 

staying long enough to reflect the motion trend should be chosen for analysis. Clearly 

from their averaged LCD curves, the three types of vesicles differ in their motion 

kinetics.  

In contrast to the case of unlimited Brownian random walk in which LCD curve 

would diverge with t , the averaged vesicle LCD curves can be well fitted by a 

double-exponential. And they converge to a limit rapidly with a fast time constant of 

~0.5 s and a slower time constant of ~10 s (Fig. 1d). The approaching limit predicts 

the ultimate boundary (cage size) of vesicle motion regardless of how long the vesicle 

remains in the subplasmalemmal membrane region before losing into the cytosol and 

how fast the vesicle moves. The time constants, on the other hand, reflect the mobility 

of the vesicle. Specifically, the averaged LCD curve of the visiting vesicles 

approaches (as t  ∞) the cage size of 1.60 m with an initial fast kinetics (time 

constant 1 = 0.45 s) followed by a slower kinetic component (time constant 2 = 7.74 
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s). Comparing to the visiting vesicles, the sedentary pre-docked vesicles showed a 

much smaller cage size (0.69 m) and slower kinetics (1 = 0.77 s;s), 

whereas the mobile pre-docked vesicles showed a moderate cage size (0.98 m) and 

moderate kinetics ( = 0.38s;s).  

 

Vesicle lateral motion is modulated by PMA 

 

When the cells (n = 9) were treated with PMA, interestingly, the motion of the 

visiting vesicles became confined to a much greater extent with a reduced cage size of 

1.0 m (blue squares in Fig. 1d; averaged from 104 vesicles). To test the roles of PKC 

isoforms in this effect, bisindolylmaleimide (BIS) which is a specific PKC inhibitor 

through competitive inhibition of ATP binding within the PKC catalytic domain was 

applied in addition to PMA treatment (7 cells). BIS should not affect non-kinase 

phorbol ester / DAG-binding proteins such as Munc13. As shown in Fig. 1d, BIS (7 

cells) was not able to relief the PMA induced further motion restriction (blue triangles; 

35 vesicles). Hence it is likely that PMA exaggerates the confinement of the visiting 

vesicle’s lateral motion through PKC independent mechanisms. By contrast, PMA 

treatment only slightly reduced the cage size of the sedentary pre-docked vesicles to 

0.55 m (green squares in Fig. 1d; 70 vesicles); and did not affect the motion of the 

mobile pre-docked vesicles appreciably (red squares in Fig. 1d; 48 vesicles). Whereas, 

additional application of BIS significantly reduced the cage sizes of both the 

sedentary and mobile pre-docked vesicles to 0.45 m (green triangles in Fig. 1d; 84 
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vesicles) and 0.53 m (red triangles in Fig. 1d; 43 vesicles), respectively. Intricately, 

these results imply that although boosting PKC activation by PMA does not impact 

the movement of pre-docked vesicles significantly, inhibition of PKCs leads to severe 

motion confinement.  

Comparing the velocities and the cage sizes of the three types of vesicles, it is 

noted that less mobile vesicles tend to be imprisoned within a smaller area. In addition, 

vesicle velocities of the three types of vesicles responded to the application of PMA 

and BIS similarly as the induced changes in their cage sizes, as demonstrated in Fig. 2. 

For example, PMA reduces both the cage size and the velocity of the visiting vesicles. 

It is conceivable that vesicle mobility and how far the vesicle can travel may be 

determined by the same tethering or confining mechanisms.  

 

PMA reduces the number of unreleasable sedentary pre-docked vesicles  

 

Sedentary vesicles made up ~35% of all pre-docked vesicles (Fig. 3a, 10 cells). PMA 

treatment (9 cells) significantly lowered this percentage to ~14%. This reduction was 

reversed by BIS (7 cells), giving rise to ~51% and hence implying the involvement of 

PKCs. The sedentary pre-docked vesicles were generally brighter than other vesicles. 

Under total internal reflection illumination, the fluorescence brightness is 

exponentially inverse-proportional to the distance between the fluorescent vesicle and 

the membrane-coverslip interface. Therefore, sedentary vesicles are more closely 

attached onto the plasma membrane. But somewhat surprisingly, these vesicles are 
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often reluctant to be released upon triggering. The left panel in Fig. 3b is the last 

TIRFM image of a two-minute recording on a control cell. The sedentary pre-docked 

vesicles which stayed on throughout the two-minute recording are identified and 

indicated by arrows. The right panel in Fig. 3b shows the TIRFM image of the same 

cell 48 seconds after the introduction of high K
+
 solution. High K

+
 solution is 

commonly used to depolarize the cell membrane and subsequently induce exocytosis. 

All the sedentary pre-docked vesicles remained after high K
+
 stimulation, whereas 

disappearance of the other vesicles was observed.   

Subject to high K
+
 stimulation, the averaged release time courses of the 

pre-docked vesicles in three conditions (14 control cells, 13 cells with PMA treatment, 

and 7 cells treated with PMA plus BIS) are shown in Fig. 3c. The percentages of the 

remaining (unreleased) vesicles are consistent with the percentages of the sedentary 

vesicles shown in Fig. 3a. It could be speculated that the sedentary vesicles are in a 

docked but unprimed state. And PKC activation by PMA primes these vesicles to the 

readily releasable state, via phosphorylation of secretory proteins such as Munc18 [16] 

and SNAP-25 [15]. In comparison to sedentary vesicles, mobile pre-docked vesicles 

are essentially readily releasable upon stimulation. 

 

PMA enhances exocytosis mainly by increasing the delivery of visiting vesicles  

 

Phorbol ester is known to enhance exocytosis in various cell types. The mechanisms 

underlying, however, are not fully understood yet. In some studies, it has been 
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attributed to the increase in the number of vesicles close to the plasma membrane as a 

result of PKC activation based on electron microscopy observations [18, 33]. From 

TIRFM imaging on live PC12 cells, we however found that, PMA did not increase the 

total number of the visible vesicles in subplasmalemmal membrane region at any 

given snapshot in time (average from 6 cells, open squares in Fig. 4a). On the other 

hand, the arrival rate of visiting vesicles was dramatically increased by PMA (6 cells, 

filled squares in Fig. 4a). PKC activation is likely responsible for this increased 

vesicle transport from the cytosol, because it can be completely blocked by the 

application of BIS (7 cells, filled triangles in Fig. 4a). 

PMA enhancement in exocytosis was confirmed by carbon fiber amperometery 

(Fig. 4b). Carbon fiber electrode, with a diameter of 5 m and positioned against the 

cell membrane, likely can only detect vesicle release from the membrane area just 

underneath, which only accounts for a small fraction (~5 - 10 %) of the total cell 

membrane area. Considering that the total number of pre-docked vesicles is typically 

less than 40, most of the exocytotic events recorded by carbon fiber must be produced 

by newly arrived visiting vesicles. Therefore, it can be concluded that the PMA 

enhancement reported by amperometry recording is achieved by increasing delivery 

of releasable visiting vesicles to the plasma membrane. Large portion of the PMA 

recruited visiting vesicles, however, are not fusion competent, since the PMA induced 

increase (33% ) in the amperometric signal is much less than the increase (230%) in 

the arrival rate of visiting vesicles as observed under TIRFM.  
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Vesicle dwell time is reduced by PMA 

 

Increased delivery of visiting vesicles does not cause accumulation of vesicles in the 

subplasmalemmal membrane region (Fig. 4a) because PMA also reduces the dwell 

time of both pre-docked vesicles and visiting vesicles, as if the interactions to keep 

the vesicles attaching to the membrane are weakened (Fig. 5). In other words, PMA 

does not alter the equilibrium between the vesicle recruitment and vesicle retrieval. 

PMA shortens vesicle dwell time probably through PKC dependent pathways as BIS 

treatment fully abolishes this effect.  

 

Vesicle motion coverage is regulated by PMA 

 

As discussed above, PMA modulates boundary, velocity, and dwell time of vesicle 

motion. Consequently, the total coverage area of vesicle lateral motion, which can be 

estimated by LCD multiplies SCD, are subject to PMA regulation. As seen in Fig. 6a, 

PMA largely shrunk the motion coverage of visiting vesicles and mobile pre-docked 

vesicles, but not that of sedentary pre-docked vesicles. BIS failed to antagonize PMA 

effect. Instead, it further reduced the motion coverage of mobile pre-docked vesicles 

and also caused decrease of the coverage of sedentary pre-docked vesicles. 

Demonstrated in Fig. 6b, both PMA and BIS, did not cause appreciable changes in the 

aspect ratios of motion coverage which is defined as SCD divided by LCD. 
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Discussion 

 

Using TIRFM, we visualized individual secretory vesicles that are immediately 

adjacent to the plasma membrane in PC12 cells and analyzed their movement. We 

classify these vesicles into three groups: visiting vesicles, mobile pre-docked vesicles, 

and sedentary pre-docked vesicles. These populations of vesicles differ in their 

motion characteristics, fusion competence, and dependence to PMA modulation, 

suggesting that they constitute molecularly heterogeneous vesicles. 

All vesicles are constantly moving. This observation contradicts the once widely 

recognized hypothesis that a stable docking state at the plasma membrane is a 

prerequisite for vesicle fusion. An interesting question to ask is that, as the vesicle 

moves constantly, whether the associated tethering, docking and priming proteins 

(e.g., SNAREs) move along as a whole like a drifting exocytotic raft? Or vesicles leap 

between the relatively stationary and abundant exocytotic sites defined by clustered 

secretory proteins?   

Interestingly and perhaps counter-intuitively, sedentary pre-docked vesicles, 

which are most strongly attached onto the subplasmalemmal membrane region 

indicated by their lowest mobility, longest dwell time and high fluorescence 

brightness, are most fusion incompetent. It is plausible that tethering and docking 

interactions between vesicles and plasma membrane are actually fusion-inhibitory to 

prevent them from being constitutively released. We nevertheless could not 

completely rule out the possibility that the sedentary pre-docked vesicles undergo 
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kiss-and-run fusion under high K
+
 stimulation which only leads to release of a small 

amount of NPY-EGFP and thus undistinguishable reduction in vesicle brightness. In 

comparison, the mobile pre-docked vesicles are more loosely associated with plasma 

membrane. But they are fusion competent and may be responsible for the initial phase 

of release in response to intracellular calcium elevation because of their proximity to 

the exocytotic site. Visiting vesicles arrived from the inner cytosol can only be 

transiently captured in the subplasmalemmal membrane region. Despite the high 

lateral mobility, they are releasable, and in fact, account for the majority of the fusion 

events recorded by carbon fiber microelectrode. It has been demonstrated that these 

recruited vesicles can be immediately released once they reach the plasma membrane 

and they are responsible for the late and sustained phase of exocytosis [34].   

Here we describe a new method to characterize vesicle motion which allows us to 

distinguish the motion characteristics of different vesicle populations and monitor 

kinetics of vesicle movement over time. Two parameters, termed as long coverage 

diameter (LCD) and short coverage diameter (SCD), are introduced to simply 

quantify the coverage of vesicle lateral movement. The evolvement of LCD over time 

reflects the nature of vesicle motion. If vesicles undergo unbounded Brownian 

random walk, LCD would increase in proportional to square root of time. Specifically, 

DtLCD 4 , where D is the diffusion coefficient of the vesicle [35]. To illustrate 

this, we performed Monte Carlo simulations. In simulations, the time interval () 

between random walk steps is 0.5 seconds, the same as the TIRFM imaging interval 

we used. The step size of random walk () is a constant, which is determined based on 
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an assumed vesicle velocity (v = ). The step size relates to the diffusion 

coefficient by equation: )2/(2 D  [35]. An example of stimulated trajectory in 

120 seconds duration is depicted in Fig. 7a, assuming the mean velocity of the mobile 

pre-docked vesicles (v = 0.39 m/s). Fig. 7b exhibits the averaged LCD curves, each 

obtained from 100 simulations, by assuming the vesicle velocity of 0.16 m 

(triangles), 0.39 m (squares), and 0.74 m/s (circles), respectively corresponding to 

the mean velocities of the sedentary pre-docked, the mobile pre-docked and the 

visiting vesicles. These curves agree well with theoretical predictions, i.e., 

tvtDtLCD  2/24   (fitted solid curves). They diverge towards infinite as 

time increases. The actual vesicle motions are apparently discrepant from such 

unbounded Brownian random walk.  

In Fig. 7c, a random walk trajectory is obtained by repeating simulation 

procedure as in Fig. 7a while imposing a confining round boundary (a hypothetical 

cage). In this example, we assumed a diameter of 0.98 um for the confining cage, 

identical to the cage size of the mobile pre-docked vesicles. In Fig. 7d, three averaged 

LCD curves were obtained, each from 100 simulations, by assuming the mean 

velocities and the cage sizes of the three types of vesicles, respectively. These curves 

can be well fitted by a double-exponential (solid curves). And they agree very well 

with the actual experimental data shown in Fig. 1d (re-plotted in Fig. 7d as thick solid 

curves). These simulation results unambiguously demonstrate that the motion of 

subplasmalemmal vesicle is caged Brownian random walk. Nevertheless, some 

vesicles exhibited directed motion (travel directionally for a relatively long distance), 
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deviating from their typical behavior. These events, however, are rare, particularly 

within the short time frames (10s or 20s) that we used for analysis.    

The cortical actin meshwork probably is the dominant factor that hinders vesicle 

motion [18]. This view was supported by the experiments using latrunculin A which 

disrupts actin cortex by preventing actin polymerization. Vesicle motion in latrunculin 

A treated cells is analogous to unbounded Brownian random walk (data not shown). 

Interestingly, a recent study reported the existence of cytoskeletal polygonal cages in 

bovine chromaffin cells that physically confine the movement of the vesicle inside 

[36]. The estimated sizes of the cortical cages and the interior cages are about 0.48 

m and 0.64 m in diameter, comparable to the predicted cage sizes of the 

pre-docked vesicles in our study. It appears that the cage size is inversely proportional 

to the vesicle velocity. It is possible that the same tethering or confining interaction 

may slow down the vesicle velocity and set the limits for vesicle motion as well.  

Further supporting the notion that the three types of vesicles are molecularly 

heterogeneous, we show that PMA modulates these morphologically defined vesicle 

pools differentially. PMA has long been recognized as a potent exocytosis promoter. 

Phorbol ester enhancement in exocytosis has been attributed to the induced PKC 

activation and the resulting increase in the size of the readily releasable vesicle pool 

(RRP) [9, 11]. Mainly derived from the membrane capacitance measurement of 

exocytosis, the release of RRP is defined as the initial rapid phase in the exocytosis 

kinetics responding to a step-like increase in intracellular calcium concentration by 

calcium uncaging. Vesicles in RRP are considered to be appropriately docked and 
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fully primed and thus ready to be released immediately upon triggering [37]. As a 

prerequisite to be readily releasable, these vesicles are presumably in close proximity 

with the plasma membrane (< 25 nm away from the membrane) to assure the critical 

SNARE protein pairing, i.e., complexing between vesicle SNARE (VAMP) and target 

SNAREs (syntaxin and SNAP25) [38]. Therefore, vesicles in RRP must be closely 

attached to the plasma membrane and visible in evanescent field. In this study on 

PC12 cells, we, however, found that phorbol ester does not increase the number of 

vesicles within subplasmalemmal membrane region.  

Although fail to increase the number of docked vesicles, PMA facilitates priming 

and subsequent release of sedentary pre-docked vesicles likely through PKC 

phosphorylation directly on fusion proteins. In PC12 cells, because the number of 

docked vesicles is small (typically, 20 – 40 vesicles), such facilitation in exocytosis is 

not significant. But for chromaffin and neuron cells which has hundreds of 

morphologically docked vesicles, such PMA facilitation is prominent and may 

underlie the observed increase in RRP. As demonstrated by our experiments, in PC12 

cells, PMA enhances exocytosis largely by increasing the rate of vesicle delivery to 

the plasma membrane, also in a PKC dependent manner. Kinetic analyses of 

individual amperometric spikes (data not shown) indicate that PMA also accelerated 

the fusion rate of the exocytotic events leading to amperometric signals of larger 

amplitude (Fig. 4b). PMA enhanced fusion rate has also been reported in chromaffin 

cells [39]. And Munc18 phosphorylation by PKC was suggested to account for this 

phenomenon because expression of Munc18 phosphomimetic for PKC 
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phosphorylation produced similar effects [17]. In contrast to our observation, the peak 

amplitude of amperometric spikes was not apparently increased in these studies on 

chromaffin cells because PMA, at the same time, decreased the quantal size of vesicle 

release as well because of increase in kiss-and-run type of fusion. 

Neuroendocrine cells posses a dense actin meshwork underneath the plasma 

membrane. This cortical F-actin network acts as a physical barrier separating a large 

pool of the reserved vesicles in the cytosol and the docked vesicles. On the other hand, 

once docked on the plasma membrane, F-actin serves as an active regulator to keep 

the vesicles in place and drive the final membrane fusion [40]. Several lines of 

evidences have been documented that PKC activation (e.g., by PMA) causes 

disassembly and re-organization of dense actin cortex clearing the way for myosin 

dependent transport of vesicles from the reserve pool to the plasma membrane along 

the remaining fine actin filament [41]. PKC activation disrupts and re-organizes actin 

networks probably through multiple pathways, including recruitment of actin severing 

protein scinderin [40] and phosphorylation of MARCKS [19, 41] or phosphorylation 

of other actin filament associated proteins [20]. It explains our observation that PMA 

largely increased the traffic between the reserved vesicle pool and docked vesicle pool. 

Specifically, both the delivery rate of visiting vesicles and the retrieval of cortical 

vesicles back into the cytosol were increased after PMA application. PKC specific 

inhibitor, BIS, completely abolished this increased vesicle traffic. Nonetheless, such 

an actin centric view is perhaps too simple to picture the likely complicated 

mechanisms underlying. Increased trafficking may be resulted from the combined 
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actions of multiple PKC effecter proteins that participate in vesicle tethering and 

docking [5, 6, 42]. For instance, PKC phosphorylation on Munc18 could be 

responsible for increased vesicle trafficking by PMA, in line with a recent 

demonstration that phosphomimetic mutant of Munc18 increased the rate of vesicle 

pool replenishment [17].       

Seemingly contradictory to its disrupting action on actin meshwork, PMA causes 

restriction on vesicle motion, particularly on visiting vesicles. Unlike other actin 

disassembly drugs such as latrunculin A, PMA only reduces the density of actin 

meshwork instead of dissolving all the actin filaments. Therefore, PMA induced 

re-organization of actin cortex does not necessarily decrease the sizes of actin cages 

that confine vesicle motion. PMA restrains vesicle motion by decreasing its caging 

boundary and vesicle velocity, possibly through phorbol ester / DAG receptor proteins, 

other than PKCs such as Munc13, that involve in vesicle tethering, docking and 

priming. The overall consequence of reduced vesicle motion and dwell time by PMA 

is the significant reduction in the coverage area of vesicle motion. This is consistent 

with the finding from a recent paper [32] which showed that both PMA treatment and 

overexpression of Munc13 largely eliminated long-range vesicle motion. But the 

authors in that study did not report PMA induced decreases in vesicle velocity and 

dwell time as we did, maybe because they used a different cell model – bovine 

chromaffin cells.  

In addition to PKC, there are alternative DAG/phorbol ester receptors involving 

in various cellular processes, including Munc13, chimaerins, protein kinase D, 
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RasGRPs, and DAG kinase  [43]. BIS is commonly used to assess PKC dependence 

of phorbol ester effects. However, it has been previously reported that BIS causes 

irreversible rundown in neuronal exocytosis via nonspecific actions because phorbol 

esters can still similarly potentiates exocytosis in BIS treated cells [23]. We showed 

that BIS completely reversed the PMA induced increase in vesicle delivery (Fig. 4a) 

and PMA induced decrease in vesicle dwell time (Fig. 5) and concluded that these 

PMA effects are likely PKC dependent. These conclusions are further supported by 

the observations that PMA failed to potentiate vesicle delivery and did not cause 

significant reduction in vesicle dwell time in BIS pre-treated cells, suggesting that 

BIS nonspecific actions likely do not play an important role. Specifically, Cells with 

only BIS treatment (n = 6) showed vesicle delivery rate of 14.5 ± 1.1 vesicles in 300s, 

comparable to that after additional PMA application (13.8 ± 1.5 vesicles in 300s; 6 

cells). And cells with only BIS treatment (n = 7) showed a dwell time of 12.6 ± 1.9 

seconds for visiting vesicles and a dwell time of 86.3 ± 3.8 seconds for pre-docked 

vesicles, comparable to the values obtained with additional PMA treatment (8.6 ± 1.6 

seconds and 81.3 ± 3.7 seconds, respectively; 7 cells). For the cases where PMA had 

no effect, yet BIS was inhibitory (Fig. 1d and Fig. 2), it is possible that PMA was not 

able to further boost PKC activities while BIS specifically blocked basal PKC 

activities. Alternatively, it could be nonspecific actions of BIS. To avoid the caveats 

of pharmacological assessment of PKC function, other more specific and informative 

methodologies can be applied, for examples, overexpression of wide-type and 
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dominant interfering PKC mutants, antisense knockdown of PKC expression, and 

inducing or interfering PKC phosporylation on the targeting proteins [43]. 

In summary, this study presents an approach to analyze the heterogeneous 

dynamics of secretory vesicles using total internal reflection fluorescence microscopy, 

and provides further evidence that the PMA regulation in exocytosis is multifaceted 

and complex. This study demonstrates an analytical framework which, together with 

genetic manipulations, may allow quantitative assessment of the roles of specific 

secretory proteins in regulating various aspects of vesicle dynamics.  
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Fig. 1 Subplasmalemmal vesicles can be classified into three populations: visiting 

vesicles (blue), mobile pre-docked vesicles (red) and sedentary pre-docked vesicles 

(green). And their motion kinetics was differential modulated by PMA and BIS. a The 

scatter plot of vesicle dwell time versus average velocity. Each dot represents one 

vesicle. There are total of 495 vesicles from 10 cells. b An example trajectory of a 

mobile pre-docked vesicle is depicted. Color scales with time in a duration of 46.5 
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seconds. The motion coverage can be described by two parameters: long coverage 

diameter (LCD) and short coverage diameter (SCD). LCD is defined as the longest 

distance between any two vesicle footprints (red arrowed-and-dashed line). The sum 

of the longest perpendicular distances to the LCD axis from two footprints at each 

side is defined as SCD (the total length of the two black arrowed-and-dashed lines). c 

Each trace represents how a vesicle LCD evolves with time. All the 40 vesicles are 

from the same cell. d LCD curves are averaged from: 50 visiting vesicles in 10 

control cells (blue circles); 104 visiting vesicles in 9 PMA treated cells (blue squares); 

25 visiting vesicles in 7 PMA and BIS treated cells (blue triangles); 74 mobile 

pre-docked vesicles in 10 control cells (red circles); 70 mobile pre-docked vesicles in 

9 PMA treated cells (red squares); 43 mobile pre-docked vesicles in 7 PMA and BIS 

treated cells (red triangles); 77 sedentary pre-docked vesicles in 10 control cells 

(green circles); 48 sedentary pre-docked vesicles in 9 PMA treated cells (green 

squares); 84 sedentary pre-docked vesicles in 7 PMA and BIS treated cells (green 

triangles). Each curve is fitted by a double-exponential whose approaching limit 

predicts the cage size of the vesicle motion   
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Fig. 2 Vesicle velocity was modulated by PMA and BIS. 10 control cells, 9 PMA 

treated cells, 7 PMA and BIS treated cells are used for the statistics. The error bars 

indicate SEMs. Asterisk, p<0.01 versus control, Student’s t test 
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Fig. 3 PMA reduced the number of unreleasable sedentary pre-docked vesicles. a The 

percentage of sedentary pre-docked vesicles in all pre-docked vesicles was 

significantly reduced by PMA (13 cells) comparing to the control (14 cells). And BIS 

(7 cells) reversed the PMA effect. b Sedentary vesicles were reluctant to be released. 

The left panel shows the last TIRFM image after a 2-minute recording. Sedentary 

pre-docked vesicles are identified by arrows. The right panel shows the TIRFM image 

48 seconds after the introduction of high K
+
 stimulation. All the sedentary pre-docked 

vesicles (indicated by arrows) remained while disappearing of other vesicles was 

evident (highlighted by circles). The squares indicate two recently arrived vesicles. 
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The scale bar corresponds to 5 μm. c The percentage of the remaining vesicles in 

presence of high K
+
 stimulation was largely decreased by PMA treatment (squares, 13 

cells) comparing to the control (circles, 14 cells). On the other hand, BIS reversed 

such PMA effect (triangles, 7 cells). Asterisk, p<0.01 versus control, Student’s t test    
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Fig. 4 PMA enhanced exocytosis by increasing the delivery of visiting vesicles in 

PKC depedent pathways. a PMA application dramatically increasesd the delivery of 

visiting vesicles (filled squares averaged from 6 cells versus filled circles for 6 control 

cells) without appreciably affect the total number of the subplasmalemmal vesicles 

(open squares versus open circle for the control cells). BIS treatment (filled triangles, 

7 cells) completely abolished the PMA enhancement in visiting vesicle delivery. b 

Cumulative fusion events detected by carbon fiber amperometry demonstrates that 
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PMA caused more exocytosis (black, 11 cells) than the control cells (light gray, 22 

cells) in response to high K
+
 stimulation, whereas BIS (dark gray, 11 cells) 

completely eliminated the PMA enhancement. The right panel illustrates example 

amperometry traces from 3 representative cells. The black bars underneath each trace 

indicate 60-second stimulation of high K
+
 solution  
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Fig. 5 PMA decreased the dwell time of the visiting and pre-docked vesicles, and BIS 

effectively antagonized the PMA effect. The statistics are obtained from 10 control 

cells, 9 PMA treated cells, 7 PMA and BIS treated cells. Asterisk, p<0.01 versus 

control, Student’s t test 
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Fig. 6 PMA and BIS changed the coverage area of vesicle motion but not aspect ratio. 

The statistics are obtained from 10 control cells, 9 PMA treated cells, 7 PMA and BIS 

treated cells. a PMA largely reduced the motion area of the visiting and mobile 

pre-docked vesicles, whereas BIS reduced the motion area of the mobile and 

sedentary pre-docked vesicles. b Neither PMA nor BIS treatments altered the aspect 

ratio of the motion coverage (SCD / LCD). Asterisk, p<0.01 versus control, Student’s 

t test 
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Fig. 7 Monte Carlo simulations of vesicle lateral motion at 0.5 seconds time interval. 

a A stimulation of unbounded Brownian random walk in a duration of 120 seconds. 

The size of each random walk step is 0.195 m corresponding to an instantaneous 

velocity of 0.39 m/s. Scale bars indicate 1 m in length. b Averaged LCD curves. 

Each is obtained from 100 simulations of 20-second unbounded random walk by 

assuming a constant instantaneous velocity of 0.16 m/s (triangles) or 0.39 m 

(squares) or 0.74 m/s (circles). Each LCD curve can be well fitted (solid curves) by 

the theoretical calculation (solid curves, see explanations in text). c An stimulated 

caged Brownian random walk with the same duration and step size as in a. But a 

confining round boundary with a diameter of 0.98 m is assumed. The scale bars 
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correspond to 0.3 m. d Averaged LCD curves were obtained similarly as in b, except 

that a confine cage with a diameter of 0.69 m (triangles) or 0.98 m (squares) or 

1.60 m (circles) is assumed. The averaged vesicle LCDs in 10 control cells from Fig. 

1d are re-plotted (dark curves) for comparison 

 

 

 

 


