Eur Biophys J (1999) 28: 91-101

© Springer-Verlag 1999

ARTICLE

Martin Oheim - Dinah Loerke - Walter Stiihmer
Robert H. Chow

Multiple stimulation-dependent processes
regulate the size of the releasable pool of vesicles

Received: 10 August 1998 / Revised version: 24 September 1998 / Accepted: 24 September 1998

Abstract In neuroendocrine cells and neurones, changes
in the size of alimited pool of readily releasable vesicles
contribute to the plasticity of secretion. We have studied
thedynamic alterationsin thesize of anear-membrane pool
of vesicles in living neuroendocrine cells. Using evanes-
cent wave microscopy we monitored the behaviour of in-
dividual secretory vesicles at the plasma membrane. Ves-
icles undergo sequential transitions between several states
of differing fluorescence intensity and mobility. The tran-
sitions are reversible, except for the fusion step, and even
in nonstimulated conditions the vesicles change statesin a
dynamic equilibrium. Stimulation selectively speeds up
the three forward transitions leading towards exocytosis.
Vesicles lose mobility in all three dimensions upon ap-
proach of the plasma membrane. Their movement is di-
rected and targeted to the docking fusion sites. Sites of ves-
icle docking and exocytosis are distributed non-uniformly
over the studied “footprint” region of the cell. While some
areas are the sites of repeated vesicle docking and fusion,
others are completely devoid of spots. Vesicular mobility
at the membraneisconfined, asif the vesicle wereimpris-
oned in a cage or tethered to a binding site.
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Introduction
The release-ready pool of vesicles

A common feature of many secretory cellsisthat the rate
of exocytosis declines precipitously upon repeated or
maintained stimulation (for work on neurones, see EIm-
gvist and Quastel 1965; Betz 1970; Stevens and Tsujimoto
1995; Rosenmund and Stevens 1996; for work on neu-
roendocrine cells, see Bittner and Holz 1992; Ammala
et al. 1993; Gillis and Misler 1993; Horrigan and Book-
man 1994; Parsonset a. 1995; Gillisand Chow 1997). Af-
ter a pause in stimulation, the rate of exocytosis recovers.
This has been interpreted to be due to depletion of afinite
“readily releasable” pool of secretory vesicles, and then,
upon cessation of the stimulus, replenishment of this pool
from another, “reserve” pool. Until recently, the dynamics
of individual vesiclesin these functional pools, located at
or near the plasma membrane, were hidden to the experi-
menter, since standard assaysfor secretion gave only indi-
rect information about vesicle states prior to exocytosis, or
did not offer sufficient resolution.

Evanescent-wave microscopy

The introduction of evanescent wave microscopy to stu-
dies of exocytosis (Steyer et al. 1997; Oheim et al. 1998)
has made possiblethe direct observation of individual dye-
loaded dense-core vesicles prior to exocytosis in living
neuroendocrine cells. Light incident on a dielectric inter-
face (from ahigher to alower refractive index medium) is
totally reflected back into the higher refractive index me-
dium if the angle of incidence exceeds the critical angle
for total reflection. An exponentially decaying evanescent
field is created in the lower index medium. The exponen-
tial decay constant of the evanescent field intensity istyp-
ically 70-300 nm. Its precise value depends on mediare-
fractive indices, incidence angle and illumination wave-
length. Additionally, the evanescent field intensity de-
pends on the polarisation angle of the incident light.
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In this study, we analysed the trajectories of single flu-
orescently labelled dense-core vesicles asthey approached
the plasma membrane at the base of a cell illuminated by
an evanescent field until they underwent exocytosis. We
identified different functional states of the vesiclesand ex-
amined how stimulating secretion affects the rates of ex-
change among these states.

Theory
Total internal reflection

The evanescent field generated by total internal reflection
(TIR) illumination at a dielectric interface penetrates into
the medium of lower refractiveindex. The evanescent field
intensity decays exponentially with distance z from the
interface

1(2) = 1(0) exp (-z/d) D
where decay length
d= %o @

am[n?sin2 6, -n3

is a function of the refractive indices, n, and n,, respec-
tively, the angle of incidence 6 and the wavelength. The
intensity of the evanescent wavefield at theinterface, | (0),
iscalculated by coherent superposition of the incident and
reflected beam and solving Maxwell’ sequationsfor the ap-
propriate boundary conditions. It depends on the angle of
incidence, the refractive indices and the electric field am-
plitude A of the incident wave (Born and Wolf 1980). For
s-polarised light

15(0) =|A® 4cos? 6, /(1- 3/ nd)
and

15(0)=|Ap

for p-polarised light. Evanescent (decaying) waves carry
no net energy flux. However, energy can be transferred
from the evanescent field if absorbing chromophores are
present (a phenomenon called “frustrated” or attenuated
TIR). The absorbed energy can be dissipated non-radia-
tively, or — if the chromophore has a non-zero quantum
yield — by fluorescence emission.

Owing to the exponential decay of the evanescent field,
TIR fluorescence microscopy (TIRFM) achievesits high-
est sensitivity very close to adielectric interface. Thus, it
lendsitself in anatural way to investigations of surfaceto-
pography, film thickness, refractive index and absorption
close to interfaces. Throughout this study, evanescent
waves were used to excite near-membrane fluorophoresin
cellsgrownon coverslips. Theboundary between theaque-
ous cytosol and glass substrate constitutes the reflecting
interface.

3)

i 4cos® 6, (2sin? 6, —nZ I n?)
(N /my)* cos? 6 +sin26, —n2 / n?
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Materials and methods

Details of cell preparation, staining and the evanescent-
wave set-up were as previously described (Oheim et al.
1998). Modifications of the optical system included a
16-bit CCD imaging system (Penta-Max, Princeton Instru-
ments, Trenton, N. J., USA) equipped with aGenlV image
intensifier and an acousto-optical deflector in the excita-
tion light path to introduce fast reproducible variations of
the angle of incidence.

Visualisation of individual vesiclesin living cells

Bovine adrenal chromaffin cells were prepared as de-
scribed el sewhere (Zhou and Neher 1993) and used on days
2-3 after preparation. Vesicles were stained with acridine
orange (3 min incubation in a solution containing 2 pm
dye, 145 mm NaCl, 10 mm HEPES, (pH 7.2), 2.8 mm
MgCl,, 2 mm CaCl, and 5 um dye). The extracellular so-
lution to trigger secretion was composed of 60 mm KCl,
85 mm NaCl, 10 mm HEPES (pH 7.2), 2.8 mm MgCl, and
2 mm CaCl,. All experiments were done at 20-22°C.

Evanescent-wave excitation

Fluorescence microscopy was performed using a custom-
made TIR microscope based on a Zeiss Axioskop upright
microscope (see Oheim et al. 1998 for a detailed descrip-
tion). The incidence angle 6 was measured from the nor-
mal to the prism’splanar surfaceto the beam’scentral axis.
The calculated critical angle was (61.97+1.2)°, assuming
values of n,=1.33-1.36 for the cytoplasm and n; =
1.52(24) (at A = 488 nm) for BK-7 glass. Owing to the un-
certainty in n,, 6 . was determined experimentally by in-
creasing 6 until TIRwas observed. Thedecay length d was
measured as described previously (Oheim et al. 1998), and
found to range between 70 nm and 128 nm for incidence
angles between 71.5° and 64°. Vesicles become visible as
they enter the evanescent field. The total number of vis-
ible vesicles is thus dependent on the angle of beam inci-
dence.

Telecentric optics allows a simple beam scan

Variations of the beam incidence were attained with an
acousto-optic device (AOD) (Laser 2000, Wessling, Ger-
many) and telecentric optics (Fig. 1). In usual scanning de-
vices, a beam emerges from a fixed point at different an-
glesand isscanned over the object. For TIRF experiments,
ageometry is desirable in which the location at which the
laser beam is aimed is kept fixed while the incidence an-
gle is varied systematically. This was accomplished by a
system of two convex lenses. The exit pupil of the AOD is
placed in the back focal plane of the first lens (achromate
f; = 15 cm) such that theangular scanisconvertedto apar-
alel displacement of the beam. This displacement is con-
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Fig. 1 Schematic of the telecentric optics used to keep the point of
beam incidencefixed whilevarying thebeam angle. A relay lens(L,)
transforms the scan angle into a parallel beam displacement. Thefo-
cusing lens (L,, at an arbitrary distance relative to of the first lens)
ensures that the beam converges to the midpoint of the hemicylin-
drical lens, irrespective of the incidence angle. Fast reproducible
variations of the scan angle are introduced by an acousto-optic de-
flector (AOD). The ratio of the two lenses can be used to magnify
the scan angle to yield the desired angle of incidence at the reflect-
ing interface. Anindex-matched glass-rod isoptically coupled to the
cylindrical lensto guide the reflected beam to abeam trap and avoid
scattering and reflection at the surface as the beam leaves the prism

verted back to a change in beam incidence by placing the
focus of the second achromate (f, = 6 cm) such that it co-
incides with the point at the dielectric interface at which
TIR occurs. The ratio of focal lengths determinesthefinal
scan angle, 4.8°

6, = tan™ (6, - (fy/f) (5)

Guiding the beam to the reflecting interface

A hemicylindrical BK-7 (n = 1.5224) prism of 5.5 mm ra-
dius (Spindler & Hoyer, Gottingen, Germany) guided the
incident beam without refraction to the same location on
the stage of an upright microscope (Zeiss Axioskop, Jena,
Germany), irrespective of the angle of incidence. The
prismwas cut and optically polished such that the midpoint
of symmetry was at the upper surface of a coverslip of
0.17 mm thicknesswhen coupled to the prism’ s planar sur-
face by athin layer of immersion oil. To arrive at arepro-
ducible thickness of the oil film, 3 pl of oil were applied
to the prism’s top with a micro pipette. A 4-mm diameter
BK-7 glassrod (custom-madein the opticsworkshop, MPI
for Biophysical Chemistry, Géttingen, Germany) was op-
tically coupled to the rounded site of the hemicylindrical
prism with immersion oil, allowing the reflected beam to
leave the prism without significant reflection back to the
flat top. The end of the rod was cut at an angle of 45° and
mantled with black matte plasticine such that it acted as a
beam trap.

Image acquisition

Images where acquired with an intensified frame-trans-
fer CCD camera (Princeton Instruments, Trenton, N. J.,

Fig. 2A—C Complicationsin theinterpretation of evanescent-wave
fluorescenceimages. Total internal reflection occursat the top of the
glasscoverdlip (n = 1.5224), irrespective of the preciserefractivein-
dex of thelow index medium. Changesin fluorescence represent dis-
tance changes with respect to the reflecting interface A. A decrease
in fluorescence intensity of a vesicle could be due to B withdrawal
of the vesicle from the membrane or else C buckling up of the mem-
brane with the vesicle at the same membrane/vesicle separation dis-
tance. Thus, dynamic alterations of the cell/substrate contact region
that can occur during experiments, particularly after long observa-
tion periods, solution exchange or whole-cell dialysisresultinchang-
esin the evanescent-wave fluorescence imagesthat are hard to inter-
pret

USA) with a maximum quantum efficiency of 35% at
550 nm. Acquisition, storageand analysiswere performed
using MetaMorph (Universal Imaging, West Chester,
Pa., USA). Full images were typically recorded every
200 ms (5 Hz); images of sub-regions were taken at up to
200 Hz.

Ambiguities in the interpretation of fluorescence data

Penetration depths of the evanescent wave were deter-
mined as previously described by measuring the fluores-
cence signal of abead attached to the tip of a glass pipette
at distances from the reflecting interface (Oheim et al.
1998). However, the knowledge of the penetration depth
of the evanescent wave into the aqueous solution on top of
the coverslip does not allow an unequivocal interpretation
of fluorescence intensities (see Fig. 2): vesicles of equal
brightness are not necessarily located at equal distances
from the plasma membrane, because:

1. The plane of reference for evanescent-wave distance
measurements is the glass/water interface — at which
thelight isreflected —rather than the plasmamembrane.

2. Thevalue of the decay-length of the evanescent wave,
determined in agueous solution, is modified by the
higher-refractive index medium of the cytoplasm.

Image analysis

The ambiguity in the interpretation of fluorescence inten-
sity makes it difficult to obtain a knowledge of the func-
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tional states of vesicles prior to fusion without further
data. Additional information comes from particle mobil-
ity. Particle tracking first requires incubation of the cell
with fluorescent dye to visualise vesicles as individual
pinpoints (Steyer et a. 1997; Oheim et al. 1998). Cells
with low vesicle densities and small penetration depth
facilitate thistask. Theimages were digitised, stored and
later analysed in an image processor running the Meta-
Morph software package (Universal Imaging, West
Chester, Pa., USA). A macro recognises, locates and
tracks the individual fluorescently labelled vesicles from
image to image and consequently yields the precise tra-
jectories.

Single-vesicle tracking in three-dimensional space

The automated tracking of vesicle positions involved the
iterative application of two steps: the first identified the
search object and an extended search region in the current
image, and the second one matched the objects found in
the next image with those identified in the current image.
If an object was lost, the algorithm first looked one plane
ahead, then expanded the search region and finaly
switched to the interactive mode. The (lateral) position of
particle (X, ¥) was defined asthe weighted “ centre of mass”
of itsimage over the pixelsit covered

s x(F(x,y)-Fr) s Y(F(x,y)-Fr)

)A( — Xy _ , 9: X,y _ (6)
S (F(xy)—Fr) > (F(x,y)-Fr)
X,y X,y

where F is the fluorescence intensity and F+ isathreshold
to eliminate fluctuations in the background. This proce-
dure resembles the introduction of centre-of-mass co-or-
dinates in classical mechanics and is repeated for each in-
dividual vesicle and image plane.

“Local” co-ordinates

Evanescent wave microscopy allows us to determine par-
ticle trajectories in three dimensions. However, non-lin-
ear filtering that is usually employed prior to identifica-
tion of particle positions (Gosh and Webb 1994; Steyer et
al. 1997) will not only remove intracellular background
from the images and highlight particle positions but also
change peak intensities. This brings about the need to de-
velop an alternative tracking algorithm if 3-D positional
information is desired. A way to relate fluorescence
changes to distances travelled and to decide whether the
entiremembranebucklesup or theindividual vesiclewith-
draws from the plasma membrane is to look at the inten-
sity peaks and the local background changes at the same
time. This corresponds to introducing alocal co-ordinate
system in which each vesicle is characterised by fitting a
2-D Gaussian distribution to theintensity distribution. Fit
parameters include the peak position of the distribution,
the maximum intensity F, thewidth of the distribution and

the local background B. The change in axial position is
calculated according to

z=—dIn ((F-B)/(Fo—Byp)) (7

where F, and B, are the peak fluorescence and background
on the preceding image, and d is the penetration depth.
After reading out fluorescence intensities, images can be
thresholded to facilitate particle tracking in the latera
plane.

Calculation of the 3-D diffusion coefficient

The lateral displacement [Eg. (6)] and fluorescence F
[E%. (7)] wereused to calculatea3-D diffusion coefficient,
D®, Let & thetime between two consecutiveimages, At,, =
n - & (ninteger), and| (At,,) thedistancethat avesicletrav-
elsinthetimeinterval At,,. Then 17 (At,)) [] definesthe mean
squared displacement (MSD) in atimeinterval At

<|2(Atn)> = N:I;n ;

3 N-n
55 (o emay-xkar} @

wherer = (x,y, 2) iswritten as (x)[j - 1,5 Nisthetotal
number of images. Thus, the MSD for & measureshow far,
on average, aparticle travelled in thetime interval [0, &,
MSD (2 dt) measures how far it travelled in [0, 24t], and
so on. Plotting M SD versus At,,, the three-dimensional dif-
fusion coefficient is given by the asymptote

2
D(3) = ; M (9)
6 dat,
A, -0

D® was determined from alinear fit to the first 3-5 points
on a plot of MSD versus At,,. The intercept was forced to
the origin. Individual points contributed as 1 over the stan-
dard deviation of the M SD; &t was 100 ms. This procedure
defines an average “ short-range diffusion coefficient”. Vi-
brations of the stage, determined from stationary 100-nm
fluorescent beads on the coverglass, limit the resolvable
diffusion coefficient to Q&) =5.73+1.33 1073 cm? s,
Thevalue of D® over time was al so taken as a control pa-
rameter of cell activity. A continuous decrease of | (At,,)
and thus D® for many vesicles with experiment time in-
dicated a run-down of cellular activity, e.g. due to loss of
ATP after whole-cell dialysis.

Results
Findings from non-stimulated cells

After preincubation of bovine chromaffin cellsin acridine
orange — an acidotropic fluorescent dye that accumulates
inacidic vesicular compartments— TIR illumination of un-
stimulated cellsreveal ed punctuate fluorescence in the ad-
herent “footprint” of the cell (Fig. 3A).
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Fig. 3A—E Individual vesicles prior to exocytosis, observed with
evanescent wave microscopy. Cells were incubated with acridine
orange. The 200-msimagesweretakenwith anintensified CCD cam-
era. A Large dense-core vesicles are seen as fluorescent spotsin the
“footprint” region of a chromaffin cell. The footprint diameter is
=14 um (the scalebar indicates 5 pm). The angle of incidence was
70.0°, corresponding to acal culated penetration depth of the evanes-
cent wave of 75 nm. B Vesicles enter and leave the region of excita-
tion. About half of the vesicles are highly mobile, but exhibit diffu-
sion restricted to a cage with diameter =300 nm. The other half has
amobhility that is two orders of magnitude smaller, asif the vesicles
were tethered to a binding site or imprisioned in a cage. Slow diffu-
sion of the “cage” or binding site itself is barely resolvable and of
the order of 6x107* cm? s7L. C In resting cells, about 30-34 vesi-
cles are visible within the footprint region, corresponding to an av-
erage density of 0.11+0.3 um2. The total number of visible vesi-
cles decreases only gradually after stimulation, indicating a supply
of new vesicles to the observed region. The grey bar indicates the
timing of alocal application of 60 mm K* from a puffer pipette. The
solid trace represents the cumulative number of vesicles lost through
exocytosis. Secretion starts at t = 2.6 s, 100 ms after K* application.
D Thenumber of highly mobilevesicleschangesonly after maintained
stimulation and decays monoexponentialy with a time constant of
about 1 min. E The average number of less mobile vesicles decreases
after stimulation with atime constant of about 20 s (n =7 cells)
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Vesicles display two levels of brightness

These spots, shown previously (Steyer et al. 1997; Oheim
et al. 1998) to correspond to individual secretory vesicles,
exhibited two levels of brightness. For a penetration depth
of the evanescent field of 75 nm, the total number of near-
membrane vesiclesin the footprint region was 30+ 4. This
number representsthetime-average of the number of spots
in a time-series of images in the absence of stimulation.
Spots were counted as vesicles if the average intensity in
the central 3x3 pixel region exceeded five times the peak-
to-peak noise of intracellular background on three consec-
utiveframes. On average, 47% of thevesicles(14+ 2 spots,
see legend to Fig. 3C) had an intensity F of 23.3+£8.6 cts/
pixel, and 53% (16+2 spots) an average intensity of
42.0+ 3.8 ctg/pixel. If oneassumesasafirst approximation
that the vesicles are distributed at uniform density over the
entire cell membrane, and that the footprint of the cell rep-
resents approximately 15% of thetotal cell membrane sur-
facearea, then thetotal number of vesiclesin the shell near
the plasma membrane can be estimated to be about 200 in



96

resting cells, of which about 90 are dim and highly mobile
while roughly 110 are brighter and less mobile.

Diffusion coefficients of mobile and immobile vesicles
differ by two orders of magnitude

There were aso two levels of vesicle mobility, analysed
here in terms of the 3-D diffusion coefficient D). Inter-
estingly, the level of mobility was inversely related to the
fluorescence intensity, as shown in Fig. 4A. The diffusion
coefficient of the dimmer, mobile class of vesicles was on
average 3.23+0.92 1071° cm? s (mean+SD, N = 112),
whereasthe bright vesicleswere almost completely immo-
bile with D©® = 2.7+1.1 102 cm? s™* (N = 138). Transi-
tions between states— and thus values of F and D'® —were
observed (Fig. 4B) but were fast compared to the lifetimes
of vesiclesin the mobile and immobile state, respectively
(seelegend to Fig. 5).

Vesicles lose their mobility as they approach
the plasma membrane

The trgjectory of asingle vesicle from the time of its ap-
pearance to its disappearance, due to exocytosis, is shown
onaplot of D® versusF. Thevesicle moved from thedim-
mer, high mobility class to the brighter, less mobile one
(Fig. 4B) with several reversals in direction before it fi-
nally disappeared after release of its contents into the ex-
tracellular space.

In the absence of stimulation, a dynamic equilibrium
keeps pool sizes constant

While the sizes of the two visible vesicle pools remained
constant in the absence of stimulation, vesicles occasion-
aly changed from the brighter, less mobile state to the
dimmer, highly mobile state, and vice versa, at a rate of
1.5 s71. (Rates are reported here as the number of vesicles
undergoing a stated transition per second over the entire
footprint region. To arrive at a whole-cell estimate, these
numbers are multiplied by a factor of 6-7.) In addition,
new vesicles spontaneously appeared or visible vesicles
disappeared at equal rates of 7.1 s, indicating a continu-
ous exchange between vesicles that are visible and others
inaninvisiblereserve pool —located deeper inthe cell, be-
yond the reach of the evanescent field. For convenience,
we refer to the pools of vesiclesas V,, V,, and I, for ves-
icles that are dim and highly mobile, bright but less mo-
bile, and “invisible”, respectively.

Results from stimulated cells
Upon exposure of chromaffin cells to an extracellular so-

lution containing 60 mm potassium, the fluorescent spots
disappeared in a cloud of released dye molecules (Steyer
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Fig. 4A, B Vesicles must go through different stages prior to fu-
sion. A Inresting and stimulated cells, each vesicle can be charac-
terised based on its mobility and fluorescence intensity. The vesicles
fall into two distinct groups: one group is mobile with an average
three-dimensional diffusion coefficient D© of 3.23+0.92 107° cm?
st and an average fluorescence intensity of 23.3+8.6 cts. The oth-
er group is less mobile with an average D® of 2.7+1.1 1072 cm?
st and an average intensity of 42.1+3.8 cts. The image acquisition
rate was 5 Hz. Points (D, F) were determined for each vesicle in-
dividually from the slope of aplot of the mean squared displacement
vs. timefor At - 0 and the mean fluorescence intensity in the same
time interval. Error bars give standard deviations in D® and F. B
Anindividual vesicleistraced fromitsentry into the evanescent field
(crosshair) until it fuses with the plasma membrane (star). Fusion
was detected as release of dye molecules and subsequent destaining
of the spot. The vesicle is seen to undergo reversible transitions
between the dim, highly mobile state and the brighter, less mobile
state before fusing. The net “trajectory” illustrates that approaching
the membrane goes along with a loss of mobility of almost two or-
ders of ma%nitude when expressed in terms of the free diffusion co-
efficient D™, This pattern was consitstently observed. Note the peak
of intensity (star) as the dye is released in close proximity to the
interface and efficiently excited by the evanescent wave



etal. 1997; Oheimet al. 1998). Spotsthat have disappeared
will be referred to as vesicles accumulating in a pool E,
for vesicles that have undergone exocytosis. In spite of
the loss of vesicles, during the initial 15 s of maintained
potassium elevation the total number of visible vesicles
(poolsV; +V,) remained almost constant (Fig. 3C, dashed
line). Thiswas dueto the recruitment of new vesiclesfrom
the invisible reserve pool I. Although the rate of recruit-
ment of new vesicles was enhanced, the reverse rate re-
mained constant.

Vesicle supply ultimately limits the rate of secretion

In the first 5 s after depolarisation, the supply of vesicles
from | increased from 7.1 s t0 9.5 s After 20 s, therate
then decayed gradually to 6.8 s™. The rate of transition
fromV, toV, asoincreased, from 1.48 sto 1.88 s, within
thefirst 5 sand reached its peak value at 5.5 st within 8 s
after stimulation. Eventually, the rate declined to 1.76 s™.
The reverse rate remained constant at 1.49 s. The net ef-
fect of stimulation was that the pool of vesiclesV, dimin-
ished first, while V; initially remained approximately
stable in size. Ultimately, however, even this pool dwin-
dled, as the rate of re-supply of vesicles from | declined
and became rate limiting.

Immobilised vesicles do not necessarily fuse first

While no spontaneous fusion events were seen in the ab-
sence of stimulation, secretion became vigorous after
membrane depolarisation. Somewhat surprisingly, the al-
ready docked bright vesicles did not necessarily fusefirst.
Instead, a large fraction of the immediate secretory re-
sponse came from vesicles that had arrived only recently
in the evanescent region and rapidly went through the se-
qguence | - V; - V, —» E. Secretion continued after the
end of the stimulus, often lasting hundreds of milliseconds.
Frequently, several vesicles were seen to fuse sequentially
in very confined regions of less than 1 pm diameter (see
below).

A three-step model for secretion control
in neuroendocrine cells

Vesicles acquire fusion competence
by going through a sequence of transitions

Vesicles undergo a well-defined sequence of steps on the
way to exocytosis. We summarise the sequence in a four-
statekinetic diagram (Fig. 5A), with the previously named
poolsl, V4, V, and E, and rate constantsky, k_;, ky, k_, and
ks for the transitions between the pools. In the absence of
stimulation, the rates of transition to and from each pool
balance each other. Stimulation selectively enhances the
forward rates by a transient increase of the forward rate
constants (see legend to Fig. 5). The delay between the ar-
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rival of avesicleinthepool V,anditsfusion or withdrawal
back into deeper regions of the cytoplasm was modul ated
by stimulation (see Fig. 5 and its legend). In resting cells,
the average lifetime of avesiclein V,, calculated as one
over the rate constants leading away from this state,
1(V,) = U(k,+kg), was about 40 s but scattered largely
between a few seconds and more than aminute. 7(V,) de-
creased upon stimulation to about 8 s before its value in-
creased again for maintained or repetitive stimulation (see
Fig. 5D). The average lifetime of vesiclesin V4, 7(V,) =
1/(k_; +ky), was 3.5 s and was almost unaffected by stim-
ulation (Fig. 5B, C).

Rare events

We never observed thereactions| - V,andV; - E, con-
sistent with the view that fusion requires the sequential
transitions as indicated in Fig. 3A. For two out of atotal
of 700 vesicles(<0.3%), we observed brief reversibletran-
sitions, V, « E, before completed exocytosis, compatible
with fast, reversible widening and narrowing of the fusion
pore that are, however, not resolved in the present experi-
ment (Breckenridge and Almers1987; Albilloset al. 1997,
Alvarez de Toledo et a. 1993). Convergence of two spots
and the subsequent appearance of a single, larger spot was
observed rarely (3/700, =0.4%) and could represent com-
pound fusion (Alvarez de Toledo and Fernandez 1990). L ess
than 0.3% of the spots remained unchanged despite main-
tained stimulation. These could be vesicles trapped in the
docked state V, or else non-secretory acidic compartments.

Spatial organisation of exocytosisin chromaffin cells

Thesitesof exocytosiswere not uniformly distributed over
the entire cellular footprint region. The rim and patchy ar-
eas in the centre were the sites of intense vesicle traffick-
ing and exocytosis. As can be seenin Fig. 6, there was ex-
tensive overlap of the sites of successive vesicle fusions.
Other areas had spots that did not undergo exocytosis de-
spite stimulation or were devoid of spots (Fig. 6A, B).
When dye was added to the extracellular fluid and allowed
to diffuse beneath the cell (not shown), the footprint re-
gion remained dark — ruling out the possibility that areas
devoid of vesicles were sites where the membrane had
buckled up above the reach of the evanescent wave.

Discussion
Sequential transitions of vesicles prior to fusion

In the present paper, we have arrived at an operational
definition of vesicle states, based on what can be resolved
using evanescent wave microscopy. We have intentionally
avoided using A, B and C to label the states, as these la-
bels have been used in previous studies of functional ves-
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Fig. 5A-D A three-step sequential model of secretion control. A
The bulk of the chromaffin granules is distant from evanescent ex-
citation and therefore invisible in pool |. Vesicles approaching the
membrane become visible when they enter the evanescent field in
pool V,, the vesicles of high-mobility and low-intensity. Upon ap-
proaching the plasma membrane they enter farther into the evanes-
cent field, becoming brighter and simultaneously losing their mobil -
ity (pool V). The decrease in mobility may reflect molecular “dock-
ing” at the membrane. While progressing through these pools, vesi-
cles probably undergo multiple biochemical maturation steps to be-
come fully primed and ready for release (Parsons et al. 1995), but
we cannot resolve these steps in the present experiment. Upon cal-
cium triggering, vesicles in pool V, fuse to the membrane, joining
pool E of exocytosed vesicles. Based on our observations, the steps
between states | and V, and between V, and V, are reversible. Re-
versible steps from V, to E were not resolved. Rate constants were
calculated by dividing the number of vesicles changing states
between image frames by the pool size. Values were calculated as
rolling averages to smooth out noise due to sampling and the dis-
crete nature of transition events. k_; was constant at 0.11+0.05 s2,
irrespective of stimulation. After stimulation, k; for vesicle progres-
sion to V., increased from average values of 0.02+0.004 s at rest
t0 0.05 s and reached afirst peak 5-8 s after the onset of secretion
at 0.1+0.009 s, k_, remained unchanged at =0.03 s%. The sponta-
neous fusion rate was virtually zero such that the average lifetime
7(V,) was given by 1/k_, = 38 s. After stimulation, the time course
of cumulative release was non-linear. This was mostly due to deple-
tion of pool V,. ks decreased from its peak value of 0.11+0.03 572
directly after stimulation to 0.05+0.03s™. B Vesicle lifetimes in
state V. Lifetimeswere calculated as 1 over the sum of therate con-
stantsleading away from the state. Lifetimesin stateV 4, 7(V ), scat-
tered between a few hundred milliseconds and tens of seconds, de-
pending on vesicle location. The average 7(V,) did not change not-
ably over 40 s. C Lifetime histogram including all data points in
Fig. 3B. Thetime constant of the falling exponential correspondsto
amean lifetime 7(V,) = 3.54 s. D Average lifetimes 7 (V) are scat-
tered over a broad range of values and decrease after stimulation. A
first minimum is consistently observed 1-2 s after the onset of the
stimulus with 7(V,) = 8.5s. About 10-25 s after initiation of the
stimulus, lifetimesarefairly constant (=10 s) beforeincreasing again
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icle pools, using alternative biophysical approaches. Our
findings emphasise the importance of the transport step
that precedes immobilisation of vesicles; saturation of the
secretory response was caused by the rate of vesicle sup-
ply approaching the rate of fusion.

The three-step model

Theintroduction of evanescent wave microscopy hasmade
possible the direct observation of individual dye-loaded
dense-core vesicles prior to exocytosis in living neuroen-
docrine cells (Steyer et al. 1997; Oheim et al. 1998). The
tragjectories of single dense-core vesicles were analysed as
they approached the plasmamembrane at the base of acell
illuminated by an evanescent field until they underwent
exocytosis. A ~100-fold lossin 3-D mobility was observed
upon approach of the vesicle to the membrane, which is
interpreted as the first visualisation of the docking of a
vesicleto itsbinding site. On the basis of fluorescence and
mobility data, different functional pools of the vesicles
were identified. Also examined was how stimulating se-
cretion affects the transition rates among these states.
Time-resolved studiesof transitionsand pool sizestogether
were used to arrive at estimates for the rate constants of
transitionsand to cal cul atethelifetimesof vesiclesinthese
states.

Is V,; well-defined based upon the available data?

Theidentification of statesis not free from ambiguities; to
identify states, the transitions between states must be fast
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Fig. 6A—C Sites of preferred docking and fusion. During the time
before and after stimulation, vesicle activity was restricted to small
patches. Once having entered thevisible pool V , vesiclesrarely dis-
played lateral displacements of more than 500 nm, suggesting that
movement istargeted specifically to the sites of fusion. Furthermore,
new vesicles often appeared repeatedly at the same location. We
therefore studied the localisation of vesicle immobilisation and fu-
sion. Co-localisation of sites of vesicle activity was studied by gen-
erating fluorescence difference images in which increases and de-
creases in fluorescence are represented by positive (docking or ap-
proach) or negative (fusion or withdrawal) pixel intensities. From
each of the time-lapse images, the one taken two frames ahead was
subtracted; thus, sites of sudden and substantial change in fluores-
cence were determined while excluding both immobile spots (pos-
sibly representing acidic compartments other than vesicles) and lat-
era jitters. Thresholding was used to distinguish between random
fluctuations, on the one hand, and docking and fusion events, on the
other. Subsequent integration over the stack of positive or negative
difference images, respectively, yielded a cumulative picture of all
regions of vesicle activity with the intensity coding for the degree of
activity. Theintegrated images were then displayed in green and red
pseudocolour. A Green pixels represent locations of increasein flu-
orescence intensity, i.e. vesicles appearing or approaching the mem-
brane, while B red pixels mark sites of sudden loss of fluorescence,
i.e. fusion. C Areas of increase and of decrease in fluorescence in-
tensity overlap by 86%. Regions of overlap appear in yellow pseu-
docolour, and show sites of repeated vesicle approach and fusion.
Note that there were some locations where single docking or fusion
events occurred

compared to the lifetime of vesicles in these states. The
biophysical parameters characterising these states are de-
rived from stretches of the trajectory between transitions
(see Fig. 4). In some cases, where the vesicle is rapidly
changing states, it is hard to decide in which state the ves-
icle currently is, because the number of images between
transitionsis very small. The problem is thus very similar
to the analysis of single-channel data and the identifica-
tion of conductance and subconductance levels.

V, versus 'V,

Unlike the identification of pool V., the definition of V;
suffersfrom the fact that the biophysical properties of ves-

icles in pool V, are more diverse: fluctuations about the
average fluorescenceintensity F aswell asrandom and di-
rected movements arefeaturesthat must beincluded to de-
finethe*mobile state of vesicles, farther removed fromthe
plasma membrane”. In all cellsinvestigated, F was about
half of that of the immobile near-membrane vesicles and
D® was clearly distinguishable, with a factor of almost
two orders of magnitude.

V,; versusl|

Whereas the differences between V, and V, were clearly
resolvable, the situation is more difficult with respect to
the invisible pool 1. One concern might be that the “mo-
bile pool” does not define a (steady) state but rather rep-
resents a spectrum of statesfrom | to V. Thisview is sup-
ported by the short lifetime of vesiclesin V; (=3.5 s) and
the diversity of (D®, F) of these vesicles over time. Nev-
ertheless, the average pair (D, F) characterising the in-
dividual vesicle was well-defined for vesicles belonging
toV, andiswell distinguished from the background inten-
sity. Recall that vesicles were referred to asvisibleif their
average intensity exceeded 8.5 cts above background in
three consecutive frames, whereas the average value of
vesiclesin V; was =23.3 cts above background.

In the present study, invisible vesicles were implicitly
identified asif they wereahomogeneous pool, but (D@, F)
was not defined. Only high-resolution techniques with the
ability to look deeper into the cell can resolve this prob-
lem. Using confocal microscopy, Burke et al. (1997) re-
solved multiple mobility groups of GFP-labelled vesicles
in NGF-treated PC-12 cells. Interestingly, immobile vesi-
cles were also present at larger distances from the plasma
membrane. Another complication in the definition of V ; is
that the size of the pool of mobile vesiclesthat are located
distant from the plasma membrane but still within a shell
of afew hundred nanometers from the plasma membrane
dependson d, the penetration depth of the evanescent wave.
Since d is modified by the cell’s footprint topography and
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different cells adhere differently, the size of the mobile
pool, [V,], will be different from cell to cell, even when
the calculated penetration depth isidentical.

Spatial aspects of secretion control
Does locally elevated Ca®" affect vesicle movement?

Previous studies using amperometry have shown regions
of focal transmitter release in isolated chromaffin cells
(Robinson et al. 1995). One possible explanation for this
focal activity is that vesicle docking is restricted to sites
where docking proteins are clustered. If the number of
these sitesislimited, new vesicleswill be ableto associate
with the membrane only where a previous vesicle fusion
has occurred to make the site available for further dock-
ing. These docking proteins may be physically linked to
voltage-activated Ca?* channels (Martin-Moutot et al.
1996; Sheng et al. 1997), where vesicles are exposed to
high transients of [Ca’']; promoting rapid secretion
(Llinas et al. 1981; Augustine et a. 1985; Yamada and
Zucker 1992; Neher 1998). Alternatively, if vesicles are
capable of docking anywhere at the plasma membrane,
[Ca?*] gradients may help to guide vesiclesto their fusion
sites. In that case, vesicle mobilisation would be directed
up calcium gradients, so docking and fusion would occur
most commonly where the calcium concentration is high-
est — near the mouth of calcium channels. All vesicles
would progressthrough the same sequence, but those near-
est the calcium channels would transit through the se-
guence of states more rapidly. Thus, the sites of high ves-
icle throughput visualised by TIRFM may represent re-
gions of docking protein and/or calcium channel cluster-

ing.

Arolefor the cytoskeleton?

Vesicles came to the plasma membrane unidirectionally
and arrived at their future fusion sites with high specific-
ity, leaving it unlikely that diffusion isthe only component
in this transport process. For al vesicles observed, ap-
proach to the plasma membrane was associated with aloss
of mobility. Thisweakens previous hypothesesthat thedis-
solution of acortical actin barrier controlsthe progression
of vesicles to the membrane and towards exocytosis. Our
findings support the conclusion that the influence of the
cortical actin filaments on secretion control is most likely
to be one of aguide for active transport rather than of ob-
struction of vesicle movement. This question has become
the topic of intense investigation (Wacker et a. 1998).

Conclusion

The concept of sequential maturation of vesicles through
successive states has been evolving gradually, based on

biochemical and biophysical studies (Bittner and Holz
1992; Heinemann et al. 1993; Thomas et al. 1993). Our
findings using evanescent wave microscopy emphasisethe
reversibility of the transitions and provide direct measure-
ments of the rates involved in the dynamic equilibria
between the states. Previous studies have shown that Ca?*
may enhancethe size of the readily releasable pool of ves-
icles (Bittner and Holz 1992; Hay and Martin 1992; Neher
and Zucker 1993; von Ruden and Neher 1993). The present
work corroborates and extends these studies, showing that
stimulation of the cell by elevating extracellular potassium
leads to selective enhancement of two forward transitions
preceding the well-recognised calcium-dependent fusion
step. Thereadily releasable pool isidentified here asasub-
set of V,, and it consists of vesicles that exhibit restricted
mobility at the plasma membrane, most likely due to mo-
lecular attachment to the membrane. Stimulation leads to
irreversible progression from V., to completed exocytosis.
Our findings do not support the transient breakdown of a
cortical actin barrier as a major element of secretion con-
trol.
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