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Abstract We have monitored single vesicles (granules)
in bovine adrenal chromaffin cells using an optical sec-
tioning technique, total internal reflection fluorescence
microscopy (TIRFM). With TIR, fluorescence excitation
islimited to an optical slice near a glass/water interface.
In cellslocated at the interface, granules loaded with flu-
orescent dye can be visualized near to or docked at the
plasmamembrane. Herewe give evidencethat (1) TIRFM
resolves single vesicles and (2) the fluorescence signal
originates from vesicles of roughly 350 nm diameter, pre-
sumably large dense core vesicles (LDCVs). (3) Diffu-
sional spread of released vesicle contents can be resolved
and serves as aconvenient criterion for afusion event. (4)
We give details on vesicle propertiesin resting cells, such
as lateral mobility of chromaffin granules, number den-
sity, and frequency of spontaneous fusion or withdrawal
into the cytoplasm. (5) Upon stimulation with high extra-
cellular potassium, TIRFM reports depletion of the ‘vis-
ible pool’ of vesicles closest to the plasma membrane
within hundreds of milliseconds, consistent with previous
conceptsof arelease-ready pool. We concludethat TIRFM
constitutes an independent assay for pool depletion.
TIRFM will alow us to study aspects of secretion that
have previously been inaccessible in living cells, in par-
ticular the spatial relations and dynamics of vesicles prior
to and during exocytosis and re-supply of the near-mem-
brane pool of vesicles.
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1 Introduction

During recent years, molecular biologists have cloned
many neuronal proteins that are believed to play rolesin
orchestrating the vesicle life cycle (Stdhof 1995; Stidhof
and Rizo 1996). Functional studies in neuronal or neuro-
secretory cells have been challenging because many steps
of vesicle maturation occur in the nanometer domain ad-
jacent to the plasma membrane. Furthermore, the final
stepsof calcium-(Ca®*-) triggered vesiclefusion take place
on atime-scale of afew hundred microseconds.

Imaging techniques have proved very powerful in
studying highly localized gradientsof intracellular freecal -
cium concentrations, [Ca®*]; (Cheek et al. 1989; Etter et al.
1994), but few of the published imaging approaches can
provide the resolution and signal -to-noiseratio required to
guantify events in such a demanding spatiotemporal re-
gime as vesicle fusion (Llinas et a. 1992; Smith et al.
1993; Monck et al. 1994). In the absence of adequate op-
tical methods, authors have resorted to mathematical mod-
eling (Chad and Eckert 1984; Neher 1986; Llinas et al.
1992; Chow et al. 1994; Klingauf and Neher 1997), esti-
mating the timecourse and concentration of submembrane
[Ca?"]; that triggers exocytosis.

Confocal microscopy (Pawley 1995) and multiphoton
excitation fluorescence microscopy (Denk etal. 1990;
Lipp and Niggli 1993; Piston et al. 1994; Denk et al. 1996;
Svobodaet al. 1996) resolve subcellular structures at very
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high spatial resolution, mainly because of their effective
suppression of out-of-focus light (Agard et al. 1989; Hira-
oka et al. 1990). However, their time resolution has been
limited by the scanning rate.

1.1 Total internal reflection microscopy

Total internal reflection fluorescence microscopy (TIRFM)
(see Axelrod et al. (1992) for a recent review) selectively
excites dye molecules in an agueous environment directly
adjacent to a glass interface. As applied to biological cell
cultures, TIRFM allows selective visualization, for exam-
ple, of cell/substrate contact regions (Axelrod 1981). By
restricting fluorescence excitation to a thin optical layer
adjacent to the interface to which cells adhere, TIRF mi-
croscopy eliminates out-of-focus fluorescence present in
conventional epifluorescenceexcitation. It thereby permits
the observation of molecular processes directly at the
plasma membrane, even of single molecular interactions
(Funatsu et al. 1995; Macklin et al. 1996). Thus TIRF mi-
croscopy can be used to visualize the position, extent and
motion of these contact regions (Axelrod 1981; Gingell
et al. 1985; Lanni et al. 1985; Olveczky et al. 1997), or to
determine dynamics (Huang et a. 1994), concentrations
and kinetics (Lassen and Mamsten 1996; Cleeman and
Morad 1997) of fluorophores and their reactions as afunc-
tion of distance from the interface.

Using TIRFM in living cells, we have monitored sin-
gle labeled vesicles from the time that they approach a
~260-nm thin, subplasmalemmal section and bind to the
plasma membrane to the time they undergo exocytosis.
We give evidence that TIRFM constitutes an independent
assay for secretion and is a powerful tool that can be used
to reveal the dynamics of single secretory granules. Part
of this work has been published in abstract form (Oheim
et al. 1997).

2 Theory
2.1 Fluorescence excitation by TIR

A light beam striking an interface between two media,
1 (e.g. glass) and 2 (e.g. agueous solution), with refrac-
tive indices n; and n,, respectively, is totally reflected if
n,>n, and if the angle of incidence 6 exceeds the critical
angle 6., defined by 8.=arcsin(n,/n;) (Fig. 1a, b). Owing
to interference of the incident and reflected light beam a
standing wave is generated in the optically rarer medium.
This‘ evanescent wave' decaysexponentially with distance
zfrom the interface,

E(Y¥, 2 =Eo(¥) exp(-Z/dy) , D

where W isthe polarization angle of theincident light beam
and d;, is called the penetration depth. Eq (W) isthe electric
field amplitude at the interface, at z=0. The penetration
depth d, is defined as the distance over which the electric

field amplitude falls off to 1/e of its value at the surface,
and is a function of beam and setup parameters,

(2)

where A, is the wavelength of the incident light beam in
vacuum (~air) (Harrick 1965; 1967). For excitation inten-
sities that do not elicit photobleaching (as discussed be-
low, photobleaching was not a significant problem in our
recordings), fluorescence excited by the evanescent wave
will therefore be proportional to the exponentially decay-
ing excitation intensity times the fluorophore distribution
integrated over the excitation and collection volumes.

dy=Ao/ |21ty /SN2 - (np/m)? |,

3 Materials and methods
3.1 Cell preparation

Bovine adrenal chromaffin cells were enzymatically dis-
persed and cultured in glass-bottomed chambers for two
daysin aCO, incubator at 37°C in DMEM + 10% FCS +
2 ml penicillin/streptomycin + 5 ml GMS-X supplement
(100x) (all obtained from Gibco, Life Technologies, Pais-
ley, Scotland). Immediately prior to experiments, cells
were perfused with external solution (145 mm NaCl,
10 mm HEPES (pH 7.2), 2.8 mm MgCl,, 2mm CaCl,).
High potassium extracellular solution used to trigger exo-
cytosis contained 60 mm KCI, 85mm NaCl, 10 mm
HEPES (pH 7.2), 2.8 mm MgCl,, 2 mm CaCl,. Experi-
ments were performed at room temperature (~20-23°C).
Cellular swelling and subsequent cell lysis were consid-
ered asindicators of damage. Therefore, cellswereimaged
by means of bright field microscopy both before and after
exposure to laser light.

3.2 Staining of vesicles

Vesicles were stained using acidotropic dyes, exploiting
the low intravesicular pH of ~5.5 (Winkler and Westhead
1980). Cellswereincubated either for 3 minuteswith 5 pum
acridine orange (AO) (AZ®=501nm, AL>=511nm,
Sigma, St. Louis, MO) at 37°C, or for 30 minutes with
40 nv Lysotracker Green (A5 =489 nm, Aga*=520 nm,
Molecular Probes, Eugene, OR) added to the cell culture
medium. Before the recordings, cellswere washed 6 times
with external solution containing no stain.

Bleaching was found to be negligible at the integration
times and photon flux densities used.

3.3 Optical system

3.3.1 Setup geometry and general layout

We used the* prism approach’ (Axelrod 1981) with ahemi-
cylindrical BK-7 prism of 5 mmradius (Spindler & Hoyer,
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Fig. 1 Setup geometry a Schematic of the variable-angle-TIRF mi-
croscope. Cellsarecultured in glass-bottomed culture-dishesthat are
coupled to the prism using low fluorescence immersion oil. Prism
and objective are fixed and centred to the optical (z,—) axis, where-
asthe chamber slidesin the x,—y, plane on the oil film. A moveable
cantilever allows evanescent fluorescence excitation at multiple an-
glesof incidence. b Simplified view used for calculating the evanes-
cent field intensity. This calculation makes use of the approximation
that the refractive indices of prism, coupling oil and coverslip are
equal, i.e. Nyjsm= Ngii = Neoversiip =Ny € Idealized geometry near the
interface used to calibrate the decay length d, of the evanescent field,
1(2)/1(z=0) = exp (-2/d,). Vesiclesareassumed spherical and homo-
geneously dye-filled. R is the vesicular radius, a=z—R is the dis-
tance from the interface to the bottom of the vesicle, c is the intra-
vesicular dye concentration
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Gottingen, Germany) and an upright microscope
(Zeiss Axioskop, Jena, Germany). Objectives were either
aZeiss 100x 1.0w NA or 60x 0.9w NA (Olympus, Ham-
burg, Germany), lens. Coverdlips (n=1.52) were pur-
chased from Menzel (Braunschweig, Germany). Very low
fluorescence oil with n=1.5180 was a gift from Leica
(Bensheim, Germany).

The components of the setup were arranged so asto al-
low simple control of the angle of incidence of excitation
and to reduce the amount of adjustment required before
each experiment (Fig. 1a). The microscope, prism and la-
ser optics (details below) were moved together as a unit,
relative to afixed stage, on which werelocated the record-
ing chamber and the micromanipulator used to hold the
patch-clamp headstage and pipette. The flat top of the
prism was optically coupled to the fixed glass bottom of
the recording chamber by a thin oil layer. The center of
symmetry for the entire system was the midpoint of theflat
top of the hemicylindrical prism, at which the laser beam
wasaimed at all times, regardless of the angle of incidence
(see below).

3.3.2 Fluorescence excitation

A water-cooled argon-ion L aser (L-3500, Lexel Laser, Inc.,
Fremont, CA, USA), running at 488 nm TEMOO with a
beam radius (1/€? intensity) of 1.0 mm, was coupled into
asingle-modefibreviaapiezo-drivenfiber launcher (Poly-
tec GmbH, Waldbronn, Germany). We monitored the ex-
citation intensity with a photodiode to enable corrections
for fluctuationsin the laser output, which were<+0.2%in
the light control mode. Fibre exit, focusing lens and aper-
ture were mounted on a cantilever swinging around the
midpoint of the hemicylindrical prism. Reflection of scat-
tered light was minimized by using high surface quality
(80-50SQ, flatness 9 fringes) and coating all surfaceswith
a black matt finish. The 1/€* beam radius at the fibre
output was 900 pm, with a divergence angle of 0.028°. A
set of neutral density (ND) filters (Omega, Battleboro, VT,
USA) was used to attenuate the laser intensity to ~1 mW
pre-fibre, corresponding to ~0,65%1 mW =0.65 mW post-
fibre. The photon flux density (photons s*pm™) at
the focus was 0.65 mW - 0.95/(4.067 - 10° J - 1.21328 -
10° pm?) =1.251 - 10*? photons s™x um™. To minimize
photodamage to cells, amechanical shutter (Uniblitz, Op-
tilas, Puchheim, Germany) restricted illumination to the
periods of data acquisition.

3.3.3 Angle of incidence and critical angle

The direction of excitation beam propagation and the op-
tical axis (x4, y1, 1) of the optical microbench (Spindler &
Hoyer) were colinear, and they were normal to the curved
prism surface (Fig. 1b). The focal point of the beam was
at the center (x5, ¥,) =(0, 0) of theflat surface of the cover-
slip. Before entering the lens, the linearly polarized beam
had a polarization direction that had an angle ¥=0 with
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its projection onto the plane of incidence of the central
wave. Angle u defined the exit pupil of the lens, ng,, Ny
and n, were the refractive indices of air, prism and aque-
ous solution, respectively.

Incidence angle 8 was measured from the normal to
the prism’s planar surface to the beam’s central axis. The
calculated critical anglewas (62.06+ 1.2)°, assuming val-
ues of n,=1.33 to 1.36 for the cell cytoplasm and
n; =1.5224 (at A=488 nm) for BK-7 glass. Owing to the
uncertainty in n,, we chose to determine 6, experimen-
tally and calibrate the angular scal e with respect to it. We
determined 6, by increasing 6 until we observed TIR. We
then used an angular precision table (Spindler & Hoyer)
to adjust the angle of incidence 8 with 5'=1/12° accu-
racy.

3.3.4 Beam geometry and evanescent excitation

The focused laser beam enters the hemicylindrical prism
and hits the interface at an angle 6. The lateral (x, y) ev-
anescent wave intensity profile can be cal culated numer-
ically (Burghardt and Thompson 1984). For the setup
geometry, the evanescent 1/e? width in (x, y) direction
(and thus the area containing 95% of the excitation light)
is approximately equivalent to the 1/e* widths in a plane
dlicing the incident beam at angle 6. The spot size of an
unbound focused laser beam is given byw, =F A/(1tw; h,)
(Marom et a. 1979), where w; =900 pm and w,, are the
beam waists, f=110 mm is the focal length and
n,=1.5224 istherefractive index of the prism. Substitut-
ing yields w,=12.47 um. With 8=66.5°, the long axisis
12.47 pum/cos(66.5°) =31.27 um. Thecentre of the Gaus-
sian profileisnot at x=0but at 7.5 A5/21m1=0.58 um. This
displacement of the beam focus is due to the Goos-
Héanchen shift (Goos and Hanchen 1947). The axes of
the profile can be varied by changing the incidence
angle or the focal length of the lens compared to incident
beam’s 1/€? radius.

3.3.5 Fluorescence data acquisition

We define a volume given by the 1/e axial decay in the z
direction (Egs. (1) and (2), Fig. 1¢) and the lateral (x, y)
1/€? spot size (Fig. 24a) as the ‘ evanescent region’. Accu-
rate focusing was achieved by a piezo-electric device
mounted between the obj ectiverevolver and thelens (Poly-
tec). Fluorescence emission and residual scattered excita-
tion light were separated by a D488/10x clean-up filter,
HQ500LP dichroic and Q500LP emission filter (all from
Chroma Technology, Brattleboro, VT, USA).

We sampled fluorescencewith aspatial frequency of 75
(at 100x) or 125 nm (at 60x) using a frame-transfer CCD
camera (Visitron, Puchheim, Germany). The imaging
system was based on a 1-MHz 12-bit air-cooled camera
(Micro-Max, Princeton Instruments, Trenton, NJ, USA)
with an EEV-37 1024x512 pixel frame-transfer chip hav-
ing 15-pum pixelsize and 200,000 el ectronsfull-wel | capac-

ity. Taking into account Rayleigh’s definition of resolution
and Nyquist's sampling theorem, atotal magnification of
2xpixelsizexNA/(0.61A) will yield a diffraction limited
image of a ‘resel’ on asingle (15 pm)? pixel of the cam-
era chip. This roughly amounts to an additional 0.98- and
1.47-fold magnification for the 1.0 NA 100x and 0.9 NA
60x lenses. We optimised our optical system for the re-
spective lens by changing the tube lens using an Optovar
magnifier (Zeiss).

Images were transferred directly to the 96 MB memory
of aP55/200 MHz Pentium computer via a high-speed se-
rial link. Imagesweretaken at an acquisition rate of 10 Hz,
with an integration time of 60 ms for each image.

3.4 Dataanalysis

We either defined a subarray of interest and plotted fluo-
rescenceintensity (FI) histograms, or scanned consecutive
images, looking at Fls of single spots. The latter allows
one to trace the movement and intensity of fluorescent
spots and extract spatial information from TIRF images,
whereas the former allows one to trace even minute
changesin Fl. Analysis was performed on a PPC8200/120
M acintosh computer using the public domain * NIH image’
program. Wefitted Gaussian distributionsto theclearly re-
solvable peaksin Fl histograms,

f(F1) =Ko + Ky exp(—((F1-K3)/K3)?) (3)

where f (FI) is the normalized number of events, i.e. the
number of pixels at a given Fl divided by the number of
pixelswithin theimage of the cell bottom, K is a constant
offset, K; is proportional to the area of the peak, K, isthe
central displacement along the intensity axis, and K5 char-
acterizesthewidth of the bell-shaped Gaussian, i. e. thein-
tensity differencesin the image.

3.4.1 Relating changesin fluorescence
to single vesicle fluorescence

We derived the fluorescence signal that arises from a
single, spherical homogeneously stained vesicle at adis-
tance a from the interface as it is excited by the evanes-
cent field. Let R be the radius and c the dye concentra-
tion, then

Fl(a;dp, R ¢, 1p) OmE Oy
2R+a

O exp(-z/dy)(Rz-2%)dz, 4)

which is a function of the variable a and the parameters
d, and R. To determine the penetration depth of the eva-
nescent field, we took theratio of Flg; (a; R, Ig sr, 6, dy, X5,
Y2)/Fli (@=0, R, lg iy, 6, dy, X5, Y,) at different distances
for a given angle of incidence, 6=66.5°. We integrated
the fluorescence over the bead, taking the averaged signal
from at least 10 beads for each radius. Taking the fluores-



cence ratio eliminated the proportionality constant in
Eq. (4).

2R+a )
Fi(ady R) £ exp(-z/dy) (Rz-2z%)dz
FI(0;dy, R) 2R ’
(O dy. B [ exp(-2z/dy) (Rz~2°) dz
0
Beadsof radii of 0.1, 0.2, 0.5and 2 um (Molecular Probes,
Eugene, OR, USA) were attached by suction to the tip of
a patch pipette and then positioned in the evanescent field
with a piezo-manipulator (Fig. 2b). The distance between
bead and glass bottom was measured with £4 nm preci-
sion by focusing at the interface and then at the centre of
the bead with the piezoel ectric focus control. We averaged
signals from at least 10 beads at different levels, integrat-
ing the fluorescence over each bead.

(5)

4 Results

In this study, TIRF microscopy was used to investigate the
spatial and temporal pattern of secretory vesicle dynamics
in bovine adrenal chromaffin cells both at rest and after
stimulation. Prior to studying cellsunder TIR illumination
(4.2), we characterized the performance of our instrument,
using fluorescent beads (4.1).

4.1 Invitro experiments
4.1.1 Calibration of the penetration depth, d,

Plotting Fly, (a; R)/Flg,i (0; R) versus a for bead radii
of 0.2 and 0.5 as well as 2 um yielded an exponentially
decaying fluorescence ratio as a was increased. Data
points were best described with a 1/e space constant, dy,
of (261+£2) nm (Fig. 2d). Thelateral extent of the evanes-
cent region was found to be somewhat larger than our cal-
culations, 1/e€? axes were 32.0 pm and 80.25 um. The ev-
anescent penetration depth did not vary appreciably with
lateral position (X,, Y,) (data not shown).

At larger distances from the interface, a second compo-
nent of excitation light became dominant (see Fig. 2d, in-
set); extrapolating this component linearly to a=0, we
estimated the fraction of non-evanescent fluorescence at
a=0to belessthan 3.8%. Whereas the evanescent compo-
nent rapidly decayed the propagating light was almost in-
dependent of a. Such an observation would be consistent
with the presence of higher laser modes. M easurements of
the beam intensity profile however confirmed the Gaus-
sian profile expected for TEMOO.

4.1.2 Resolution along the optical (z-) axis

In order to focus at a given depth from the interface, we
first focused at the interface and then measured the dis-
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tance to the new plane of focus using the calibrated
voltage of the piezoelectric focus drive. Uncertainty in
measurements of fluorescence intensity at a fixed plane
is introduced by fluctuations in excitation intensity and
signal readout noise. We define dz as the distance over
which movements of a fluorescent bead would lead to
variations in fluorescence intensity equal to that due to
fluctuationsin excitation intensity and signal readout. To
estimate dz, we measured the average fluorescence sig-
nal and standard deviation, o2, of 100-nm beads held in
position at the tip of a patch pipette. Fluorescence of a
given bead fluctuated £1.07%, corresponding to varia-
tions in bead location of +2.81 nm at d,=261 nm. We
define a signal five times above this fluctuation as re-
solvable. Thus, the z-resolution of our instrument i s about
+15 nm.

4.2 Experiments with stained chromaffin cells

4.2.1 Fluorescent spots visualized
under evanescent excitation

Chromaffin cells (Fig. 3a) were incubated with acido-
tropic dyes. Epi-illuminationimages appeared blurred and
structureless (Fig. 3b). In contrast, TIR illumination re-
vealed numerous fluorescent spots (Fig. 3¢), which were
readily discerned owing to the dramatic reduction in back-
ground fluorescence. In resting cells, these spots showed
little variation over time apart from a weak lateral agita-
tion.

The following sections describe experiments per-
formed to test the hypothesisthat the fluorescent spots are
secretory granules. If they are single secretory granules,
they should beof theright size; they shoul d di sappear upon
secretagogue application, perhaps coincident with asmall
cloud of released fluorescent dye. Furthermore, main-
tained stimulation should lead to the disappearance of
spots, with kinetics appropriate to the exhaustion of the
release-ready pool of docked granules; finally, anything
that blocks exocytosis should block the disappearance of
the spots.

4.2.2 Sze of fluorescent spots

A histogram of 1/€? spot diameters taken from 100 spots
from different cellswasfitted with a Gaussian distribution
(Fig. 3d). The average spot diameter was 350.7+28.2 nm.
A second, minor peak was centered at 480 nm (Fig. 3d,
see discussion).

4.2.3 Spot density under non-stimulated conditions
and spontaneous events

The number of fluorescent spots per pm? (Fig. 3¢) was
(1.07£0.11) pm~2 (data from 34 cells at rest). Rarely, in-
dividual spots were seen to disappear spontaneously.
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Fig. 2 Calibration of the penetration depth. a TIRF images of a
20 pum solution of AO, focusing at the interface layer (z=0). The
elongated Gaussian has 1/e? half axes of 32.0 pm and 80.25 pm, re-
spectively. 1/e? beam diameter at the fibre exit was 900 um, focused
at the midpoint of the hemicylindrical prism with af=110 mm lens.
6=66.5°, A=488 nm. b Bright-field image of an aqueous suspen-
sion of 200 nm latex beads, one of them attached to the tip of a patch
pipette, at 190 nm above the surface. Thefocusisat thetip of the pi-
pette. Bead fluorescence is due to evanescent excitation. The scale-
bar indicates 1 pm. ¢ TIRF image of 200 nm yellow-green fluores-
cently labelled latex beads directly at the interface and attached to
the tip of a patch-pipette. Focus at a=190 nm. Fluorescence excita-
tion at A =488 nm at an angle of incidence, 6=66.5°, resulted in a
space constant d,, of 261 nm. d Calibration of the penetration depth
of the evanescent wave upon total internal reflection of a polarized
Ar*-ion laser, running at 488 nm TEM00. The beam was incident at

a=z-R/um

6=66.5°. We plotted the ratio Fly;, (& R)/Fl;(0; R) versusthe dis-
tancefrom theinterface to the bottom of the bead, a. The graph pools
data from 200, 500 nm, and 2 um beads (see legend). The space
constant, d,, was found to be (261+2.5) nm. The sphere shows the
approximate size of a chromaffin granule (350 nm) for comparison.
Inset Therapid decay of fluorescence asaisfurther increased shows
the dramatic optical sectioning achieved upon evanescent excitation.
For larger distancesinto the agueous solution, a second, linear com-
ponent of excitation light became dominant. Whereas the evanescent
component rapidly decays away, the propagating light even slightly
increases with distance along the optical axis. Linear extrapolation
of the non-evanescent light contribution to a=0 yields an estimate
for the proportion of non-evanescent fluorescence at the interface.
The evanescent wave contributes more than 96.2% of the total exci-
tation intensity at a=0
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Fig. 3 Images under non-stimulated conditions a Trans-illumina-
tion and fluorescenceimages (b, c) of resting cells. Chromaffin gran-
ules were stained with 40 nm Lysotracker Green. The penetration
depth wasfound to be (261+2.5) nm by probing the evanescent field
with fluorescent beads at different distances from the interface. La-
ser intensities were =0.65 mW post-fibre. The scalebar is 5 um.
Whereas the epi-image appears blurred and structurel ess, clear spots
show up in the TIR image. Note the dramatically reduced out-of-
focus signal in the case of evanescent wave excitation. d Distribu-
tion of 1/e? spot radii in TIRF images of chromaffin cells. 100 Spots
were taken from 3 cells stained with 40 nm Lysotracker Green. The
average spot size was (350.7+£28.2) nm when fitted with a normal
distribution. A second, less pronounced peak was centred around 480

50 R=(350.7+28.2) nm
n=100 spots
40 —
"
°
Q.
o 30
o
)
Qo
g
c 20
10
0 T
d 300 350 400 450 500

1/e spot diameter / nm

nm (see text). e Fluctuation analysis by time-averaging 100 consec-
utive frames. The average image was subtracted from individual im-
ages. The remaining annular fluorescence pattern corresponds to a
lateral agitation with an amplitude of (112+34) nm. f Fluorescence
intensity (FI) histogram of aTIRF image of alabeled chromaffin cell
under non-stimulated conditions, corrected for the background sig-
nal. Dataareplotted asoccurrencevs. —In(Fl). Two peakswereclear-
ly discernible from the weaker signal at the low-intensity end of the
distribution. In resting cells, we found a ratio of peak heights,
Floeak1/Flpeake Of ~1.208. Substituting Az+dz=d, In(Fleax1/
Flpeakz) £d2=49.4+15 nm, where dz=15nm is the accuracy of
measuring z
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4.2.4 Agitation of fluorescent spots

Analysis of consecutive frames reported agitation of the
fluorescent spots about their mean positions. Average
displacements were of the order of a fraction of the spot
diameter and occurred randomly in any direction. In the
z-direction, this random movement was apparent as a
‘twinkle' in the spot intensity as the vesicle bounces up
and down in the evanescent field. From these fluorescence
fluctuationswetried toinfer thejitter along the optical axis
by assuming that vesicles were moving up and down. With
dp,=(261£2.5) nm and dz=15 nm known from our previ-
ous calibration measurements, we measured excess noise
of =5%, corresponding to (28.4+15) nm. We determined
the lateral mobility by time-averaging 100 consecutive
frames, recorded at 10 Hz. The average image was sub-
tracted from individual images. This approach allows one
to study positional fluctuations beyond the resolution limit
and isin close analogy to stationary noise analysis (Neher
and Stevens 1977; Sigworth 1980; DeFelice 1981). There-
maining averaged images showed an annular fluorescence
pattern corresponding to a lateral movement with an am-
plitude of (112+34) nm (Fig. 3€). Assuming freediffusion
in 2 dimensions, the equivalent diffusion coefficient is
0.7x10 1 ecm?s.

4.2.5 Fluorescence intensity histograms

Fluorescenceintensity (FI) histograms of the pixelsinim-
ages of resting cells consistently displayed two peaks
(Fig. 3f) that could be fitted by Gaussian distributions,
f (FI) =Ko+ K, exp(—((F1-K,)/K3)?). The variance, Ks,
was equal within 2% for all images and within <5% for
images between any two cells, consistent with the presence
of afairly uniform sizedistribution of fluorescently labeled
vesicles. The presence of two peaks givesriseto avariety
of interpretations which will be addressed in the Discus-
sion.

4.2.6 Depletion of the visible pool within hundreds
of milliseconds after depolarisation

We studied the coupling of destaining to the stimulustrig-
gering secretion. Depolarizing the plasma membrane by
local puff application of high potassium extracellular
solution, we increased [Caz;rz]i by evoking Ca?*-influx
through voltage-activated Ca“*-channels. After stimula-
tion, single spots vanished in an all-or-none fashion. After
one minute of application of high external potassium so-
lution the ‘visible pool’ was almost entirely depleted
(Fig. 4¢).

Upon perfusion with standard external solution the area
density of spotsrecoveredtoitsinitial valuewithin (6+1.3)
minutes (Fig. 4d). Destaining was blocked in experiments
where Ca?* wasreplaced with Mg?* in the extracellul ar so-
lution. Destaining was restored in high Ca?*-solution (data
not shown).



Fig. 4 TIRFM visualizes exocytosis of secretory granules. TIRF im-
ages of achromaffin cell stained with 40 nm Lysotracker Green. Fluo-
rescence excitation at 488 nm, 0.65 mW at an angle 6=66.5°. Images
aretakenwiththeZeiss100x 1.0w lenswith an additional 2x tubelens.
Integration times were 60 ms. 100 ms (a) and 1 s (b) after local puff
application of high potassium and (c) after 5 min wash with standard
external solution. Bright spots were clearly resolvable and decreased
upon stimulation. The ‘visible pool’ of vesicles was depleted within
(1£0.2) s (n=33). Full recovery was observed after (6+2) min (d)

4.2.7 Characteristic temporal changesin FI histograms

FI histograms changed reproducibly during application of
high potassium extracellular solution and wash; whereas
the total fluorescence intensity started to decrease within

100 ms after stimulation, the first peak slightly shifted to
brighter intensities while the number of very bright pixels
even slightly decreased. The second peak remained fairly
constant before merging with the first peak after =300 ms.
By 1 s after the onset of the stimulus, we observed an al-
most total loss of fluorescence (Fig. 5, fifth trace) (n=23).
Anamost completerestoration of theinitial Fl distribution
was observed after (6+1.3) min (n=34) after wash with
low-potassium extracellular solution (Fig. 5, last trace).

4.2.8 TIRFM reports the fusion of secretory vesicles

Acidotropic fluorescent dye molecules accumulate in the
vesicle lumen and should be released along with transmit-




Fig. 5 Temporal changes of Fl
histograms with time. FI histo-
grams changed reproducibly
during application of high po-
tassium extracellular solution
and wash; total Fl started to de-
crease within 100 ms after
stimulation, whilst the first 7
peak slightly shifted to brighter

intensities. The number of very T
bright pixels even slightly de-
creased. The second peak re- //
mained fairly constant before
merging with the first peak af-
ter =300 ms. By 1 s after the
onset of the stimulus, we ob-
served an almost total loss of
fluorescence (Fig. 6, fourth
trace) (n=23). An almost com-
plete restoration of theinitial Fl
distribution was observed
(6£1.3) min (n=34) after wash
with low-potassium extracellu-
lar solution (last trace). The
slight (£1.5%) shift of the dis-

tribution in the direction of
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lower intensities might be at-
tributed to photobleaching

occurence

Fig. 6 Release of dye molecules and destaining. Fusion of secreto-
ry granulesis detected by release of dye moleculesinto the extracel -
lular fluid. This process was tightly coupled to depolarization-trig-
gered Ca?*-influx. Fast CCD imaging traces the brief appearance of
a‘cloud’ that quickly dilutesinto the extracellular space. I ntegration
times were 60 ms

ter upon fusion of thevesicle. Indeed, local destaining was
accompanied by the brief (one to three 60-ms frames) ap-
pearance of a fluorescent ‘cloud’ that quickly dissipated,
(Fig. 6). Diminishedfluorescenceintensity could also arise
fromthemovement of vesiclesaway fromthe plasmamem-
brane or the photobleaching of vesicles excited by the
evanescent field. The former event, which was recognized
by the disappearance of a spot without the appearance of
a fluorescent cloud, was relatively rare (3% of events).
Photobleaching was negligible in our conditions as indi-

cated by the slight shift in the FI histograms (Fig. 5), with
the fluorescences intensity of single spots diminishing
approximately 1.3+0.2% (n=5) over 6 minutes. TIRFM
easily allowsoneto acquiretime serieswith more than 500
eXposures.

5 Discussion

We have monitored the behaviour of single secretory ves-
icles in bovine adrenal chromaffin cells using total inter-
nal reflection fluorescence microscopy (TIRFM). A laser
beam was aimed at supercritical angle at the bottom of a
coverslip on which cellswere grown. The elicited evanes-
cent wave selectively excited fluorescently labeled vesi-
cles located in a thin optical dlice near the coverslip.
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Switching from epifluorescence excitation to TIR illumi-
nation resulted in the emergence of discrete bright spots
out of amore diffuse fluorescent haze. The number of ves-
iclesper unit area, (1.07+0.11) pm—2 was stablein unstim-
ulated cells; however, potassium stimulation resulted in
spots disappearing. Continuous bath application of K™ or
repeated stimulation resulted in an almost compl eteloss of
fluorescence within (1+£0.2) s (n=34). Recovery was ob-
served after (6+£1.3) min.

5.1 Depth of penetration of the evanescent field

The penetration depth of the evanescent field was deter-
mined by placing fluorescent beads at different known dis-
tances from the interface layer. For an angle of incidence
of 66.5°, the excitation intensity decayed exponentially
with aspace constant of (261+2.5) nm. Thisisinvery good
agreement with the theoretical value of 265.91 nm calcu-
|lated according to Eq. (2). At a=2d,, less than 5% (1/€”)
of the excitation light at a=0 remained. In terms of vesi-
cle diameters (D=2R=350 nm), at a=D, 2D or 3D this
decay amounts to 26.1%, 6.8% and 1.78% of the signal at
the interface, respectively. Thus TIRFM should allow the
selective visualization of amonovesicular layer of vesicles
near to or docked at the plasma membrane.

We have also performed experiments in which the dis-
tance between bead and interface was fixed while the
angle of incidence was varied. FI (6) closely followed
Eq. (2). Moreover, it was possible, starting from the meas-
ured FI and aknown angle of incidenceto cal culate the po-
sition and diameter of a 200-nm bead with a precision of
+10 nm (data not shown).

5.2 TIRFM allows one to study secretion
at single vesicle resolution

5.2.1 Saining

Dyesolutionsof AO exhibit multicolour fluorescence most
likely dueto the formation of monomers, dimersand poly-
mers (Zanker 1952; Steiner and Beers 1961). Using 5 pm
AO, we observed green fluorescent spots in chromaffin
cells. When we repeated experiments with Lysotracker
dyes, we observed similar staining in chromaffin cellsand
reproduced the bimodal size and intensity distributions
found with AO.

5.2.2 Calibration of the evanescent field in vivo

The in vitro measurements with fluorescent beads estab-
lished that our equipment could indeed be used to elicit
TIR and, furthermore, provided some estimates of the
depth of penetration of the evanescent wave. When living
cells are studied, however, the actual penetration depths
may not be as estimated in the in vitro conditions. At
the cell-coverslip contact region, an inhomogeneous

multi-layer of optical phases distorts the evanescent field.
Each phase has a distinct refractive index (nyiq=1.41,
Neytosol = 1.33—1.36, proteins up to n=1.58) inducing light
scattering and complicating the cal cul ation of the true crit-
ical angle and d,. Additional light scattering arises from
cellular debris at the optical interface, dust particles and
microbubbles in the glass and immersion oil. In addition,
the cell does not make flat contact with the substrate
(Axelrod 1981; Thompson et al. 1993; Olveczky et al.
1997). Negative staining experimentsin which we applied
dye to the extracellular solution indicated that the cell at-
tachesto the substratein apatchy manner (datanot shown).
Time-dependent changes, such as cell movement or swell-
ing introduced by application of high K* or vigorous
exocytosis further undermine the calibration. Fortunately,
although cal culation of the depth of evanescent wave pen-
etration with cells is more complicated than with fluores-
cent beads, we have found empirically that TIRFM never-
theless allows one to locate vesicles in a thin optical sec-
tion at the base of a cell (see below).

5.2.3 Spot size distribution

Bright spots of fairly uniform size were seen in images of
resting cells, incubated with acidotropic dyes. Spot sizes
were centred at about (350.7+28.2) nm, in good agreement
(326—365 nm) with EM data of large dense core vesicles
(LDCVs) (Winkler and Westhead 1980; Parsons et al.
1995). Histograms of the spots’ 1/e? diameters revealed
asecond though lesspronounced peak at about 480 nm. The
larger spots might be attributed to stained lysosomes (Rob-
binsand Marcus 1963; Robbins 1964) or other acidic mem-
brane-delimited compartments such astrans-Gol gi vesicles
or endosomes. However, such spots were seen to undergo
exocytosis, which would not be expected of non-vesicular
organelles. An alternative explanation for the popul ation of
larger spots might be compound exocytosis, i.e. vesicles
fusing to each other before fusing to the plasmamembrane.
Vesicle-vesiclefusionwould giverisetoatwo-foldincrease
in volume. Under evanescent excitation with a space con-
stant d,=261nm, a spherica, dye-filled volume of
2 - (4103 - 350%) nm®would show up asaspot with 457 nm
diameter (Eq. (4)), somewhat (0.95%) smaller than the ob-
served ones. However, detracting from this hypothesis, we
never observed spontaneous spot enlargement. Chromaffin
cells have been shown to contain small clear synaptic-like
vesicles (SCSVs) apart from LDCVs (Thomas-Reetz and
De Camilli 1994). SCSVs are below the lateral resolution
of our system but may well contribute to the dim diffuse
background that was observed in TIRF images.

5.2.4 \esicle fusion

The persistence of thefluorescent spotsin theresting cells,
and rapid disappearance of the spots upon application of
stimuli of secretion would suggest that the spots are vesi-
clesthat undergo exocytosis. However, the most powerful



evidence that we were looking at exocytosis of secretory
granulesisthat, when spots destained, we were sometimes
ableto visualizethe extracellular release of dye molecules.
We were not able to capture this rapid event in all cases,
owing to the limited temporal resolution of our camera.

We did not observe incomplete destaining, i.e. release
without full fusion. This does not necessarily contradict
previousfindings of transient or incomplete fusion (Neher
1993; Wightman et al. 1995, Albilloset al. 1997) since our
optical system may not have had the sensitivity to observe
such changes.

5.3 Possible interpretations of the bimodal distribution
of fluorescence in FI histograms

FI histograms revealed a bimodal distribution of fluores-
cencewithinthevisiblepool of granules. Bright pixelsvan-
ished first, consistent with fusion of those vesicles closest
to the plasma membrane and dye being released onto the
interface. This first phase was followed by a fast re-sup-
ply of fluorescence from darker pixels, observed as a shift
of the second peak to brighter intensities. Upon persisting
stimulation, this second peak is also lost.

It istempting to interpret the bimodal fluorescence dis-
tribution in terms of physiologically distinct states, e.g.
a docked, immature state and docked, release-ready
(“primed”) state. Given theinhomogeneity of d;, dueto lo-
cal changes in refractive index, we prefer to refrain from
speculating and list possible explanations instead. Gener-
ally, discrete fluorescence signals may reflect two popula-
tionsof vesicles, but could also stem from two components
of evanescent excitation, or discrete local dielectric prop-
erties, or a combination of these. Fluorescence intensity
data are not sufficient to distinguish among the possibil-
ities.

5.3.1 Different populations of vesicles?

Oneobviousinterpretation would bethat therearetwo pop-
ulations of vesicles at different distances from the plasma
membrane. From theratio of peak fluorescenceintensities
Fl peak1/Fl peakz Of ~1.208, it should be possible to calcu-
late the difference in distances for these two populations.
For simplicity we make the assumptions that the average
dp, et 1S Well approximated by d, determined in vitro,
and that vesicles having the same radius R have identical
fluorescence (identical dye concentration). Substituting
Az dz=d, IN(Fleax1/Flpeakz) +dz yields 49.4+15 nm,
where dz=15 nm is the accuracy of measuring z (see re-
sults).

Another possible interpretation is that are two discrete
levels of dye concentration in the vesicles or two differ-
ing intravesicular environments “seen” by the dye mole-
cules, leading to different spectral properties. Earlier el ec-
trophysiological work (Beckenridge and Almers 1987)
suggested that significant differences in electrochemical
gradients exist across the granule membrane. The major
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source of the electrochemical gradient is the proton gra-
dient. However, pH-dependent changes in the fluores-
cence emission of AO and Lysotracker were found to be
insufficient to account for the difference in FI (data not
shown).

A recent study combining amperometric and AC,,, mea-
surementsin mouse adrenal slices suggeststhat thefast se-
cretory component in chromaffin cells mainly represents
fusion of asingle population of LDCV's, each contributing
(1.3+0.7) fF to AC,,,(Moser and Neher 1997). Thiswould
strengthen the assumption of one population of vesicles
and support the idea that the bimodal fluorescence distri-
bution is due to two different functional pools of vesicles.
However, Kasai et al. have recently presented evidence of
two different types of vesicles with distinct kinetics in
chromaffin and PC12 cells (Kasa et a. 1996; Ninomiya
et al. 1997). Thus, theissue of distinct popul ations appears
not to have been finally resolved.

5.3.2 Bimodal fluorescence excitation

The bimodal FI distribution could also arise if evanescent
excitationisnot uniformfor all vesiclesat the plasmamem-
brane. Undulations of the plasma membrane facing the
coverslip or locally different refractive indices could con-
ceivably result in two components, d,; and dy,, of the
evanescent penetration depth. It is also possible that a
fraction of the docked vesiclesexist in a“hemifused state”
(Vogel et al. 1993; Chernomordik et al. 1995) in which the
inner leaflet of the plasmamembrane lipid bilayer isfused
to the vesicle outer leaflet. Such a structureislikely to be
associated with dramatic changesin thelocal dielectric en-
vironment and is expected to influence the evanescent
wave.

5.4 Isthe‘visible pool’ identical to the pool
of readily-releasable granules?

We have introduced the concept of the ‘visible pool’ of
vesicles. Thisisan operational definition that isdependent
uponthedecay lengthd,, (6). Under cell-culture conditions,
the average number of docked vesiclesin chromaffin cells
in EM was found to be 834+42 (Parsons et al. 1995), or
1.83-0.91 vesicles/um? for cells of 12—17 um diameter,
respectively. Parsonset al. giveavalueof (1.4+0.1) um2,
corrected for the number of granules near, but not bound
to the plasma membrane. The corrected value leads to an
estimate of about 600 docked vesicles — close to the total
C,, increases seen with Ca-triggered exocytosisin the ab-
senceof ATP (i. e. vesiclesthat were already ATP-primed),
assuming 10 fF/um? membrane surface area.

We measured the number of chromaffin granulesin the
visible pool upon evanescent excitation with a penetration
depth of 261 nm. The number of vesicles was found to be
54+12 (n=34 cells) in aregion of cell-substrate contact
with 8—12 um diameter. This correspondsto (0.47+0.11)
to (1.07+0.24) vesicles/um? or 300 to 680 vesicles for a
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chromaffin cell of 16 um diameter, somewhat below the
value of docked vesicles derived from EM. This discrep-
ancy might be due to there being fewer vesicles at the
plasma membrane attached to the coverslip, than over the
rest of the cell. More importantly, the bottom of the cell is
not flatly adherent to the coverslip. Therefore, evanescent
excitation may only reach a variable portion of the total
number of vesicles, presumably underestimating the num-
ber of docked granules. Finally, not all granulesmight have
been stained.

Using avariant of TIRFM based upon total reflection of
a laser beam directed through the periphery of a high-
numerical aperture objective (Stout and Axelrod, 1989),
Steyer and Almers (1996) reported anumber of (1.47+0.2)
vesicles/um?. This*prismless geometry restricts beam in-
cidence to a fixed angle, and was reported to result in a
higher background of scattered light, possibly due to the
use of peripheral rays (i.e. the outer region of the optical
path) where lens aberrations are more likely to be of rele-
vance (Axelrod, 1992). Steyer and Almers (1997) found
51+0.6% of the pointsremaining after stimulationin 6 min
in 60 mm K and 5 mm Ca. This might indicate that alarger
population of vesicles is visualized, probably owing to a
larger penetration depth compared to the variable-angle ap-
proach. In either casethe visible pool only partly coincides
withthepool of rel ease-ready granulesdefined el ectrophys-
iologically.

5.5 Mobility of single granules

We found in resting cells that the number and distribution
of visualized vesicleswasfairly stable. Only occasionally,
vesicles were seen to migrate into the visible pool. Their
approach seemed as if they were transported unidirection-
ally almost perpendicular to the plasma membrane. Upon
arriving at themembrane, vesiclesshowed littlelateral mo-
bility. Average displacementsin the x—y plane were of the
order of afraction of the spot diameter and occurred inran-
dom direction with an amplitude of (112+34) nm. Fluctu-
ations in FI corresponded to vesicles moving (28+15) hm
along the z-axis. On stimulation, vesiclesfused wherethey
had previously docked at the membrane, and oftenin clus-
ters.

Our results suggest highly organized sub-plasmalem-
mal structures, directing or transporting vesicles to their
would-be docking sites and keeping them in position.
Docking isaccompanied by adramatic decrease in the mo-
bility in the z direction, a characteristic that helps distin-
guishaready-docked vesiclesfromvesiclesstill approach-
ing their docking sites.

The axial and lateral mobility differ by almost an order
of magnitude. This would be consistent with vesicles be-
ingtightly linked to amembrane-resident docking site. The
bond would restrict its lateral and axial mobility, whereas
the binding site itself is slowly diffusing with the vesicle
attached to it with a free (2-D) diffusion coefficient of
0.7x107' cm?s™. This is of the order of magnitude of
other large membrane-resident proteins.

5.6 Comparison of TIRFM with other techniques

We have shown that TIRFM can be used to observe single
secretory vesicles docking, residing at the plasma mem-
brane and undergoing exocytosis. While its spatial resolu-
tionislessthan that of an electron microscope, TIRFM of -
fers the advantage of enabling studies in living cells. In
comparison with standard confocal imaging, TIRFM has
the advantage of confining excitation to athin optical slice
near the cell-substrate interface. This highly efficient use
of illuminating photons reduces photodamage and permits
image acquisition at videorate, since complicated scanning
and image reconstruction techniques are not required.

Membrane capacitance measurements (Neher and
Marty 1982), see Henkel and Almers (1996); Matthews
(1996) for recent reviews, and amperometric detection
(Wightman et al. 1991) have enabled studies of single ves-
icle fusion and transmitter release at millisecond time res-
olution. With these approaches, it has also been possible
to infer what happens in steps preceding vesicle fusion;
however, complex kinetic modeling was required (Heine-
mann et a. 1994; Neher and Zucker 1993; Thomas et al.
1993). TIRFM, in contrast, does not offer quite the same
high timeresolution, but it has the advantage of permitting
direct observation of secretory granulesin the stages prior
to fusion and it provides detailed spatial resolution.

Thus, TIRFM is complementary to other assays of se-
cretion, offering selective advantages for some purposes.
Future studies will relate the visible vesicle pool to the
functional states of secretory vesicles, perhaps shedding
light on the roles of specific roles of regulatory proteins.
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