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Tracking Single Secretory Granules in Live Chromaffin Cells by
Evanescent-Field Fluorescence Microscopy

J. A. Steyer and W. Almers
Max-Planck-Institut fir Medizinische Forschung, 69120 Heidelberg, Germany

ABSTRACT We have observed secretory granules beneath the plasma membrane of chromaffin cells. Using evanescent-
field excitation by epiillumination, we have illuminated a thin layer of cytosol where cells adhere to glass coverslips. Up to 600
frames could be recorded at diffraction-limited resolution without appreciable photodynamic damage. We localized single
granules with an uncertainty of ~30 nm and tracked their motion in three dimensions. Granules in resting cells wander
randomly as if imprisoned in a cage that leaves ~70 nm space around a granule. The “cage” itself moves only slowly (D =
2 X 1072 cm?/s). Rarely do granules arrive at or depart from the plasma membrane of resting cells. Stimulation increases
lateral motion only slightly. After the plasma membrane has been depleted of granules by exocytosis, fresh granules can be
seen to approach it at an angle. The method will be useful for exploring the molecular steps preceding exocytosis at the level
of single granules.

INTRODUCTION

Endocrine cells release transmitters and hormones by exdluorescence microscopy. Confocal fluorescence micros-
cytosis of secretory vesicles or granules. To become avaikopy has provided valuable information on the turnover of
able for exocytosis, granules must move from the cytosol teynaptic vesicles (Betz and Angleson, 1998) and chromaffin
the plasma membrane and dock there. In chromaffin as igranules (Smith and Betz, 1996) and may seem especially
other cells, a layer of filamentous actin covers the internahttractive for such studies. However, this method imposes a
side of the plasma membrane. In electron micrographs, thisigh radiation burden on cells, as the entire cell is illumi-
“cortical” actin layer appears to be dense enough to be aated with fluorescence excitation light, whereas most fluores-
barrier to granules on their way to the plasma membraneence emission is rejected at the confocal pinhole. An alterna-
(Nakata and Hirokawa, 1992). Not surprisingly, filamentoustive is to illuminate selectively a thin layer of cytosol beneath
actin greatly reduces the mobility of isolated chromaffinthe plasma membrane and then collect all fluorescence emis-
granules in dynamic light-scattering studies in vitro (Mi- sion reaching the microscope objective. This can be done by
yamoto et al., 1993). Indeed, some studies have suggested tltatal internal reflection microscopy (Axelrod et al., 1992) when
cortical actin is a negative regulator of secretion that is partiallychromaffin cells adhere to a glass coverslip. Total internal
and transiently degraded when actin-severing enzymes becomeflection at the cytosol/glass interface sets up an evanescent
activated during stimulation (see Trifaamd Vitale, 1993, for field in the cytosol. Declining with distance from the glass, the
areview). However, a restriction of granule movement beneatlkvanescent field excites fluorescence in granules in proportion
the plasma membrane has never been demonstrated. Inde&ltheir proximity to the plasma membrane. Evanescent-field
some studies suggest instead that actin filaments provide tracksicroscopy may therefore allow one to track granules with
along which granules are propelled by myosin molecules (Kuexcellent resolution, also in a direction vertical to the plasma
makura et al.,, 1994; Bi et al., 1997; Terrian and Prekerismembrane. The technique could complement an earlier ap-
1997). Whether cortical actin helps or hinders the motion ofproach for vertical tracking (Kao and Verkman, 1994).
granules to the plasma membrane remains unresolved; indeed,Indeed, single granules made fluorescent with green flu-
little direct information is available on how granules move orescent protein (Lang et al., 1997) or acridine orange
beneath the plasma membrane. (Steyer et al., 1997; Oheim et al., 1998) are readily observed
It would be of interest to observe single granules near thevith total internal reflection microscopy in living cells. Here
plasma membrane in live chromaffin cells, either by differ-we evaluate a convenient method that uses a high numerical
ential interference contrast (Terakawa et al., 1991) or byaperture objective to both generate an evanescent field by
epiillumination and observe the fluorescence emitted
therein (Stout and Axelrod, 1989). The method allowed us
Received for publication 17 August 1998 and in final form 15 Decembertg track single chromaffin granules beneath the plasma
1998. membrane in three dimensions and to analyze their motion
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MATERIALS AND METHODS

Cell preparation and granule labeling
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Bovine chromaffin cells were prepared as described (Parsons et al., 1995), ] - =
plated on polye-lysine (0.5 mg/ml)-coated glass coverslips, and used 2 or
3 days after plating. Their secretory granules were labeled by incubating
the cells in a buffer containing 3M acridine orange (15 min, 2+ 1°C)  FIGURE 1 Schematic setup of the evanescent-field microscope. The
and then washing the cells twice in dye-free buffer. The buffer containedppjective, the dichroic mirror, the emission filter, and the tube lens are

(in mM) 135 NaCl, 2 KCI, 5 CaGl 2 MgCl, 4 mg/mL glucose, 10  components of the regular inverted microscope. See text for details.
Na-HEPES (pH 7.2). Acridine orange is a weak base that accumulates in

acidic compartments such as chromaffin granules. PC-12 cells were grown

as described (Lang et al., 1997) and used without stain. . . .
5 ; - . Light from a 4-W argon laser (2020—4S; Spectra Physic as passed
After washing, the coverslip was inserted into the sample chambeE 9 9 ser ( pectr ysics) was pass

h h ft -controlled shutt iblitz; Vi t A iates, Roch-
(POC; Bachhofer, Reutlingen, Germany), and the chamber was rigidlyesrt?e L:gN\a()sg];tvireeE:z r(())nle dsur?n erc(aLrJT]néral Zex L)nscljerr; Tiseoilgs(i‘m gf on
secured to the mechanical stage (SCAN IM 180100; Mazhauser, . P y 9 P ' 9

e ) . . line (generally ~100 mW) was focused into one end of a 2-m-long,
Wetzlar, Germany) of a modified Zeiss-Axiovert 135 microscope (see . S ) .
2-mm- ter | light guide (Dr. R Optoelektronik, Hamb
later). Cells were viewed at first in reflection interference contrast (RIC) mm-diameter liquid light guide (Dr. Rapp Optoelektronik, Hamburg,

de with illuminati £ 600 lenath not significantly absorb dGermany). The other end of the light guide was fixed to an optical rail
mode with fiumination a nm, a wavelengtn not signiicantly absorbed o ) (Spindler and Hoyer) aligned with the epifluorescence port of the

by acridine orange. Adherent cells were chosen; they were apparent b icroscope. A lens of 50.2 mm focal length formed a real image of the

:heir d?rrhim“?get (“_fot(')’tprint”) indRIr(]I. Thet focaltpisition whe;e the CO’Z}téolanar surface of the light guide at a plane between the annulus and an
ours ot the “ootprint” appeared sharpest was taken as a reference. Achromatic doublet that was conjugate to the specimen plane (“critical
selecting a cell gnd focusmg ontt |n'RIC, we moveq the Ol.)JECt.Ne lens 300|IIuminati0n”). This images the end of the light guide onto the specimen
nm upyvard, using a callbra_ted piezoelectric drive. This distance Wasplane. Use of the light guide had two advantages. First, it allowed us to
:Jheterlm:]ne%rto bittr;]e focrzlatl S;h']fct bgg/\(l)esrr; the ?IC prl;'fne=(600 gég) namnd place the laser and microscope on different tables and avoided the trans-

_e piane through the center ot a ) _uo e_sce N ) mission of laser vibrations to the microscope. Second, its end formed a
directly adsorbed to the glass coverslip. With this procedure, cells _COUId b%niformly luminous object for even illumination of the specimen. The fiber
Seleaed and Fhe granules near the plasma m_em_brar?e brought into foc\lljv%s vibrated so that any interference patterns (“speckles”) moved rapidly
WlthOl.Jt exposing the cells to flgorescgncg expltatlon I!ght (488 nm). Theand were canceled by averaging during the exposure time of a single frame.
experlm_ent could now s_tart! using exmtatlon_ light applied through a com- The beam passed next through an annular mask (4.3 mm inner and 4.5
puter-driven shutter \.Nh"e Images were belng_recorded by our camerg, 1 outer diameter), blocking all but the most peripheral rays from passing
Exposure to 488-nm light at other tlmgs was avoided. All experiments Werey o back focal plane of the objective. The annulus was cut intarethick
periorm;ad altt t22_25 (t: values are gI\T/HhStEhM‘b th by local fusi stainless steel foil, glued to a glass coverslip, and held by-atranslator
Th 0s ':‘z ate ?et\(,:\:e :((Ian,‘l\;\lle raluse t"i,m € a‘nn 3: iii pn(:r ustlorn. for alignment to the optical axis. A pair of achromatic doublets (each with

. € open gs o - o Tiexivle ge_lss ubes (fn inner, mm oute . a 160-mm focal length) imaged the mask with a nearly 1:1 conjugate ratio
diameter, MicroFil; World Precision Instruments) glued together at thewonto the back focal plane of the objective lens. There the annulus ensured

tips were brou_ght within 20Qum of the gell. B‘fﬂh solution flowed Fhrough that rays leave the objective only above a critical angle and are thus totally
one tube continuously except when stimulation buffer was applied through

flect: t the glass-wat lass-cell interface.
the other. The stimulation buffer contained (in mM) 75 NaCl, 62 KCI, 5 * ?rﬁeecijriz diaepﬁrzz;wioiij:irng ellzzsceﬁltlgrer:oé}g(;r and excitation filter
CacCl,, 2 MgCl,, 4 mg/ml glucose, and 10 HEPES (pH 7.2) unless indicated ' ' '

therwise. The elevated [R made the plasma membran tential mor normally present in the epifluorescence port were removed. A dichroic
0 ?.W'se' € elevale ade the plasma me ‘_"1 € potential More i (505DRLP02; Omega Optical) reflected the excitation light into the
positive, opened voltage-gated Ca channels, and raised cytosofi¢][Ca

. ) bjective | d t itted emitted fl light (at 540 to th
(probably to~2-2.7uM; Plattner et al., 1997). After 2 min at raised Tk objective lens and transmitted emitted fluorescence light (a nm) to the

) . ; . cameras. Excitation light reflected back into the objective was prevented
standard solution was reapplied. The perfusion system exchanged soluthn

L L f . . rom reaching the camera by the dichroic mirrors and an emission filter
within ~3 s, as measured by application of norepinephrine to the tip of an(OG530_ Omega Optical)
amperomgtric _carbon fiber placed at t_he same position as the cell. A se<’:ond dichroic mirror (620DRLP02; Omega Optical) was placed
qu callbratlon_purposes we also.vu?wed green fluorgs_cent .beads (ngetween the annulus and the achromatic doublet to couple two other modes
nm diameter; excitation 490 nm, emission 510 nm) modified with surface

. of illumination into the epifluorescence port. First, it partially reflected
carboxylate groups (Molecular Probes, Eugene, OR). The diameter Was e light (474—496-nm bandpass, 485DT22; Omega Optical) from a

;g?:ggsb;c;usiggg,wgz ; '?n:azjlt;t:]h;tec;fatl:hrfggi;ﬂn granules (330 nmhalogen lamp (12 V, 100 W; Zeiss Co.) for normal epifluorescence exci-
" ' ' ” ' tation. Second, it reflected red light (600-nm bandpass) from a second halogen
lamp to image the “footprint” made by the cell on the glass substrate in
reflection interference contrast (RIC). In this observation mode, abundant stray
Prismless evanescent-field microscope light is reflected into the objective. To cancel it, we subtracted from the RIC
image of each cell an image from an area showing no cell. With the 14-bit
Cells adhering to a glass coverslip were excited by the evanescent field seiynamic range of a slow-scan CCD camera, this yielded a RIC image of the
up by total internal reflection of a laser beam at the glass-cell interface. Totatell with adequate contrast. Electronic shutters selected between brightfield,
internal reflection was achieved by applying the beam through a 1.4 NAepifluorescence, RIC, and evanescent-field illumination.
objective (Planapochromat 180 1.4 N.A.; Zeiss, Germany) that was also For the first hour after the experimental chamber was inserted into our
used for observation (“prismless” total internal reflection; Stout and Axelrod,inverted microscope, the distance between the stage and the objective
1989; Conibear and Bagshaw, 1996). The setup is based on a modifiechanged by some 40 nm/min, causing the image to drift out of focus during
inverted microscope (Axiovert 135 TV, Zeiss); this is illustrated in Fig. 1.  continuous observation. This drift was reduced-® nm/min by mounting
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the objective on a calibrated piezoelectric drive (PIFOC P-721.10; Physiks (Qian et al., 1991)
Instrumente, Waldbronn, Germany). The distance between stage and ob-

jective was measured by an inductive position sensor (E-115.21; Physik N-n
Instrumente; rated accuracy 10 nm) and was held constant by raising (WISD(I’ISI) — E{[X(J St + n8t) _ X(j 8t)]2
lowering the objective using feedback electronics (E509.L1; Physik Instru- N—n (1)

. ) =1
mente). The arrangement also allowed calibrated movements of the objec- .

tive up and down by application of the appropriate analog voltages. We + iSt + i
assumed the focal plane to move 88% of the distance moved by the [y(J 8t + ndt) — y(i 8t)]2}

objective. This allows for the difference in refractive index between water
and the immersion oil (Majlof and Forsgren, 1993). All vertical distance

: whereN is the total number of images in the recording sequencenamdi
measurements were corrected accordingly.

j are positive integers with= 1, 2, . . . N — 1). The granule’s coordinates
at timejét are (j8t),y(j8t)), and those a time intervabt later are (jot +
nét),y(j6t + nédt)).

Image collection

Fluorescent light was collected through the bottom port of the invertedRESULTS
microscope. In most experiments, images were recorded through an ima$ . .
intensifier (VS3-1845; VideoScope International Ltd.) and a video camerdd€pth of illuminated layer

(CCDC72; Dage MTI) and stored on an optical memory disc recorderO . field ill . . |
(OMDR, TQ-3038F; Panasonic). The quantum efficiency of the image ur aim was to use evanescent-field illumination to selec-

intensifier reached-25% at 500 nm. Custom electronics ensured that thetively excite a thin layer of cytosol where a cell adhered to
shutter opened only during image acquisition. In some experiments, framea coverslip. To determine the thickness of the illuminated
were acquired at 30 Hz in bursts of 200 frames. In others, the quorescer]hyer in vitro, fluorescent beads were adsorbed to the cov-
photons collected during 110-ms light exposures were integrated on th : ; ; ;

rslip an lens pl n it curv i wn (Fig).2
video chip, and the resulting image was written to the OMDR at 1—2-33\/S p.a d ;0 ?1 ebS pdacgd 0 tlc.:u eds d.e.do 152/ Igg .
intervals. Laser illumination intensity was set to avoid saturation while € viewe t.e eads in a saline containing . .° ovine
maximizing the dynamic range (8 bits) of the video camera. Images wer§€rum albumin (BSA) to approach the refractive index of
later played into the computer at 50 nm/pixel through a frame grabbeicytosol. Adding the BSA strongly diminished the contrast
(Image-LC; Matrox EIe_ctronic Syste_ms) and analyzed with the MetaMorphof cultured fibroblasts under phase-contrast optics. We se-
software package (Universal Imaging Co., West Chester, PA). —|actaq g field of view containing solitary beads, some ad-

Occasionally, we used a slow-scan air-cooled CCD-camera with ah . h i d oth hel Usi lib d
14-bit A/D-converter (ST-138S; Princeton Instruments). The back-illumi- ?I’Ihg tot ?COYerS Ipandotherstot _e gns. Sing a_Cal rate
nated chip (SIS02BA; SITe) had 512 512 pixels of 24x 24 um? each;  Pi€zoelectric drive, we moved the objective upward in 50-nm
its quantum efficiency exceeded 70% at 500-750 nm. To avoid spatiasteps, watching beads as they came into and then went out of
undersampling by the large pixels, the fluorescence image was magnifiefhcys. At each vertical plane, images were taken with both
(Optovar magnifying lens, 2:%). The camera was controlled and coordi- o yigorescence and evanescent-field excitation. To test for
nated by a PC computer running MetaMorph under MS Windows 3.11. hotobl hi h . lud d. ith
Stacks of 100—-200 images were taken at 0.5 Hz. p otobleaching, the _eXpe“ment WaS. conc u. .e with repeat
images taken at the first (lowest) vertical position.

The fluorescence from several beads was followed
through all vertical positions. Beads brightened as they
came into focus, then dimmed again as the focal plane
To quantify the mobility of granules parallel to the plasma membrane, wemoved beyond them. Plotting fluorescence intensity against
measured their position using software modules provided by MetaMorphthe vertical distance of the focus defines the vertical posi-
First, each stack of images was processed by a median (long-pass) filter ﬁbn of each bead Fig B andC, shows results from two

a spatial frequency corresponding tqufd. The resulting stack contained .
what may be called the local background of the stained cell; it wasbeads' The left proflle apparently was from a bead adsorbed

subtracted from the original to obtain a high-pass filtered stack of imagestO the cov'erslip because the bead came int(? fOCUS_at the
For tracking, we selected the brightest granules that did not collide wittsame vertical plane as several other beads in the field of
neighboring granules during the recording period; up to eight granulessiew. In contrast, the bead that gave the rightmost profile

were selected in egch cell. A binary version of the stack was calcula\te%as at some distance from the coverslip, presumably be-
using a threshold brightness chosen to keep the granule of interest separate it had adsorbed to the | With epifl th
from its neighbors, yet keeping its binary image as large as possible. Thgause Ithad adsorbed 1o the lens. With epitiuorescence, the

binary stack was used as a mask that caused all pixels below threshold tyv0 beads were abou'f equally bright (FigB2 With eva-
be set to zero. The algorithm also found regions of fewer than five nonzersiescent excitation (Fig. Z) the remote bead appeared
contiguous pixels and set them to zero as well. This pixel selectiondimmer, reflecting the weaker evanescent field at that dis-

identified a single contiguous region as the image of a granule. The exaqance_ Peak intensity ratios (evanescent field/epiﬂuores-
location of the granule was determined as the center of mass of the

fluorescence within the region defined by each granule’s mask. The gran(—:ence) were plotted against vertical distances in Fig 2

ule’sx andy coordinates thus determined in each frame were saved in afile(CirC|?59- Results were well dgscribed by an equnential
for subsequent analysis. function whose declineeffold in 185 nm, dashed ling

For each granule trajectory the mean square displacement (MSD) in theeflects the decay of the evanescent field. During an actual
plane of the membrane was calculated as follows. Assume images aretak%[kperiment the objective does not move but remains fo-

at time intervalsit. Letx(t) andy(t) be the coordinates of the granule in one d on the granul | tto th verslio. To mimic thi
image, and lek(t + nét) andy(t + nédt) be those in another image taken Cused o € granuies closest {o the coversiip. 10 c this,

nat later. Then the square of the displacement duridigis [x(t + naty —  We measured the ﬂuorescen(?e intensity in a Plane focused _at
x(®)]2 + [y(t + ndt) — y(t)]> Generally, for a given intervalst, the MSD  the center of a granule adhering to the coverslip and plotted it

Analysis of lateral granule position
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FIGURE 2 Depth calibration of the evanescent field. (A) In vitro calibration. A plano-convex lens was placed on the coverslip curved side down. Green
fluorescent beads (280 nm diameter) were suspended in PBS containing 15% BSA. One hundred microliters of the suspension was placed at the contact
region of the coverslip and lens (22 mm diameter, 40 mm focal length) so that beads were adsorbed to the surface® ah86)FIuorescence intensity

(arbitrary units) against vertical distance, for two beads. One touched the covitliprgfile) while the other was held at some distance, presumably

because it had bound to the lens surface. Lines show a Gaussian fitted to the top 60% of each curve. The distance between the two peaks of the Gaussian
curves corresponds to the distance between the centers of the beads and hence to the distance of the remote bead from the coverslip. The fluorescence
intensity is the average in a circle of 300 nm superimposed on the brightest region of the image of eacB)b@é&th épifluorescence.@) With
evanescent-field illuminationD) Experiment as imA, with beads adsorbed both to coverslips and to the top surfaces of four PC-12 Eellsd F)

Analogous toB andC. Fluorescence intensity was plotted against vertical focal distance for three granules viewed with epifluoré&aneeahescent

field excitation f). The leftmost granule was located in a region not covered by a cell, as verified in the interference reflection contrast image (not shown).
Hence it had adsorbed to the coverslip) Fluorescence intensity ratios,{F,) of beads as a function of their distance from beads adsorbed to the coverslip.
Fluorescence values are the maxima of the fitted Gaussians and represent values obtained for each bead at the vertical position where Disabrightest.
circles fromB andC: The exponential function declinesfold in 185 nm ¢lashed curvke Filled circles fromE andF: The exponential declinesfold in

646 nm ¢ontinuous curve (H) Fluorescence intensity normalized asGnbut measured at the fixed focal plane where beads adsorbed to the coverslip
appear brightest. Open circles frdrandC: the regression lined@shed curveintercepts the abscissa at 274 nm. Filled circles floandF: these were
approximated by two regression lineotinuous curveas follows. ForAz < 450 nm,F = 1 — (1/555 nm)X Az, for Az> 450 nm,F = 0.363— (1/2588

nm) X Az F is the fluorescence ratio, ant is the vertical coordinate as definedAn The two continuous curves were used later to calculate changes

in the vertical position of chromaffin granules from their changes in fluorescence.

against the distance of each bead. The plot is well fitted by avith the focal plane fixed at the center of beads on the
straight line intersecting the abscissa at 274 nm (Fi¢d,2 coverslip. We will use these data later to convert intensity
dashell The decline with distance reflects the decay of thefluctuations of granules into vertical movements; we fitted
evanescent field as well as the bead going out of focus.  them by two straight line segments for that purpose (see legend
For an in vivo determination, fluorescent beads wereof Fig. 2). Although the calibration is likely to be of limited
sprinkled onto a coverslip covered sparingly with adherenticcuracy, Fig. 4 (continuous curveis more appropriate than
PC-12 cells. Some beads fell on the glass, others on thime dashed line for locating granules within cells.
margins of cells. Vertical scans were made as above to
explore beads lying on the coverslip and others that were
separated from the coverslip by cytosol of varying thicknes
(four different cells; Fig. D). Intensity ratios obtained with
evanescent-field and epifluorescence excitation were plotFig. 3 shows micrographs of a single adherent chromaffin
ted against the vertical distance of each bead in Fi§. 2 cell viewed in brightfield, epifluorescence, and evanescent-
Compared with in vitro measurements, peak intensity falldield excitation. With epifluorescence the cell fluoresces
more gently with distance (Fig. &, continuous curve  nearly uniformly (Fig. 3B), whereas evanescent-field exci-
indicating a wider spread of the evanescent field. At leastation revealed single fluorescent spots (FigC)3superim-
part of the difference may be explained if large scatteringposed on a background haze, probably representing out-of-
particles, such as organelles, cause some evanescent lightftwus granules deeper within the cell. The fluorescent area
become propagated. Fig. B (continuous curvesplots is smaller than with epifluorescence because the region
intensity ratios of beads against their distance, measuredhere the cell adheres to the glass is smaller than the cell's

s.Single granules viewed in resting cells
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Mobility of granules in the plane of the
plasma membrane

To analyze granule motion, unstimulated chromaffin cells
were imaged with evanescent-field excitation for 6.7 s at 30
Hz. Fig. 4A shows the firstimage in a stack of 200, and Fig.
4 B shows the average of the entire stack. Unfilteredt)(
_ , o o and high-pass filteredriht) images are shown. Fig. 4
FIGURE 3 Chromaffin cell with three imaging method®) Brightfield o,y shows subtle differences, probably reflecting vertical
image. B) Epifluorescence imageCj Evanescent-field image at the same . .
focal position as irB. motion of some granules. For example, some of the bright-
est granules i\ are comparatively dim iB and vice versa,
and some granules visible iy are missing inB. On the
horizontal projection. This was also verified by comparingwhole, however, the two pairs of images are nearly identi-
the brightfield image with the interference reflection imagecal, and hence most granules moved little over the 6.7-s
(not shown). The density of fluorescent spots in FigC3 interval explored. In cells observed for longer durations,
(1.41jum?) was typical for our cells (average 1.31 0.04  single granules occasionally traveled distances bfum at
granulesim? n = 31 cells). Fluorescent spots almost cer-a top speed of 0.2Gm/s in one instance, but such cases
tainly represent single chromaffin granules, as many ofvere rare (less than one granule per cell per minute) and
them are lost in a Ca-dependent manner when cells aneere excluded from further analysis. FigGishows mag-
stimulated to secrete (Steyer et al., 1997; Oheim et alnified versions of one of the granules in Fig.AlandB, at
1998). High-pass filtering eliminates most of the local back-different times during the observation period. Although
ground (see Fig. 4). little movement is apparent in the images, viewing the
movie showed that the granule wandered slightly around a
resting position.

Fig. 5 A plots thex andy coordinates of the granule in
Fig. 4 C against time. The traces show apparently random
motion. For analysis, we measured the square of the dis-
tance traveled by a granule during various time intervals and
plotted the MSD against the time interval (FigB5filled
circles). If granules moved randomly and with a single
diffusion coefficient, the plot should yield a straight line
whose slope is proportional to the diffusion coefficient.
Instead, the plot shows downward curvature. Clearly, a
single diffusion coefficient is insufficient to describe the
motion observed.

The motion in Fig. 5B did not result from instrument
noise or drift, because an immobilized bead imaged with a
similar signal-to-noise ratio (see legend to Fig. 5) showed
only negligible displacement®ien squaresn Fig. 5 B).

The average MSD was 0.00082n°. Hence the uncertainty

in our granule localization had an rms value of 008.
Movements smaller than this would have escaped detection
in these experiments. The uncertainty would be less if more
fluorescence were collected, e.g., during longer exposures
or with stronger illumination.

To test for possible cell damage, we raised the external
[K "] at the end of each experiment to stimulate secretion for
2 min. Exocytosis was seen to cause the sudden disappear-
ance of single fluorescent spots (not shown; see Steyer et
FIGURE 4 Granules in a chromaffin cell move littléd)(First image in al"_l_997)_' Of a tOtal_ of 22 cells examined, Only SIX Were_
a stack of 200 taken at 33-ms intervaB) Average of the entire stacka(  deficient in exocytosis, as they lost less than 20% of their
andB) Unfiltered (eft) and high-pass filteredight) images. For filtering, ~ fluorescent spots; these were excluded from further analy-
blurred versions of images on the left were first generated by low-passsis. In one experiment, 600 exposures could be recorded
filtering at a spatial frequency of m (see Materials and Methods). \yhile exocytosis remained intact. With a confocal micro-
Subtraction of the blurred from the original images yielded the images on . .
the right. C) A single granule was magnified. Its first, second, and later scop_e of comparable Vertl?al resolution, feW?r than 30 us-
images in the stack are shown. Calibration bargn2in A andB and 1um able images could be obtained before clear signs of bleach-
in C. ing and photodamage became evident (not shown).

tms) 0 33 167 2000
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0.002 - ." FIGURE 6 Motion of single granules from time-lapse recordings. Im-
W«mmmmm%w&’b&& ages were acquired every 2 s, first under resting conditions (1 min) and
00 - T T T : then for 2 min at elevated [K]. Each image was exposed for 110 ms, and
0.0 05 1.0 15 20 light during that time was integrated on the chip of the video camera. The
At (s) x andy coordinates of 18 granules from three cells were tracked as in Fig.
5, first for 1 min before and then for 1 min during stimulation. MSD plots
FIGURE 5 Rapid and random motions of a single granud.Goordi- were calculated from them; the average of the 18 plots is shawn (

nates of a chromaffin granule against time (same granule &).irB) standard error). Beford) and during Q) stimulation. The lines represent
Mean square displacement (MSD) plotted against time inteftalTo diffusion coefficients of 1.88< 10~* um?/s in unstimulated cells (——)
calculate the MSD we measured the distance moved over an interval aind 2.35x 10~* um?/s during stimulation (— — —)#, Immobilized bead
fixed duration, say 0.5 s, with the interval starting first at 0 ms after therecorded at 2-s intervals for 5 min. Only three of seven cells examined were
beginning of the recording, then at 33 ms, then 66 ms, and so on untisuitable for analysis. The others either detached, moved, or failed to
(6.700-0.5) s. All distances were squared. The average of all squareperform sufficient exocytosis as they lost fewer than 20% of their granules
distances represents the MSD at 0.@sSame granule as i ¢, Similar within 2 min at elevated [K]. In the three cells a minority of 18 granules
recordings from an immobilized bead (280 nm diameter) imaged at acould be tracked for the entire duration of the experiment. The remainder
signal-to-noise ratio (S/N) similar to that of the granulednTo estimate  either collided with other granules, were too dim, underwent exocytosis, or
the S/N of a granule or bead, we measured in high-pass filtered images trdowly faded away, presumably because they left the evanescent field.
average brightness within the binary mask used to determine the lateral

position of the granule or bead (see Materials and Methods). The S/N ratio

was the brightness divided by its standard deviation with time. It was 17.2

for the bead and 16.6 for the granule. with a single diffusion coefficient, each point may be as-
signed a varianceV/ (Qian et al., 1991):

Long-range motion and the effect of stimulation V= (smp(2n® + 1/3n(N — n + 1) (2)
Granule motion over longer times was explored in time- Points were weighted by the reciprocal of their variance,
lapse recordings. Cells were imaged every 2 s, first undesnd a regression line was fitted through thesis the slope
resting conditions (1 min) and then for 2 min in a saline of the line. The diffusion coefficierd in unstimulated cells
solution where [K'] had been elevated to stimulate secre-was calculated a® = s/4. The mean was 2.8 0.4% 104
tion. Eighteen granules in three cells were chosen for analpm?s (three cells).
ysis. Stacks were processed and analyzed as in Fig. 5 to We calculated diffusion coefficients for each cell while
yield plots of MSD against time interval. Fig. 6 plots the [K "] was elevated and the cell was stimulated to secrete and
average of all 18 plots, first at normdilied circles) and  determined the ratio of diffusion coefficients (stimulated/
then at elevatedopen circley [K “]. The lines intersect the unstimulated). The ratio had a natural logarithm of 0258
abscissa at MSD values-80 X 10™* um?) that are larger  0.29 f = 18 granules in three cells), representing an 80%
than atAt = 0 in Fig. 5B. Evidently there is high-frequency increase on stimulation. The difference is small but statis-
motion in Fig. 5A that is not resolved in our time-lapse tically significant @ < 0.05). We cannot rule out the pos-
recordings, but contributes to the MSD at all time intervalssibility that it is partly a mechanical consequence of the
plotted. The plot reflects only the slower component ofexocytosis of neighboring granules.
motion and does not significantly deviate from being linear. To test for possible contributions from drift of the me-
Apparently random motion with a single diffusion coeffi- chanical stage, we tracked the position of an immobilized,
cient describes the data well on this time scale. strongly illuminated bead for 5 mird{amondsn Fig. 6). If
Diffusion coefficients were calculated individually for fitted by a straight line, the MSD plot would yield =
each unstimulated granule from its plot of MSD against0.03x 10~ 4 um?s. This may be considered our lower limit
time interval. Insofar as the motion explored is by diffusion of detection.
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Restricted diffusion of chromaffin granules cage itself (diffusion coefficienD):
The granule of Figs. 4 and 5 apparently experienced randofysp(At) ~ C + R{1 — A,exp(—4A,D, AURY)] + 4DAt
motion that could not be described by a single diffusion (4)

coefficient. This is confirmed in Fig. 7open symbo)s
where results from 13 granules in three cells are average = 5.3 10~ % um? is a constant that is included because
The plot clearly shows downward curvature. the necessarily limited accuracy of our granule localization
This feature is reminiscent of diffusion in a cage, which procedure creates an apparent displacement at all time in-
can be described by the approximate equation (Saxtorigrvals. The best fit was obtained with= (70 = 13) nm,
1993; Saxton and Jacobson, 1997) D, = (19 = 3) X 10" * um?s, andDg = (1.8 = 0.2) X
10 % um?s. Equation 4 is seen to provide a good fit.
MSD(At) = R{1 — Aiexp(—4AD AUR)]  (3)  Evidently granules diffuse relatively freely for distances of

. . . . .. .. ~70 nm, but~10-fold more slowly over longer distances.
Equation 3 represents the first two terms in an infinite y 9

series, and\; = 0.99 andA, = 0.85 are constant coeffi-
cients for the second ternR is the radius of the circular
cage in which an infinitesimally small particle is free to
diffuse with diffusion coefficienD . Applied to our situa-
tion, Ris either the distance by which the radius of the cage/Vhen chromaffin cells are stimulated to secrete, fluorescent
exceeds that of a granule, or the length of a tether by whiclgranules disappear as they lose their dye due to exocytosis,
the granule is tied to a fixed point. and this depletes the plasma membrane of docked granules
The MSD plot obtained for granules does not reach gSteyer et al., 1997; Oheim et al., 1998). New granules
horizontal asymptote (Fig. 6), as if the cage itself diffusedappear where previously none were visible, as granules
with a finite but lower diffusion coefficientD;. To explore  move from the cytosol toward the plasma membrane. After
this idea quantitatively, we combined the data from videostimulation has ended, fresh granules repopulate the mem-
recordings ¢pen circley with those from time lapse record- brane with a time constant ef6 min at room temperature
ings of Fig. 6 in unstimulated celldilied circles). Thiswas  (Steyer et al., 1997).
done by adding a constant to the data for unstimulated cells, Fig. 8 shows an example from a cell observed after a
chosen such that the two data sets coincided at an interval @min period of stimulation by elevated external TK Fig.
2 s (see figure legend). The plot in Fig. 7 was the result. 118 A plots fluorescence at the site of an appearing granule. As
was fitted with a version of Eq. 3 that was expanded by ahe granule appearedlied circles), fluorescence rose. Flu-
third term representing the relatively slower diffusion of the orescence reached a plateau, presumably because the gran-
ule reached the plasma membraopdn circley. Coordi-
nates in the plane of the membrane were determined as in
Fig. 5, and the resulting trajectory is plotted in FigB8In

Trajectories of granules approaching the
plasma membrane

0.020 1 Fig. 8 C, we assumed that the granule had reached the
plasma membrane when fluorescence reached a plateau and
0015 used the curve in Fig. B (continuous curveto calculate

the granule’s vertical position from its intensity. The con-
tinuous curve in Fig. 2H is more appropriate than the
0.010 4 dashed one used in an earlier analysis (Steyer et al., 1997),
because it is based on a calibration procedure that includes
cytosol. The vertical coordinates are then plotted against the
0.005 - horizontal movement of the granule in the direction of its
largest displacement.

Fig. 8 D plots four trajectories comparable to that of Fig.
8 C. The granules yielding the two uppermost trajectories
ultimately performed exocytosis. That on the lower left

ats) detached from the plasma membrane and ascended back

FIGURE 7 Two modes of diffusionO, Average MSD+ SE of 13 into the cytosol, and that on the lower right was near the

individual granule trajectories recorded at 30 frame®/sAverage MSD of plasma membrane from the beginning but left the plasma

18 granule trajectories recorded at 0.5/s. Filled circles are from Fig. 6, buM€Mmbrane during stimulation.

shifted upward by 21.6< 10~* um? to make the two data sets coincide at  All granules in Fig. 8,C and D, approached the plasma
At = 2's (#). A minor portion of this upward shift (6.3 10~ um®)  membrane at an angle. Their approach trajectories often
would compensate fo_r th_e fact that Fhe exposure was 110 ms during tlmgeem directed rather than random, as if they marked the
lapse and only 33 ms in video recordings. In Fig. 7, the MSD at 110 ms was .
6.30 X 10~ * um? larger than at 33 ms. ——, Best least-squares fit of Eq. presence of tracks or fllament_s Wh_erEUpon the granules
4, with the data points weighted by the reciprocal of their variance. The fitoved. In seven approach trajectories measured in three

parameters are given in the text. dimensions, granules approached at an average velocity of

MSD (um?)

0.000 +
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A 3507 ] 42 = 8 nm/s. Their top speed over a 2-s interval was 37
~. ] % 18 nm and might approach that of actin-mediated transport
E 300 of organelles in neuronal growth cones if measured at a
= 2501 higher temperature (480 nm/s at 37°C; Evans and Bridg-
% 600 nm man, 1995).
£ 2007
1504 .- L ;
W"‘Nﬁ — DISCUSSION
B c T Evanescent-field microscopy by epiillumination
y z We have used total internal reflection to set up an evanes-
cent field within a thin region of cytosol where cells adhere
" ” to a glass coverslip. Like Stout and Axelrod (1989) and
Conibear and Bagshaw (1996), we used a high numerical
D4 aperture objective both to generate the evanescent field and

to observe the fluorescence excited by it. In a cell several
microns thick, the method is effective in avoiding out-of-

2 focus fluorescence and hence in imaging submembrane
particles at the full resolution afforded by a NA 1.4 objec-
tive. We now discuss the strengths and weaknesses of this
approach as compared to the more conventional method of
generating evanescent fields with a prism.

- 4» N

The main disadvantage compared to prism methods is the
500 nm difficulty of controlling the angle of incidence at the glass/
cytosol interface, and hence the depth of penetration of the
FIGURE 8 Granules approaching and leaving the plasma membrangayanescent field. Generating an evanescent field by epiillu-

Granule positions vyerg recorded in normal buffer after 2 minin stlm_ulatlonminaﬁon relies on the difference between the numerical
buffer plus 10uM nicotine. The stimulation buffer caused exocytosis that h f L fthe illumi .
partially depleted the plasma membrane of granules. Under this exper@PErture and the refractive index of the illuminated medium.

mental condition, new granules slowly appear as they approach the plasmhe highest numerical aperture available in commercial
membrane from the cytosol (Steyer et al., 199%).Rluorescence intensity ~ objectives is 1.4, with the exception of a recently introduced
at the site of an gp_pearing granule, both beforg &nd after @,0) the objective having a NA of 1.65 (APO 108 O HR, Olym-

granule became visible — —: (Lower) Fluorescence background calculated pus, Japan). The refractive index of water is 1.33, and the

as the average of the crosseldpper Plateau value calculated from the . . . . .
average of all but the first five open circles. Open circles replace filled refractive index of cytosol is given as 1.36-1.37 (Berelter-

circles after the fluorescence of the granule had first exceeded 90% of itklahn et al., 1979). In a NA 1.4 objective, even those rays
plateau value. The distance calibration on the right is approximate (see Fighat pass the most peripheral region of the back focal plane

2 H, continuous cureand assumes that the granule had reached theggrely surpass the critical angle for total internal reflection

plasma membrane_ whgn its brightness reached a plateau. The time |nter\flﬂ cytosol. We held fluorescent beads at varying distances
between consecutive image frames was Bj.Tfajectory of the granule

in the plane of the membrane. Coordinates were determined as in Fig.4arT&0r_n the mterface'and measurgd the distance over which
are plotted at 2-s intervalsC) Vertical distance 2) from the plasma  their fluorescence intensity declinegold (space constant).
membrane, assuming the granule reached the plasma membrane whenlits saline plus bovine serum albumin, the space constant is
brightness reached the plateau levelwas calculated from Fig. H ~185 nm, whereas in the cytosol of PC-12 cells i+i640
(defined by twocontinuous lines The abscissa ) represents the direction nm. Because the field is barely evanescent in cytosol, the

of the granules’ largest lateral displacement —, Plateau level irA. For lution in th ical di e | h I
distance calibration see the bottom®f(D) Vertical distance againstas resolution in the vertical direction is most Yy due to the sma

in C, but on four other granules from different cells. Dashed lines werefocal depth of the objective. Some evanescent light might
obtained as irC. (Upper) Two granules that underwent exocytosis during even become propagated when reflected by large cytosolic
a second application of elevated TK (Lower lefy A granule that ap-  particles such as granules or mitochondria. Nonetheless the

proached the plasma membrane from the left and left to the ribowdr | oihqq s a clear improvement over epifluorescence, as it
right) A granule leaving the plasma membrane after a period of continuous | inal | h the ol
presence; the recording was made during a first period of stimulation. ThéjoeS resolve single granules beneath the plasma membrane.

calibration bar refers to all panels except Data acquisiton with a  Smaller and better controlled penetration depths will require
slow-scan CCD camera (see Materials and Methods). We analyzed sevegbjectives of higher numerical aperture than 1.4.

cells and found 23 granules showing strong changes in fluorescence,

indicating vertical movement. For our vertical calibration to be applied, the

granule must be docked to the plasma membrane at one time and be absent

at another. We believe this was true for seven granules. Some underwent
exocytosis. Others appeared at the plasma membrane and then docked,<a$0% of the intensity change caused by the appearing or departing
judged by an increase in fluorescence followed by a plateau, and twagranule. Of the seven granules, one was not plotted because it approached
granules docked and then detached, as suggested by a plateau in fluoréise plasma membrane within a single sampling interval, and another was
cence followed by a decrease. We required that the plateau period comot because it was visible from the beginning and did not approach the
tained at least 60 s, where the rms fluctuations in fluorescence remained atembrane from a distance sufficient to define the angle of approach.
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The advantages of epiillumination all follow from ob- constraints during stimulation, we found that the diffusion
serving the specimen from the side on which the evanescerbefficient barely doubled. An increase with stimulation
field is generated. First, the light collection efficiency is would be consistent with the idea that the actin cortex exerts
higher, as significantly more than half of the fluorescencedrag on granules.
originating from within the evanescent field radiates toward
the side of higher refractive index (Axelrod et al., 1992).

Second, because fluorescent structures are viewed directyo granules move actively?

and not through a layer of water and through the cell itself
one may use oil immersion objectives with their high nu-
merical aperture and avoid the image degradation possibl

The lateral movement of most membrane-resident granules
seems random rather than directed; otherwise the MSD

. i lots in Figs. 5 and 6 would curve upward (Qian et al., 1991,
caused by intracellular refracting structures such as grari:
) : . Lo axton and Jacobson, 1997). Rarely, granules are seen to
ules. Third, one may imagine the dual use of objectives as

. . ) o . ander in a directed fashion over micron distances in rest-
a laser light trap combined with evanescent-field imaging of. :
. . - - . ing chromaffin cells. Such movements, although not ana-
single molecules. Finally, epiillumination provides unre-

: . : lyzed here, could not be diffusive and presumably consume
stricted access to one side of the specimen. It allows the us . . .

. : . energy. The same applies after stimulation, where approach-
of patch clamps and other microdevices for electrical re-

: . : ; : ing granules frequently move over near-micron distances in
cording, as well as cantilevers in atomic force microscopy. . . . . o
a seemingly directed fashion (Fig. 8). In permeabilized
PC-12 cells containing granules labeled with green fluores-
cent protein, such long-distance motion is abolished when
Motion of granules beneath the MgATP is removed from the cytosol and is almost certainly
plasma membrane mediated by actin filaments (Th. Lang, personal communi-
Granules wander randomly around a resting position bugﬂlon). I.t N ‘.e"?p“”g to speculate that the movements in
ig. 8 arise similarly.

otherwise move only a little. This behavior could be mod- Recent studies have shown that a small subset of secre-
?Eﬂgﬂggt't?&ﬁg t;); ?jsgjénilgqg r?;gggﬁsint% téi h:'\?vi%n a?ory vesicles is preferentially released during a brief stim-

. 9 ' P g lTlllus, in both endocrine cells (Thomas et al., 1993; Heine-
radius 70 nm larger than that of a granule. Indeed, deep-etc ann et al., 1994: Moser and Neher, 1997) and neurons
electron micrographs do show chromaffin granules tethere N ! '

to the cytoskeleton, and a filamentous actin meshwork be* teveng and.TsuumoFo, 1995.)' The pool of readily rgleas-
able vesicles is replenished with time constants-@D s in

neath the plasmalemma of chromaffin cells (actin cortex)both cell types (Stevens and Tsujimoto, 1995: Moser and

seems to surround a granule like a cage (Nakata and lecKleher, 1997). Does this replenishment reflect the movement

kawa, 1992). We view our result as direct evidence that the
. of fresh granules toward the plasma membrane, or the

movement of granules near the plasma membrane is re- .
awakening of dormant granules that were already docked?

stnptetj by 2 meshwork, as .ha.s been postulated by OtheEor endocrine cells, recent evidence supports the second
(Trifar6 and Vitale, 1993). Within the reach of the cage or . ; . . .
alternative. Electron microscopic studies on chromaffin

the tether, granules diffused with a diffusion coefficient of (Parsons et al., 1995; Steyer et al., 1997; Plattner et al.,

74 2 .
19 X 10°% pm/s n our measurements. 1997) and pituitary cells (Parsons et al., 1995) show more
For the vast majority of granules, movement over longer

distances was slow and apparently random, with a diffusiorgranUIeS bound tp the plasma membrane than are rapidly
coefficient of abouD = 2.0 X 10~% um?/s. This is roughly releasable, and video microscopy has shown that new gran-

consistent with an earlier estimate that lumped togethelrjles take hundreds rather than tens of seconds to reach the

slow and rapid diffusion ove8 s (3x 104 um?/s; Steyer plasma memprane (Steyer et al., 1997). The present resu]ts
- AP add to this evidence. If transport to the plasma membrane is
et al., 1997). AtD = 2.0 X 10" um“/s, a granule would L : .
. . : . active, it will require MgATP. Because the readily releas-
move an average distance of 28 nmin 1 s, uB#in 6 min,

and 1.7um in 1 h. According to Stokes’ law, a sphere with able pool can _be rgleased in the absen.ce of MgATP (Thom-
. . asetal., 1993; Heinemann et al., 1994, Parsons et al., 1995),
the diameter of an average chromaffin granule (330 My can probably be replenished without the docking of new
Parsons et al., 1995; Plattner et al., 1997) would diffuse at |
D = 1.47 um?s in aqueous medium with a viscosity of granuies.
0.851 X 10 3 Ns/n?. This is ~7000-fold faster than the
diffusion of granules beneath the plasma membrane. Clear]
granules experience significant drag when they move.
Morphology suggests the actin cortex as a major sourc&lany of the granules observed here were most likely bound
of drag (Nakata and Hirokawa, 1992). When stimulationto the plasma membrane or docked (Steyer et al., 1997).
raises cytosolic [C&], C&" apparently activates actin- Does docking contribute to the drag on the movement of
severing enzymes and thereby thins the actin cortex (Trifargranules? The lateral mobility of granules diminishes by
and Vitale, 1993, but see also Nakata and Hirokawa, 1992pnly about fivefold when granules contact the plasma mem-
When testing whether granules are liberated from theibrane (Steyer et al., 1997), suggesting that the plasma mem-

IYateraI mobility and docking
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brane is not the main source of drag. Indeed, lipid bilayersao, H. P., and A. S. Verkman. 1994. Tracking of single fluorescent

: ; i . _particles in three dimensions: use of cylindrical optics to encode particle
on their own are too fluid to exert significant drag; rhodop position. Biophys. J67:1291-1300.

S'_n' for example, has S?Zen gansmembrane domains arﬂ&ijmakura, K., K. Sasaki, T. Sakurai, M. Ohara-Imaizumi, H. Misonon, S.
diffuses atD = 4000X 10" wm?/s in the membrane of rod  Nakamura, Y. Matsuda, and Y. Nonomura. 1994. Essential role of

outer segment disks (Poo and Cone, 1974). In the p|asmamyosin light chain kinase in the mechanism for MgATP-dependent
membrane of differentiated cells. proteins diffuse more priming of exocytosis in adrenal chromaffin celld. Neurosci.14:

. | » P 15 dind 7695-7703.
slowly, with rates varying from 100< 10" ums t0  kusumi, A., S. Yasushi, and M. Yamamoto. 1993. Confined lateral diffu-

unmeasurably low (Jacobson et al., 1987). Slowed diffusion sion of membrane receptors as studied by single particle tracking

; ; ; ; _ (nanovid microscopy). Effects of calcium-induced differentiation in
in the plasma membrane is thought to arise through inter cultured epithelial cellsBiophys. J 65:2021-2040.

action with elementSIOf the cytoskeleton. Itis “ke_ly that anYLang, T., I. Wacker, J. Steyer, C. Kaether, |. Wunderlich, T. Soldati, H.-H.
drag on granules while they are bound to a docking site will Gerdes, and W. Almers. 1997. €atriggered peptide secretion in single
also be due, at least indirectly, to the cytoskeleton. cells imaged with green fluorescent protein and evanescent-wave mi-

However slow, the lateral motion of granules can make i croscopy.Neuron. 18:857-863.
’ g tl\/lajlof, L., and P.-O. Forsgren. 1993. Confocal microscopy: important

difficult to recognize whether successive granules undergo- considerations for accurate imagirdethods Cell Biol38:79—95.
ing exocytosis use the same docking site. A vacant site wilMiyamoto, S., T. Funatsu, S. Ishiwata, and S. Fujime. 1993. Changes in
diffuse at a minimum of 2x 104 meZ/S the diffusion mobility of chromaffin granules in actin network with its assembly and

. . . . Ca*-dependent disassembly by gelsoBiophys. J.64:1139-1149.
coefficient of a dOCklng site with a granUIe attached. There-Moser, T., and Neher, E. 1997. Rapid exocytosis in single chromaffin cells

fore, during the 6 min an average cytosolic granule spends recorded from mouse adrenal slicds Neurosci17:2314-2323.
in reaching the plasma membrane (Steyer et al., 1997), theakata, T., and N. Hirokawa. 1992. Organization of cortical cytoskeleton

site would diffuse 0-5Mm2- If 1.3 granules;uimz are ar- of pultured chromaffin cglls and involvement in _secretion as revealgd by
quick-freeze, deep-etching, and double-label immunoelectron micros-

ranged in a square grid on the plasma membrane, the o, 3 Neurosci12:2186-2197.
average distance between subsurface granules isf/88 oheim, M., D. Loerke, W. Stumer, and R. H. Chow. 1998. The last few
not much more than the distance covered by a docking site milliseconds in the life of a secretory granule: docking, dynamics and

S - : : _fusion visualized by total internal reflection microscopy (TIRFMr.
while it is vacant. Hence an empty docking site will prob Biophys J.27:83-98.

ably not be filled again before it has diffused far enough ©Oparsons, T. D., J. R. Coorssen, H. Horstmann, and W. Almers. 1995.

meet or even pass another granule. Docked granules, the exocytic burst, and the need for ATP hydrolysis in

endocrine cellsNeuron.15:1085-1096.
Plattner, H., A. R. Artalejo, and E. Neher. 1997. Ultrastructural organization of
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Qian, H., M. P. Sheetz, and E. L. Elson. 1991. Single particle tracking
(analysis of diffusion and flow in two-dimensional systen&ipphys. J.

REFERENCES 60:910—921.

Axelrod, D., E. H. Hellen, and R. M. Fulbright. 1992. Total internal Sa(;(i?LTsyio%-).éiolsr?fs;. bagirfI?géfiuls;ggm an archipelago (single-particle
reflection fluorescenceln Fluorescence Spectroscopy: Principles and
Applications, Vol. 3: Biochemical Applications. J. Lakowicz, editor.
Plenum Press, New York.

Bereiter-Hahn, J., C. H. Fox, and B. Thorell. 1979. Quantitative reflection
contrast microscopy of living cellsl. Cell Biol. 82:767-779.

Betz, W. J., and J. K. Angleson. 1998. The synaptic vesicle cygleL.  gieyens, C. F., and T. Tsujimoto. 1995. Estimates for the pool size of

.Rev. Physiol60:347'—363. ) releasable quanta at a single central synapse and for the time required to
Bi, G.-Q., R. L. Morris, G. Liao, J. M. Alderton, J. M. Scholey, and refill the pool. Proc. Natl. Acad. Sci. US/92:846-849.

Steinhart. 1997. Kinesin- and myosin-driven steps of vesicle recrunmemsteyer J. A., H. Horstmann, and W. Almers. 1997. Transport, docking and

for Ca*-regulated exocytosisl. Cell Biol. 138:999-1008. exocytosis of single secretory granules in live chromaffin célisture.
Conibear, P. B., and C. R. Bagshaw. 1996. Measurement of nucleotide 388:474—478.

exchange kinetics with isolated synthetic myosin filaments using flashgiout, A. L., and D. Axelrod. 1989. Evanescent field excitation of fluores-

This work was supported by the Max Planck Society.

Saxton, M. J., and K. Jacobson. 1997. Single-particle tracking: applications
to membrane dynamicsAnnu. Rev. Biophys. Biomol. Struc6:
373-399.

Smith, C. B., and W. J. Betz. 1996. Simultaneous independent measure-
ment of endo- and exocytosiNature.380:531-534.

photolysis.FEBS Lett.380:3-16. cence by epi-illumination microscoppppl. Opt.28:5237-5242.

Evans, L. L., and P. C. Bridgman. 1995. Particles move along actinTerakawa, S., J. H. Fan, K. Kumakura, and M. Ohara-lmaizumi. 1991.
filament bundles in nerve growth cone@roc. Natl. Acad. Sci. USA. Quantitative analysis of exocytosis directly visualized in living chromaf-
92:10954-10958. fin cells. Neurosci. Lett123:82—86.

Ghosh, R. N., and W. W. Webb. 1994. Automated detection and trackingrerrian, R., and D. Prekeris. 1997. Brain myosin V is a synaptic vesicle-
of individual and clustered cell surface low density lipoprotein receptor  associated motor protein: evidence for & Geependent interaction with
molecules Biophys. J.66:1301-1318. the synaptobrevin-synaptophysin compléxCell Biol. 137:1589—1601.

Heinemann, C., R. H. Chow, E. Neher, and R. S. Zucker. 1994. Kinetics offhomas, P., J. G. Wong, A. K. Lee, and W. Almers. 1993. A low affinity
the secretory response in bovine chromaffin cells following flash pho- C&™" receptor controls the final steps in peptide secretion from pituitary
tolysis of caged C& . Biophys. J.67:2546-2557. melanotrophsNeuron.11:93-104.

Jacobson, K., A. Ishihara, and R. Inman. 1987. Lateral diffusion of proteinsTrifard, J. M., and M. L. Vitale. 1993. Cytoskeleton dynamics during
in membranesAnnu. Rev. Physiol9:163-175. neurotransmitter releas&€rends Neuroscil6:466—472.



