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Secretion of catecholamines  from  individual  bovine 
adrenal  medullary  cells in culture  was  examined by  am- 
perometry  with 1-pm radius  carbon-fiber  electrodes. Ve- 
sicular  secretion is observed as a series of  current  spikes 
upon  exposure  to  a  secretagogue.  The  small  size  of  the 
electrodes  was  exploited  to map exocytotic  release sites 
on  the  surface  of  bovine  adrenal  medullary cells. These 
studies  reveal  for  the  first time  that  release sites are 
spatially  localized  on  endocrine  cells  in  culture  for  a 
time  scale of at  least 15  min.  Fluorescent  monitoring  by 
confocal  microscopy  of  deposition  of  dopamine-P-hy- 
droxylase  from  the  vesicular  membrane  into  the  plasma 
membrane  during  exocytosis confirms the  existence of 
zones  of  exocytotic  inactivity  on  the  surface  of  the  cell. 
Measurement  of  coincident  spikes  with  two  adjacent 
electrodes  (2.5-pm  radius)  has  allowed  the  spatial  reso- 
lution  for  measurement of exocytosis  to  be  defined as 2 
pm from the  projected  circumference  of  the  electrode  on 
the  surface  of the  cell. In this small  domain,  point-source 
release  and  diffusional  broadening  would  result in nar- 
row  spikes  (Schroeder, T. J., Jankowski, J. k, Kawagoe, 
K. T.,  Wightman, R. M., Lefrou, C., andhatore, C. (1992) 
Anal. Chern. 64, 307743083), a  feature  not seen in  the 
data. Thus, for adrenal  medullary  cells,  release  follow- 
ing  vesicular  fusion is not  instantaneous,  but is a  pro- 
longed  event  occurring  over  several  milliseconds. 

Neurons  have  specialized sites or active  zones  where exocy- 
tosis  occurs  (Heuser and Reese,  1977). These zones  are  charac- 
terized  by a high local concentration of intracellular  vesicles 
and a specialized  presynaptic  region, as well as specialized 
postsynaptic  regions  on  adjacent  cells  (Walrond  and  Reese, 
1985). These regions  are of interest  because  they  must  contain 
the biochemical  components  which are  necessary  for exocytosis. 
For example, the density of calcium  channels in neurons has 
been shown  to  be high at active  zones  (Augustine  et al., 1989; 
Adler  et el., 1991).  Less  information is available  concerning 
specific release sites in  endocrine,  exocrine,  and  other  cells  with 
a regulated  secretory  pathway.  Secretory  cells  are  often  polar- 
ized  with  regulated  secretion  oriented  to a lumen as with pan- 
creatic  acinar  cells or to blood vessels as with  adrenal  medul- 
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lary cells. However, the precise  localization of release  sites  on 
the cell  surface of non-neuronal  cells has not  been  demon- 
strated. Furthermore,  maintenance of primary  cells in tissue 
culture  may  alter the orientation  and  localization of release 
sites in cells.  Prior  studies using anti-dopamine-p-hydroxylase 
antibodies  to  mark  exocytotic sites on  cultured  adrenal  chro- 
maffin  cells suggest that the sites  are  randomly  located  across 
the  surface  (Hesketh  et al., 1981;  Phillips  et al., 1983). The 
present  study  extends these early  findings  with  two new, high- 
resolution  techniques that demonstrate that release  sites of 
several  microns or less exist  on  bovine  adrenal chromaffin cells 
maintained  in  primary  culture. 

Previous  work has shown that carbon-fiber  microelectrodes 
can  be  used as sensors  for real time  detection of exocytotic 
release of the catecholamines,  epinephrine  and  norepineph- 
rine, from single bovine  adrenal  medullary  cells  (Leszczyszyn  et 
al., 1990,  1991;  Wightman  et al., 1991;  Kawagoe  et al., 1991; 
Ciolkowski  et al., 1992;  Chow  et al., 1992;  Jankowski  et al., 
1992,1993;  Schroeder  et al., 1992).  Most  previous  reports  have 
employed  carbon  fibers  with  diameters of 10   pm or greater,  and 
thus the size of the electrode  approaches  the  size of the biologi- 
cal cell. However, the development of electrodes  with  micron 
(Kawagoe  et al., 1991)  or  smaller diameters (Strein  et al., 1992) 
provides the opportunity  to  probe the cell  surface  for the exist- 
ence of localized  region  from  which  release  occurs. As shown  in 
this work,  these  electrodes  reveal the existence of active  and 
inactive  release  zones.  High-resolution confocal  microscopic 
fluorescent  images of exocytotically  deposited  dopamine-p-hy- 
droxylase in the cell  membrane  also  reveal  zones of release 
which are of similar  dimensions  to  those  revealed  by  the  dy- 
namic  electrochemical  measurements. 

EXPERIMENTAL  PROCEDURES 
Electrode  Construction-A single carbon fiber (5-pm radius, Thornell 

P-55, Amoco Carp.,  Greenville, SC) was aspirated into a microfilament 
capillary (A-M Systems, Inc., Everett, WA). The glass was drawn 
around the fiber with a micropipette puller (Narishige, Tokyo, Japan). 
The  exposed  portion of the carbon  fiber was cut with a scalpel leaving a 
length of approximately 100-500  pm extending beyond the tip. This was 
passed through the base of an air-methane flame (Strein et al., 1992) 
resulting in a carbon  cone of  50-200 pm length with a submicron radius 
at the end of the fiber. 

Electrical connection with the carbon  fiber  was obtained by back- 
filling the glass capillaries with colloidal  carbon  (Polysciences,  Inc., 
Warrington, PA) and inserting  a chrome1  wire in the open end of the 
capillary. An insulating layer of polyoxyphenylene  was  electrochemi- 
cally  deposited  on the exposed  carbon surface (Kawagoe  et al., 1991). 
This was accomplished by oxidation of 90 mM 2-allylphenol,  90 mM 
allylamine, and 2% 2-butoxyethanol (dv) in 1:l (v:v) watedmethanol for 
5-10 min with a potential of +4 volts applied to the carbon  fiber.  The 
thickness of the insulating film is estimated to be 1 p m  (Strein et al., 
1992). The fibers were then immediately rinsed with distilled water and 
cured at 150 "C for 30-60 min. Insulation was removed  from the tip of 
the etched electrode by polishing  for 5 s on a micropipette beveler 
(model BV-10, Sutter Instrument Co., Novato, CA) at an angle of ap- 
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proximately 45". The  electrodes  were  rinsed  with  distilled  water and 
soaked  in isopropyl alcohol for 10-30 min. 

Estimates of the  tip  radius  were  made electrochemically. Under 
steady-state  conditions  the  limiting  current  (i) at  a microelectrode is 
given by: 

i = 4 n F D C r  (Eq. 1) 

where n is  the  number of electrons  per mol ( n  = 2 for catecholamines), 
F is  Faraday's  constant (96,485 coulombs/equivalent),  D  is the  free 
solution diffusion coefficient of catecholamine  (6 x cm2/s), C is the 
concentration of catecholamine in  the solution, and r is the  radius of the 
electrode.  For an  elliptical  electrode as  in  this case the  radius  deter- 
mined  electrochemically is  the  average of the major  and  minor  radii 
(Kelly and  Wightman,  1986).  Failure  to  achieve  a  value of r consistent 
with  measurement by optical microscopy was  taken  to  mean that the 
polymer insulation  was  not  intact.  Such  electrodes  were  discarded. 

Amperometry employed a  potentiostat  (EI-400,  Ensman  Instrumen- 
tation, Bloomington, IN)  operated  in  the  three-electrode mode. The 
reference  electrode  was  a  saline-saturated calomel electrode, and  the 
auxiliary  electrode  was a 26-gauge chrome1 wire. The  potential of the 
working  electrode  was  held a t  0.65  V  uersus  saline-saturated calomel 
electrode.  Electrode  sensitivity  was  determined before and  after  each 
experiment  with  100  p~  epinephrine.  The  output  signal  was  filtered at 
16  kHz,  digitized  with a VCR adaptor (model PCM-2, Medical Systems 
Corp.,  Greenville, NY), and recorded on videotape. 

Single-cell Secretion Experiments-Primary cultures of bovine adre- 
nal  medullary cells were  prepared  from  fresh  tissue (Leszczyszyn et  al., 
1990).  The cells were  enriched  in  epinephrine  and  cultured as previ- 
ously  described at a  density of 6 x lo5 celld35-mm  diameter  plate 
(Leszczyszyn et al., 1990).  Experiments  were  performed at room tem- 
perature (23.0 f 0.1 "C) between  days  4  and  10 of culture. 

For  the  experiments  which employed Ba2+ as the secretagogue, the 
culture  media  was  replaced  with  a  solution  containing  154 mM NaCl, 4.2 
mM KCl, 11.2 mM glucose, 0.7 mM MgCl,, and  10 mM HEPES  (pH 7.4). 
Sodium  phosphate  was  not employed to prevent  precipitation of 
Ba,(PO,),. In  the  pipette  solution  containing  2 mM Ba", the concentra- 
tion of NaCl in  the puffer  solution  was  decreased by 4 mM to  maintain 
a  constant ionic strength.  For  experiments  with K+ or nicotine as secre- 
tagogues, the  bath solution  also  contained  1.0 mM Na,HPO, and  2 m~ 
CaCl,. When  60 mM K+ was  used  to  stimulate  the cell, the concentration 
of NaCl in  the puffer  solution  was  decreased  to 90 m ~ .  Nicotine  puffer 
solutions  contained  100  p~  nicotine dissolved in  the  bath solution. 

Secretagogues  were  applied  to the cells with  pressure  ejection (Pico- 
spritzer,  General Valve Corp.,  Fairfield, NJ) from micropipettes 
(-10-pm outside  tip  diameter).  The  micropipette  was  positioned 40-50 
pm  from the cell surface  and at an  angle of approximately 80" with 
respect  to  the  flame-etched  electrodes. Typical ejection pressures  were 
5-10 p.s.i. 

(Axiovert 35, Zeiss, Thornwood, NY). The flame-etched  carbon-fiber 
The  culture plates were viewed with an  inverted-stage microscope 

microelectrodes, with  the exposed surface  parallel  to  the cell plate,  were 
positioned above a  single cell with a piezoelectric device (PCS-250 Patch 
Clamp Driver, Burleigh  Instruments,  Fishers, NY). The electrode-cell 
spacing  was  determined by lowering the electrode  onto the cell until  the 
cell membrane  was visually, elastically  deformed.  The  electrode  was 
then  raised  and lowered in  small  increments to determine  the position 
at which the cell membrane  just  began  to  be deformed. This location 
was  defined as  the cell surface.  The  electrode  was  then  raised to the 
desired position above the cell. The  two  electrodes  were positioned at an  
angle of approximately 160" apart  relative  to  each  other  (see  Fig. 1). 

Analysis of Coincident Spikes-Recorded data were  replayed  through 
an  eighth-order,  low-pass (400 Hz)  filter (CyberAmp 320, Axon Instru- 
ments,  Foster City, CA), digitized a t  a rate of 1 ms/point  via a commer- 
cially  available  software  package  (Axotape, Axon Instruments),  and 
stored  on  the  hard-drive of a  PC  compatible  computer. Locally written 
software  was  used  to  remove  residual 60-Hz noise, locate  spikes,  and 
extract  their  characteristics:  peak  amplitude,  half-width  area,  half-rise 
time,  maximum  current  time,  onset  time,  and  ending  time.  A  signal  was 
designated as a  spike if the  amplitude  was  greater  than five times  the 
value of the root  mean  square  noise  measured over a  base-line of 83 ms. 

cal salt solution  (145 m~ NaC1, 5.6 m~ KCl, 0.5 mM MgCl,, 15 mM 
Confocal Microscopy-Chromaffin cells were  incubated  in physiologi- 

HEPES,  pH 7.4, and 5 mg/ml bovine serum  albumin)  containing  either 
2.2 mM CaCl, (Fig. 7A) or 1 mM BaCl, (Fig. 7, B and C) at 25 "C. After 
9  min,  the  solutions  were removed and replaced  with physiological salt 
solution  containing 2.2 mM CaCl, at 4 "C to  stop exocytosis. Cells were 
incubated for 1.5 h in  the cold with  goat  anti-DPH  antiserum (1:1500 

dilution  in physiological salt solution  with 2.2 mM CaCl,), fixed for 10 
min  with 4% paraformaldehyde  (in  divalent  ion-free  phosphate-buff- 
ered  saline),  quenched  with 50 mM NH,C1 (in  divalent ion-free phos- 
phate-buffered  saline  with 0.1% gelatin),  and  then  incubated for 1 h 
with  swine  anti-goat,  fluorescein  isothiocyanate-IgG  (1:50,  Boehringer 
Mannheim,  in  divalent ion-free phosphate-buffered  saline  with 0.1% 
gelatin).  The fluorescence was  investigated  with a Bio-Rad MRCGOO 
Laser  Scanning Confocal Microscope with  a  100 x objective (numerical 
aperture 1.4). The  optical  section  thickness  was  estimated to be  0.7  pm 
from the point  spread  function of the  intensity  in  the Z axis created by 
a  fluorescent  0.1-pm  diameter  bead. 

Reagents-The culture  medium, Dulbecco's modified Eagle's 
m e d i u d a m ' s  F-12 medium,  was  obtained  from Life Technologies Inc. 
Collagenase (Type I) for  digestion of glands  was  obtained  from Worth- 
ington.  Renografin-60  was  purchased from Squibb  Diagnostics  (New 
Brunswick,  NJ). All other  chemicals  were  reagent-grade from Sigma, 
and  solutions  were  prepared  with doubly distilled  water. 

RESULTS 

Surface Separation of Exocytotic  Sites-The small size of 
flame-etched carbon-fiber microelectrodes (- 1-pm radius) 
should provide an  increased spatial resolution in  the detection 
of release  sites at individual biological cells compared to  the 
carbon-fiber microelectrodes (6-pm radius)  that  have been  used 
predominantly in prior work. In  initial  experiments,  several 
cells appeared not to  release catecholamine  upon stimulation 
when  monitored with a flame-etched electrode. Yet, when  a 
larger electrode was placed adjacent  to  the  same cell, release 
was detected in  the form of current spikes. This suggested the 
existence of active and inactive release zones at the surface of 
these cells. This phenomena was examined in 14 cells, in which 
eight of them displayed zones which did not  exhibit exocytosis. 
In  this work Ba2+ was employed as a secretagogue  since it 
causes continuous release for several minutes. As shown in 
Figs. 1 and 2, the detection of release induced by Ba2+ was 
dependent on the specific position of the electrode above the cell 
surface. 

In  the  experiment shown in Fig. 1, two electrodes (radii of 0.9 
and 1.1 pm, respectively, for electrodes "A" and "B") were  ini- 
tially located above the  top of the cell with  the electrodes ap- 
proximately 2 pm  apart. Before stimulation  neither electrode 
exhibited release (see the  first portion of Fig. 1). When the cell 
was exposed to Ba2'  by a 5-s pressure ejection (denoted by the 
arrow),  small  amplitude,  infrequent  spikes were seen at each 
electrode. Electrode A was  then moved to a region near  the 
perimeter of the cell. Spikes  were still occurring as a result of 
the prior  Ba2+ exposure. Re-exposure of the cell to Ba2+ (Fig. 1, 
second arrows)  resulted  in low amplitude  spikes monitored by 
electrode B, similar  to  the  first  stimulation,  whereas  the  re- 
lease from the cell region monitored by electrode A increased in 
amplitude  and frequency relative to  that obtained at  its prior 
location. 

Next, electrode B  was moved from the top of the cell and 
positioned near  the  perimeter of the cell, but on the opposite 
side from electrode A. While release monitored by electrode A 
remained vigorous, the frequency of spikes detected with elec- 
trode B was low (third portion of Fig. 1). Thus, at  this cell, 
release  sites  are not  uniformly distributed  around  the perim- 
eter.  When electrode B was positioned adjacent  to electrode A 
and  the cell was  restimulated  with Ba" (denoted by the  arrow 
in  the fourth  portion of Fig. 11, both  electrodes monitored robust 
release characterized by the detection of many  spikes from this 
portion of the cell. 

Finally, electrode A was moved to a different site on the 
perimeter of the cell (Fig. 1, last  portion). Although spikes were 
still recorded at electrode B as a result of the prior  exposure to 
barium, at  the new position of electrode A, the activity moni- 
tored was negligible. Restimulation of the cell with Ba2+ (de- 
noted by the  last  arrows) yielded large  amplitude, high fre- 
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of individual  bovine  adrenal  medullary  cells. The breaks in the traces indicate the times when  one of the electrodes was  repositioned.  The 
FIG. 1. Simultaneous  amperometric  measurements  with  flame-etched  electrodes (=l-pm radius), positioned 1 pm from  the  surface 

arrows below the traces indicate 5-s stimulations with 2 mM Ba2+. Daws A and B correspond  to the  currents from the respective electrodes shown 
in  the lower diagrams. The diagrams show a top view of the placement of the electrodes at the cell surface. Solid ellipses in the diagrams represent 
the active carbon surface of the microelectrodes. 
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but  with a different cell. 
FIG. 2. Simultaneous  amperometric  measurements as in Fig. 1 

quency spikes at electrode B, but  little activity at electrode A. 
Thus,  these  experiments  reveal  that  this cell had at least one 
zone of active release  near  the  perimeter of the cell, while the 
other regions of the cell surface  examined  did not exhibit 
exocytosis. 

An experiment  with  the  same electrodes at a different cell is 
shown in Fig. 2. Initially both  electrodes  were positioned di- 
rectly above the top of the cell with  the outside insulation of the 
two electrodes physically in contact. Neither electrode  detected 
any  release from the cell (first portion of Fig. 2) until a 5-s 
exposure to  Ba2+ (arrows in  the first  portion of Fig. 2) which 
caused  spikes of relatively large  amplitude at both electrodes. 
As release  continued, electrode A was moved to a region near 
the  perimeter of the cell. The  spikes detected by electrode  B 
continued, but  the  release  detected by electrode A decreased 
(second portion of Fig. 2), and re-exposure to Ba" did not  in- 
crease release. 

When  electrode A was moved toward  the top of the cell (2 pm 
from electrode  B) and  the cell was  restimulated  with  Ba2+ (de- 
noted by the arrow in  the third  portion of Fig. Z ) ,  release from 
the cell region monitored by electrode  B remained  robust, while 
the  released  spikes detected by electrode A were low amplitude 

and  infrequent (Fig. 2, thirdportion). However, when  electrode 
A was positioned at  its  initial location (touching the  other elec- 
trode),  restimulation of the cell with Ba2+ (arrows in  the fourth 
portion of Fig. 2), induced vigorous release  to be monitored by 
both electrodes. Thus,  this cell displayed an active zone for 
release  near  the top of the cell. 

Another experiment  with  similar sized electrodes at a differ- 
ent cell is shown in Fig. 3. Initially electrode A was positioned 
directly above the  top of the cell and electrode  B was positioned 
near  the  perimeter of the cell. Neither electrode  detected any 
release from the cell (not shown) until a 5-s exposure to 100 p~ 
nicotine (arrows in  the first  portion of Fig. 31, which caused 
spikes of relatively large  amplitude at electrode A while elec- 
trode B detected infrequent  small  amplitude spikes. 

When  electrode A was moved toward the  perimeter of the cell 
and electrode B was positioned over the top of the cell, the cell 
was  restimulated  with 100 p~ nicotine (denoted by the arrows 
in  the second portion of Fig. 3). Release from the cell region 
monitored by electrode B became robust, while the released 
spikes detected by electrode A were low amplitude  and infre- 
quent (Fig. 3, second portion). However, when  electrode A was 
positioned at its initial location (touching the  other electrode), 
restimulation of the cell with 100 PM nicotine (arrows in  the 
third  portion of Fig. 3) induced vigorous release  to be monitored 
by both electrodes. Thus,  this cell displayed an active zone for 
release  near  the  top of the cell. 

Simultaneous Detection of the Same Spikes-An estimate of 
the  spatial resolution of an  amperometric electrode was ob- 
tained by placing two flame-etched  electrodes (radii of 2.6 and 
2.7 pm, respectively, for electrodes A and B) adjacent to  a cell 
and  searching for the detection of the  same  release  event a t  
each  electrode  while varying  the  distance between them  (the 
geometry is shown in Fig. 4A). Larger electrodes  were  used in 
this  study to make detection of spikes more likely and to  elimi- 
nate  the possibility of inactive zones of release  interfering  with 
the  experiment. We designate  spikes  to correspond to the  same 
exocytotic event at the cell surface if they  meet  the following 
criteria.  First,  the difference in  onset  time of two spikes de- 
tected  with  different  electrodes  (denoted as bt,, Fig. 5) must be 
less  than  the  time  required for the molecules to diffuse to each 
electrode. This  depends on the difference in  distance ( A l )  from 
the  release site to each  electrode (Ato = AE2f6 D ) .  Because the 
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etched electrodes (-1-pm radius), positioned 1 pm  from the sur- 
FIG. 3. Simultaneous  amperometric  measurements with flame- 

face of individual bovine adrenal  medullary cells (different elec- 
trodes  than presented in Figs. 1 and 2). The  breaks  in  the  traces 
indicate  the  times  when one of the electrodes  was  repositioned.  The 
arrows below the  traces  indicate 5-s stimulations  with 100 PM nicotine. 
Other conditions are  as described in  the legend  to Fig. 1. 
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FIG. 4. A, schematic  representation of two flame-etched  electrodes 
positioned at  a bovine adrenal  medullary cell for experiments involving 
the change in  the  number of coincident spikes  with  a  changing  gap 
distance ( d )  between the electrodes. B and C, concentric  circle  repre- 
sentation of a  top view of the overlapping  sampling  regions of the two 
electrodes  with  gap  distances ( d )  of 0 and 2 pm, respectively, for B and 
C. Darkest  inner circle represents  the  active  carbon  surface of radius, r. 
Next  darkest circle represents  the  insulation  around  the  electrodes. 
Dashed circle represents  the  experimentally  determined  sampling  re- 
gion of the electrode  with  radius, R. The  overlapping area between the 
two dashed circles represents  the  area  where  the coincident spikes  were 
originating. 

diffusion coefficient of released  catecholamines  may be less 
than  the value in  dilute, aqueous  solution (6 x cm%; 
Gerhardt et al. (1982)), a value of 30 ms was used  with the 
electrodes adjacent to one another,  and  this  amount was in- 
creased by 7 ms for each micron of separation. If the onsets of 
the spikes were not easily  identified due  to noise on the  base- 
line, the difference in  time between the  spike maxima was used 
(At,, Fig. 5C). When At,,, was  used rather  than Ato, an addi- 
tional 10% of time was allowed because a  spike becomes shorter 
and wider with  an increase in diffusional distance resulting  in 
an increased At,. 

The second criterion  was that  the spike with  the  later onset 
time  should be shorter  and wider than  the  first because of the 
greater  time for diffusional broadening of the catecholamine 
packet.  Examples of spikes which satisfy these  criteria  are 
shown by the overlying spikes in Figs. 5C and 6C. Approxi- 
mately 20% of the  spikes which satisfied the first criterion 
based on spike lag  time failed to satisfy the second criterion. 

The final  criterion to satisfy coincidence was that  spikes 
plotted in normalized coordinates  (each  spike normalized with 
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FIG. 5. Simultaneous  amperometric  current traces measured 
with flame-etched electrodes (~2.5-pm radius), positioned 1-pm 
from the surface of an adrenal  medullary cell. The  spacing be- 
tween the two electrode  was  approximately 0 pm. Trace A corresponds 
to the  current  detected by electrode A. Trace B corresponds  to the 
current  detected by electrode B. The  spikes in trace A and trace B 
indicated by the asterisks are superimposed in trace C. Ato is  the differ- 
ence between the  onsets of the two spikes. At, is the difference between 
the  peak  maxima of the two  spikes. 
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FIG. 6. Simultaneous  amperometric  current traces measured 
with electrodes (-2.5-pm radius) positioned 1 pm  from the sur- 
face of an adrenal  medullary cell. The  spacing  between  the two 
electrodes  was  approximately 0 pm. Traces A and B correspond to the 
currents  detected by electrodes A and B, respectively. C, the  spikes 
marked by the asterisks in traces A and B superimposed. D, the  same 
spikes as in C plotted  with  their  axis  normalized  to  their  respective 
width a t  half-height  and  maximal  current. 

respect to  its own half-width and maximal current)  must have 
the  same  shape. An example of a pair of spikes having  the  same 
normalized shape  is shown by the overlying normalized spikes 
in Fig. 6D. A summary of the experimental results is given in 
Table I. A  significant  number of coincident spikes is only seen 
with no spacing or a gap of 2 pm between the electrodes. 

Confocal  Microscopy-The heterogeneity of release sites  was 
also investigated  with confocal  microscopy following DPH im- 
munocytochemistry and fluorescence labeling. An unstimu- 
lated cell is shown in Fig. 7A which exhibited no apparent 
release sites  in  any of the images. A quite different appearance 
is seen from a cell stimulated  with Ba2+ for 9 min (Fig. 7, B and 
C). The presence of DPH is revealed as 0.3-0.6 pm  diameter 
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TA~LE I 
Number of coincident spikes measured at bovine adrenal 

medullary  cells as a  function of separation between the tips of the 
amperometric electrodes 

Cells were stimulated by pressure ejection of 100 1.1~ nicotine  for 3 s. 
Two electrodes were  placed at the top of the cell, 1 p m  from the cell 
surface with a varying gap distance (d) between them (see Fig. 4). 
Electrodes A and B had  radii of 2.6 and 2.7 pm, respectively. Only cells 
which did not  exhibit localized release  phenomena were used in this 
study.  Data were filtered at 400 Hz. The data presented  here are from 
a single cell, however, similar behavior was observed at 13 other cells. 

Gap distance 

Opm 2 pm 4pm  6pm 8 pm 

Coincident 50 10 6 2  3 

Total spikes 242 111 127 80 53 

Total spikes 219 130 109 64 60 

Average  no. 230.5 120.5 118 144 56.5 

spikes 

electrode A 

electrode B 

A and B 
spikes at 

coincident 
spikes 

Percent 21.7% 8.3% 5.1% 2.8% 5.3% 

spots on the surface of the cell when viewed at  its upper surface 
or in cross-section. The  image  in Fig. 7B shows many  release 
sites because of the  large area of surface membrane visualized. 
Punctate DPH was  apparent at the cell surface in  all  images of 
the z-axis series.  The  images  in Fig. 7, B and C, are typical of 
images obtained from nine cells. All showed similar  punctate 
appearance of surface DPH with some cells showing a greater 
or lesser frequency of punctate DPH sites across the cell 
surface. 

DISCUSSION 

The  results shown in  this  paper reveal, by two independent 
techniques, the presence of zones on the surface of cultured 
bovine adrenal  medullary cells where exocytosis does not occur. 
Initially, we demonstrate  that  the localization of exocytotic 
sites  can be revealed with  the  use of micron-sized electrodes, a 
sensor which provides a real  time view of exocytosis. Addition- 
ally, the  use of DPH immunocytochemistry with confocal mi- 
croscopy reveals regions of the cellular membrane where exo- 
cytosis does not occur. This second technique provides an 
integrated view of exocytosis since it is based on the  quantity of 
an  exocytosed material which accumulates on the surface dur- 
ing  the  interval of exposure to a secretagogue. 

Studies  using  these two high-resolution  techniques have  re- 
sulted  in significant new insights  into  the process of exocytosis. 
First, we demonstrate  that  release  sites  are localized in clus- 
ters on these endocrine cells in  culture. Although this  has long 
been assumed to  be the case in vivo, our  amperometric  results 
provide the  first  quantitative  experimental  data  to demon- 
strate  and verify this belief for cultured cells. Second, we dem- 
onstrate  that  these  sites  are  spatially immobilized with respect 
to  the  cellular  membrane on a time scale of 15 min.  When 
compared to  the millisecond time scale for exocytosis, this pro- 
longed heterogeneity shows that  the components or structures 
responsible for localized release  must be stably  and  intimately 
associated  with release sites. Third, we show through  spatial 
localization of the  release  sites  and  quantitative  analysis of the 
spike  shape  that catecholamine release from the cell surface 
after fusion of the  granule  membrane is limited by a process 
other  than diffusion. This concept is new, and should instigate 
new lines of thinking  and  research concerning the process of 
exocytosis. These  results  are discussed  individually in  the fol- 
lowing paragraphs. 

The  use of micron-sized electrodes reveals  that at some cells 
the  sites of exocytosis are not  uniformly distributed across the 
cell surface. The  release zones are found at different locations 
on the cell surface and  vary from cell t o  cell. The  sites of release 
appear  to be stationary on a time scale of several minutes. 
Thus,  an electrode can be moved from a site with no release 
activity to a release zone, returned at a later  time,  and  the lack 
of release is still observed. Zones which are inactive with  re- 
spect  to  release were  characterized by a lack of spikes (or a  very 
low frequency occurrence) upon stimulation.  The presence of 
large  amplitude  spikes  seen  in some of the  traces indicate that 
the  release  events  are located directly beneath  the electrode 
surface, whereas  small  spikes  indicate  that  the location of  exo- 
cytosis is at a more remote location. The presence of active and 
inactive zones of release  appears  to be independent of the se- 
cretagogue employed. Experiments employing 100  p~ nicotine, 
2 mM Ba", and 60 m~ K+ (data not shown) all display evidence 
of localizations of release zones. 

Carbon-fiber electrodes of larger dimensions (6-pm radius) 
have been  used in most  prior studies of exocytosis at individual 
adrenal  medullary cells. Because their physical dimensions are 
similar to those of the cells (8-10 pm radius),  the  larger elec- 
trodes do not have  the  spatial resolution required  to detect the 
presence of active and inactive release zones on the cell surface. 
In  contrast,  the dimensions of the flame-etched electrodes  used 
in  this work (-=l-pm  radius) provide the ability to monitor 
much smaller  areas of the cell surface. The increased spatial 
resolution thus allows the  first opportunity to observe the lo- 
calization of release zones on the cell surface  with  amperomet- 
ric electrodes. 

The detection of the  same exocytotic event with two different 
electrodes has enabled the  spatial resolution of the amperomet- 
ric  electrodes to  be defined. When the electrodes are  adjacent, 
so that  the  thickness of the  insulation  determines  the  gap be- 
tween the electrode,  a  significant  fraction  (22%) of the  spikes 
detected by either electrode were coincident. The  number of 
coincident spikes detected by either electrode dramatically de- 
creases when the electrodes are  further  apart.  The  experiment 
can be geometrically approximated  with two circular disks  (the 
electrode  surfaces) surrounded by 1 pm of insulation (Fig. 4, B 
and C ) .  The overlapping sampling  area (A) can be shown to be: 

A = 4 x  f d n d z  (Eq. 2) 

where R is the  radius of the circle which defines the  sampling 
region for a single electrode (to be determined)  and r, is  the  sum 
of the  radius of the carbon  surface, the  insulation  thickness, 
and one-half of the  separation  distance between the electrodes. 
If it  is assumed  that  there  is  an  equal probability of exocytosis 
anywhere  in  the region given by rR2 on the cell surface, then 
the fraction of coincident spikes detected by an  electrode ( P )  is: 

A p=- 
?rR2 (Eq. 3) 

Solving Equation 2 yields: 

P = z R 2  - 2 rs t/m - 2 R2 sin" ( z ) ]  /mR2 (Eq. 4) 

Numerical  evaluation ofR  with  the  measured  values  ofP shows 
that  an electrode can sample from a region approximately 
1.5-2 pm beyond its projected circumference on the cell surface 
(Fig. 4, B and C ) .  Thus,  the  experimental  results  are consistent 
with  the geometrical  expectations, and  the  spatial resolution is 
defined. 

[ 
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2 of 7 images perpendicular  to  the z axis of a cell stimulated with  Ba'*.  Panel E shows the top-most image that demonstrated DPH  when the plane 
FIG. 7. Results from fluorescent  confocal  microscopy after DPH immunocytochemistry. A, results from an unstimulated cell. B and C, 

of focus was lowered from  above the cell. It represents an  image of the top  surface of the cell. Because the z axis resolution was approximately 0.7 
pm, the cell  surface is not necessarily exactly parallel to the xy plane. Panel C is an image 1.5 pm deeper  into the cell. It  demonstrates  punctate 
DPH in the periphery  where the section crosses the plasma  membrane. Punctate DPH was apparent  in all sections of the cell. The box in panel 
B has dimensions of 2.6 x 1.1 pm. 

Since the spikes must originate from a region of the cell 
surface  beneath the electrode, an estimate can be made of the 
separation between release  sites on the cell membrane. In cells 
with localized release, the  sites  must be at  least 2 pm apart. 
This estimate is similar  to that seen with the fluorescent con- 
focal  microscopy. The latter  results demonstrate the feasibility 
of resolving and analyzing  release  sites visualized by DPH im- 
munocytochemistry. The protocol detects only DPH exposed to 
the extracellular medium because incubation with the primary 
antibody precedes fixation. 

Evaluation of the  spatial resolution of the amperometric 
probes also enables temporal characteristics of the spikes  to be 
evaluated. Previously we have attempted to describe the exo- 
cytotic events as  instantaneous point sources of catecholamine 
packets on the cell surface which are transported  to the elec- 
trode by diffusion (Schroeder et al., 1992).  However, evaluation 
of the  data in this way requires  a knowledge of the range of 
distances that  the concentration packet must travel. Since this 
study shows that spikes must originate within 2 pm of the 
electrode surface, the diffusion based model predicts that  the 
maximum half-width should be less than 10 ms when the elec- 
trodes are placed 1 pm from the cell surface and  the value of the 
solution diffusion coefficient is employed. Experimentally, more 
than 50% of the spikes observed with  a 1-pm radius electrode 
have half-widths greater  than 20 ms  (Jankowski et al., 1993). 
Thus,  release at  the cell surface must not be instantaneous 
and/or transport of the catecholamine packets to the electrode 
must be governed by a much  slower rate of diffusion.  Concur- 
rent appearance of multiple spikes (compound  exocytosis)  could 
lead to a broadened measurement. However, our prior work 
indicates that each spike is  the detection of the content of a 
single vesicle (Wightman et al., 1991). Thus it appears more 
likely that  the dissociation of the vesicle contents prior to re- 

lease occurs  over a  finite period of time as concluded  previously 
(Jankowski et al., 1993). 
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