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Abstract The release of transmitter from the vesicle, its
diffusion through the fusion pore, and the cleft and its inter-
action with the carbon electrode were simulated using the
Monte Carlo method. According to the simulation the trans-
mitter release is largely determined by geometric factors — the
ratio of the fusion pore cross-sectional and vesicular areas, if
the diffusion constant is as in the aqueous solution — but the
speed of transmitter dissociation from the gel matrix plays an
important role during the rise phase of release. Transmitter
is not depleted near the entrance to the fusion pore and there
is no cleft-to-vesicle feedback, but the depletion becomes
evident if the diffusion constant is reduced, especially if the
pore is wide. In general, the time course of amperometric
currents closely resembles the time course of the simulated
transmitter concentration in the cleft and the time course of
release. Surprisingly, even a tenfold change of the electrode
efficiency has only a marginal effect on the amplitude or the
time course of amperometric currents. Greater electrode effi-
ciency however lowers the cleft concentration, but only if the
cleft is narrow. As the cleft widens the current amplitudes
diminish and rise times lengthen, but the decay times are less
affected. Moreover, the amplitude dependence of the rise and
decay times becomes steeper as the cleft widens and/or as
the release kinetics slows. Finally, lower diffusion constant
of transmitter in the narrow cleft does not further prolong the
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amperometric currents, whose slow time course reflects slow
release Kinetics.
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1 Introduction

Catecholamines have been found in a wide range of tissues
and affect many physiological processes. Release of adren-
aline and noradrenaline produced by a medullary discharge
as part of the ‘fight or flight’ responses, or generally due
to the stress conditions, leads to symptoms associated with
anxiety. In the central nervous system the catecholamines
(dopamine and noradrenaline) influence the prefrontal cortex
working memory function and generally cognitive functions
and its dysregulation is related to schizophrenia (Brozoski
et al. 1979; Tanaka 2005). Moreover dopamine takes part
in ischemia-induced neuronal damage (Saulle et al., 2002),
and had also been extensively implicated in the mechanism
of drug addiction (Di Chiara et al., 2004). Finally loss of
dopamine negatively affects the nerves and muscles control-
ling movement and coordination, resulting in the symptoms
characteristic of Parkinson’s disease (Frucht, 2004).

Release of catecholamines (adrenaline, noradrenaline and
dopamine) was first detected amperometrically from large
dense core vesicles in chromaffin cells (which are neuroen-
docrine cells found in the medulla of the adrenal gland and in
other ganglia of the sympathetic nervous system and which
derive from the embryonic neural crest), and subsequently
from small synaptic vesicles in the central nervous system
(Wightman et al. 1991; Schroeder et al. 1994; Walker et al.
1996; Aspinwall et al. 1997; Anderson et al. 1999, Sulzer and
Pothos 2000). Cyclic voltametry in the central nervous sys-
tem has shown that dopamine diffuses beyond the confines of
the synapse into the extracellular space (Garris et al. 1994),
and its action is characterized by long delays (Di Chiara
et al. 2004).

Understanding the factors determining the amplitude and
time course of the basic unit of release — the unitary quantal
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event — in synapses and neuro-endocrine cells is of funda-
mental importance. Amperometric recordings of the unitary
quantal events have revealed that the time course of release
from neuro-endocrine cells is often much longer, and that
the quantal size, amplitude and the time course are much
more variable than at either central or peripheral synapses
(Wightman et al. 1991; Walker et al. 1996; Aspinwall et al.
1997; Amatore et al. 2000; Kebir et al. 2005). Biochemi-
cal evidence suggests that the catecholamines are stored at
high concentrations, but in an osmotically inactive form, on a
matrix of chromogranin A, and their release occurs through
a process of dimerization of chromogranin A (Uvnas and
Aborg 1989; Kelly 1993; Yoo and Lewis 1993). It was thus
suggested that a slower release is due to the storage mech-
anism of catecholamines (Schroeder et al. 1994). However,
the release will also be slower and more variable because the
adrenaline or noradrenaline containing vesicles are consid-
erably larger and their size more variable than synaptic vesi-
cles, peripheral or central (Eccles and Jaeger 1958; Coupland
1968; Schikorski and Stevens 1997; Glavinovié et al. 1998;
Karunanithi et al. 2002; Tang et al. 2005). The amperometric
currents may also be slower if the diffusion constant of cate-
cholamines in the cleft near the membrane is lower due to its
reversible binding to the cell membrane (Hafez et al. 2005),
although such a reversible binding with the vesicular and
fusion pore membrane would also slow the release kinetics.
Recording conditions may be an additional factor. Greater
separation between the secretory cell and the electrode (cleft
width) reduces the amplitude and lengthens the duration of
the amperometric currents (Wightman et al. 1991), but how
much the changes of the efficiency of the carbon fiber to
oxidize the released catecholamines will change the ampli-
tude and the time course of the amperometric currents is not
known.

In order to better understand how the vesicular size and
its variability, the nature of transmitter storage, properties
of the fusion pore, the transmitter diffusion in the cleft or
the efficiency of electrolysis at the carbon filament surface
affect the amplitude and the time course of amperometric
currents we simulated the release of vesicular content using
the Monte Carlo method (Glavinovi¢ 1999). The intravesicu-
lar transmitter concentration and the fusion pore dimensions
were as reported in literature (Coupland 1968; Winkler et al.
1986; Spruce et al. 1990; Monck and Fernandez 1992; Khanin
etal. 1994; Finnegan et al. 1996; Glavinovi¢ 1999; Anderson
et al. 1999; Jena et al. 2003), whilst the recording electrode
— secretory cell distance and the level of electrolysis var-
ied over a wide range. A preliminary account has appeared
(Glavinovi¢ and Rabie, 1997).

2 Materials and methods
2.1 Theory

The release of vesicular content was simulated using the
Monte Carlo method, which is highly suitable for study-

ing diffusion in systems having complex geometry (Wahl
et al. 1996). The transmitter molecules in the vesicle (simu-
lated as a sphere) were either all initially bound to a gel ma-
trix, or were all free. Figure 6a. shows a schematic diagram
(approximately to scale) of the vesicle connected through
the fusion pore (simulated as a cylinder) to the plasma mem-
brane, and releasing its contents into the space separating
it from the carbon electrode (cleft). The plasma membrane
and the recording electrode were simulated as two parallel
plates. The simulation of the transmitter (free) diffusion in
the vesicle (but also in the pore and the space between the
plasma membrane and the electrode) followed methods de-
scribed previously (Glavinovi¢ 1999; Ventriglia 2004). Note
that the transmitter molecules bound to the gel are not able
to diffuse.

Following the opening of the fusion pore the vesicular
interior is in a direct contact with the extracellular fluid. If
the catecholamine molecules are bound to the gel matrix,
their release may be controlled by a process of ion exchange
(Uvnas and Aborg 1989). As a result of the exchange of the
fixed charges of such polyionic matrices and the charged moi-
eties in the bathing medium, these matrices may swell and
condense. Modeling of release from swellable gel systems is
a moving boundary, or Stefan—-Newmann diffusion problem
(Lee 1980; 1985). The constitutive equation for transport of
the releasing substance, in the presence of both diffusional
and relaxational phenomena is highly nonlinear, and as a
result the exact analytical solutions are not available (Crank
1984). Moreover, the equations required for fitting the swel-
lable systems are quite different from those for non—swellable
systems (Ritger and Peppas 1987a; Schroeder et al. 1996). We
therefore used the empirical relation for the dissociation from
a swellable gel matrix given by Ritger and Peppas (1987b):

M; = K,1", (1)

where M, is the fraction of polymer content released at time ¢
(i.e. a non-dimensional parameter indicating the release ratio
at a time t and at infinity), K is the dissociation constant and
n is the diffusion exponent, which depends on the geometry
of the system and is 0.432 % 0.007 for Fickian diffusion from
a swellable sphere.

2.2 Computer simulations

All simulations were done using Matlab. Initially the trans-
mitter molecules, which were either all free or all bound,
were distributed uniformly but randomly and their concentra-
tion was 500 mM (Winkler et al. 1986; Finnegan et al. 1996;
Glavinovi¢ et al. 1998). The vesicles whose radii were 40,
60, 80 and 100nm thus had 80,720, 272,429, 645,757 and
1,261,240 molecules, respectively. The dissociation of the
transmitter molecules bound to the gel follows Eq.(1) and
is a random process. There is no binding of free transmitter
molecules to the gel. If the transmitter is bound to the gel,
the dissociation constant of the gel matrix will largely deter-
mine the transmitter release Kinetics (see Sect.3). Because
no direct evidence exists as to what this constant should be,
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we examined the ‘parameter space’ (i.e. we evaluated how
the transmitter release, cleft processes and amperometric cur-
rents are affected with changes of the dissociation constants
over a wide range of values — two orders of magnitude). Even
if the dissociation constant lies beyond the values examined,
the variables of interest can be inferred given the trends,
which are clear (see Sect. 3). The dissociation is considered
to be fast if K; = 1.0, medium if Kg = 0.1 and slow if
Ky = 0.01. The diffusion of free catecholamine molecules
was modeled as a random walk. The length traveled by a cat-
echolamine molecule (in each of three dimensions) is chosen
randomly from a Gaussian distribution with mean of 0 and a
standard deviation o given by

o = +/2Dét, 2

where the §¢ is the length of the time step and D is the
diffusion coefficient of the transmitter molecule. Diffusion
coefficient of catecholamines ranged from 0.75 - 107 to
6.0 - 10~%cm?/s. In the vesicle, and the space between the
secretory cell and the recording electrode (cleft), the trans-
mitter molecules collide elastically with the “walls” of the
space, whenever they hit or cross the walls. Collisions are
considered elastic if their velocity components parallel to
the surface are conserved (in sign and in amplitude), whilst
the normal velocity component maintains the amplitude, but
changes the sign. Once the transmitter molecules leave the
cleft they are removed from the system i.e. they cannot return
to the cleft.

Since the time resolution of spontaneous current spikes is
~1-100 us, we choose 0.2 us time steps for diffusion (Wahl
et al. 1996; Glavinovi¢ 1999). Because of the small pore
diameter and this choice of the time step, the calculations
of the particle trajectories (including multiple reflections) in
the fusion pore have to be done using additional constraints
(note that having a smaller time step would render the sim-
ulations very slow owing to the typically very large number
of transmitter molecules which have to be followed). Once
the molecules entered into the pore their x and y positions
were set to zero, and the release becomes a release from a
point source in the middle of the pore. The time course of
release should not be affected by these changes, because the
movements in three directions (x, y and z) are independent,
and given that the pore diameter is very small, there should
be only marginal changes of the spatial distribution of mol-
ecules in the cleft or of their chance of being consumed and
when. This was nevertheless tested further. Firstly, we chose
the values of the fixed x and y positions other than (0,0), and
secondly we released the molecules from the fusion pore spa-
tially uniformly, instead as a point source (in both cases the
time course of release remained the same). The spatial distri-
bution of molecules in the cleft, the amplitude and the time
course of the ‘recorded’ currents were not visibly changed
(not shown), validating the choice of the time step and the
approach used in simulations.

Whenever the molecule hits the electrode surface, a ran-
dom number, between 0.0 and 1.0, is chosen from a uniform
distribution. If this random number is less than a predeter-
mined fractional number P, the molecule is presumed to have

reacted with the electrode, and as a result of oxidation two
electrons are generated (Schroeder et al. 1996). If the random
number is between P and 1.0, the elastic reflection is as-
sumed to occur and the molecule continues to move. Assum-
ing P = 1 (i.e. 100% electrode efficiency) is equivalent to
assuming a zero concentration at the surface of electrode
as a boundary condition, when partial differential equations
are used to solve this diffusion problem (and is assumed in
some, but not all, of our simulations). If no consumption at
the electrode surface occurs P = 0, and the electrode acts
as a simple diffusion barrier. Finally P = 0.1 indicates 10%
electrode efficiency. Choosing 0 < P < 1 is appropriate if
the electrode reaction (and thus the electrode efficiency) is for
whatever reason (such as polarization) reduced. The vesic-
ular diameters ranged from 80 to 200nm, the fusion pore
length was set at 15 nm whilst the radius was either 2.5 or
5nm (Khanin et al. 1994; Glavinovi¢ 1999; Ventriglia 2004).
The cleft width ranged from 100nm to 1.0 xm and the elec-
trode dimensions were 2 um x 2 um, and thus for the widest
cleft the distance between the locus of release and the end of
the cleft is exactly the same as the cleft width.

The amplitudes, rise times and decay times of the free
vesicular transmitter concentrations, of the cleft and pore-
mouth concentrations, and of the amperometric currents were
determined from the best fits. The fitting equation was in all
cases: y = A -exp @’ (1 — exp~??), where r was time and
y was either the free vesicular, cleft or pore-mouth concen-
tration or the amperometric current.

3 Results

3.1 Effect of fusion pore diameter and speed of transmitter
dissociation from gel on vesicular transmitter concentration

The amplitude and the time course of the free vesicular trans-
mitter concentration strongly depend on the fusion pore diam-
eter, which was set at either Snm (Fig. la,b) or 10nm
(Fig. 1c,d). Given the initial transmitter concentration of
500 mM and the diameter of 120 nm, the vesicle initially con-
tained 272, 429 molecules. The length of the fusion pore was
15 nm, and the cleft width and length were 100 nm and 2 um,
respectively (see Sect.2). The speed of transmitter dissocia-
tion from the gel matrix influences the amplitude and the rise
phase of the free vesicular concentration, but appears to have
little effect on its decay phase (Fig. 1a—d). The dissociation
is considered to be fastif Ky = 1.0, medium if K¢ = 0.1 and
slowif K = 0.01 (see Sect. 2). Finally, the diffusion constant
of the transmitter in the vesicle and fusion pore also affects
the time course of free transmitter (Fig. la,c). The diffu-
sion constant was 6.0-10~° cm?/s in all simulations except in
Fig. 1a,c, where lower diffusion constant (0.75-10~% cm?/s)
was also used (dashed and dotted lines), in which case there
was no gel in the vesicle (i.e. all transmitter molecules were
free initially).

It may be argued that the depletion of the vesicular trans-
mitter near the entrance of the fusion pore may be another
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Fig. 1 Time course of the vesicular transmitter concentration — total (thick line), gel bound (thin line) and free (medium line). The transmitter
dissociation from the gel matrix, which was either fast (a, c¢) or slow (b, d; see text) affects the time course of the change in free and bound
transmitter concentrations. The concentration changes more rapidly if the fusion pore diameter is larger, whilst lowering the diffusion constant in
the vesicle and fusion pore from 6.0 - 10~ to 0.75-10~° cm?/s slows time course of free transmitter (dotted lines). To evaluate how the development
of the transmitter concentration gradient near the entrance to the fusion pore affects the free vesicular concentration (and release), the molecular
positions within the vesicle were randomized at each simulation step (a—c). Abolishing the concentration gradient speeds-up but only marginally
the time course of the free transmitter if the diffusion constant is the same as in aqueous solution (i.e. 6.0-10~° cm?/s). The speeding-up is more
pronounced if the diffusion constant is lower (0.75- 10~%cm?/s; a, ¢) and especially when the fusion pore diameter is wide (10nm; c). e Release
fraction (estimated as the ratio of the number of molecules released to the number of free molecules in the vesicle) remains constant as the vesicle
empties, but rises as the fusion pore radius increases. f The square root of the rate of decay of release is linearly related to the fusion pore radius,
but the slope of the relationship is greater for smaller vesicles. Symbols give averages of three estimates. The averaging time window was 1.0 m.
Vertical bars are standard errors, and are given only for the estimates whose radius is maximal to avoid crowding. There was no randomization

to abolish the concentration gradient in the vesicle and the diffusion constant was 6.0- 10~%cm?/s (e, f).
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important factor limiting the release, and thus increasing the
amplitude of the free transmitter and slowing its time course,
but this was clearly not the case. To assess its importance
we ran some simulations that were in all respects identical,
but whereby at each simulation step the location of all free
transmitter molecules in the vesicle was randomized. If the
concentration gradient is eliminated throughout the vesicle at
each time step the amplitude and the time course of the free
transmitter remained the same (Fig. 1a,e; see also Fig. 1b,f).

Lack of concentration gradient near the entrance to the
fusion pore argues that the release fraction of vesicular con-
tent (defined as the number of molecules released at any time
relative to the total number of all free molecules in the ves-
icle) will remain constant during release and that it will be
determined by ‘geometric factors’. This was indeed the case.
The release fraction was constant over time for a wide range
of fusion pore radii (2.5-15nm; Fig. le; the simulation con-
ditions were as in Fig. 1a). If the geometric factors (i.e. the
vesicular and fusion pore radii) govern the release of trans-
mitter the decay rate should be proportional to the ratio of the
cross-sectional fusion pore to vesicular surface areas, and the

ké/ 2 versus rfp relationship should be linear. kq was the decay
time of transmitter release and ry, the fusion pore radius. This
was indeed the case over a wide range of fusion pore radii and
for vesicular radii ranging from 40 to 100nm (Fig. 1f). The
lines, estimated using the least-square fitting method were:

ky'> = 0.0240.21 - rg, (40nm radius vesicle; filled circles);

kj/z = 0.01 + 0.11 - r, (60nm radius vesicle; empty cir-
cles); ky/* = —0.01 +0.08 - r, (80nm radius vesicle; filled

triangles); ké/z = —0.02 + 0.06 - rf, (100 nm radius vesicle;
empty triangles).

Figure 2 summarizes how much the fusion pore radius
and the speed of dissociation of the transmitter from the gel
matrix alter the relationship between the ‘true’ quantal size
(defined as the number of molecules initially present in the
vesicle) and the peak amplitude, rise time or decay time of
the vesicular free transmitter concentration. Note that such a
definition assumes a complete release of the vesicular con-
tent, which may not always be the case. The rise time was
defined as the time interval needed for the free transmitter
concentration to reach from 10 to 90% of the maximal value,
and the decay time as the time interval needed for the free
transmitter concentration to decay from the maximum to 1/e
of the maximum. Figure 2a shows the concentration peak
amplitude versus ‘true’ quantal size relationship. Increasing
the fusion pore radius and slowing the transmitter dissoci-
ation lowers the concentration amplitude, and the effect is
especially pronounced for smaller vesicles. The rise times
are long when the dissociation from the gel is slow, but are
shortened if the fusion pore radius increases. The rise times
are longer for larger vesicles, but only if the dissociation from
the gel is slow (Fig. 2b). Large vesicles have much longer
decay times especially if the fusion pore radii are small, but
are un-affected by the speed of dissociation from the gel.
The relationships are completely overlapping in the absence
of the vesicular concentration gradient (triangle down semi-

black; Fig. 2c), but also if the release occurs into the infi-
nite space (not shown). In the absence of the gel matrix the
amplitude of the free transmitter concentration is equal to the
initial concentration, the rise time is infinitely short (i.e. both
are independent of the diffusion constant of the transmitter in
the vesicle and fusion pore), whilst the decay time of the free
concentration strongly depends on the diffusion constant.

3.2 Changing electrolysis efficiency alters cleft transmitter
concentration but current amplitude and its time course are
largely unchanged

The transmitter accumulations averaged over the whole cleft
during amperometric recording are small. They rise as the
efficiency diminishes [from maximal (100%) to one tenth of
the maximal (10%) value], but the concentration remains low
(Fig. 3a). The cleft width was 100nm, as may be encoun-
tered during amperometric recordings (Walker et al. 1996;
Westerink et al. 2000). The vesicular radius was 40nm in
both cases, and given the initial total vesicular concentration
of 500 mM the number of transmitter molecules (all bound
initially) was 80,720. The maximal concentration in the cleft
at the mouth of the fusion pore (defined as the small vol-
ume centered in the middle of the cleft where the transmit-
ter is released, with a 50 nm radius and spanning the whole
cleft width, which was set to 100nm) was higher but still
far below (< 2 mM) the vesicular concentration of free trans-
mitter, even when the electrode efficiency was low (10%;
Fig. 3b,c). The pore-mouth concentration was generally inde-
pendent of the electrode efficiency, the vesicular (and thus the
quantal) size, or the speed of transmitter dissociation from
the gel matrix (Fig. 3f,g). The cleft concentration, which was
generally much lower, changed as the electrode efficiency
changed, but only if the cleft was narrow (Fig. 3d,e). It can
thus be safely concluded that there is no cleft-to-vesicle feed-
back during amperometric recordings.

The presence of the electrode and its consumption level
do not appear to alter the current amplitude or its time course.
Figure 4a and b shows two currents, one simulated assuming
a maximal (i.e. 100%) electrolysis, and another assuming a
much lower — 10% electrolysis level. Note large fluctuations
of the simulated currents. In both cases, the vesicular radius
was 40nm and the cleft width 100 nm, the initial vesicular
concentration was 500 mM, the number of transmitter mole-
cules — all bound initially — was 80,720, whilst the speed of
the transmitter dissociation from the gel matrix was medium
(see Sect.2). Indeed the amplitude, rise and decay times are
largely independent of the electrolysis level, for both narrow
and wide clefts (Fig. 4c—h). However, the current amplitudes
and their time course were modified by other factors. The
rise time was shortened as electrode efficiency rose, but only
moderately and only if the cleft was narrow. The rise time
strongly depended on the speed of the transmitter dissocia-
tion from the gel matrix, especially if the cleft was narrow. In
contrast the vesicular size determined the decay time. These
influences were examined in detail (see Sect. 3.3).
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Fig. 2 a Vesicular free transmitter concentration versus quantal size
relationship is steeper for slower transmitter dissociation from the gel
matrix and when fusion pore radii are larger. The number of transmitter
molecules initially present in the vesicle (abscissa) gives the quantal
size (see text). b Slower transmitter dissociation also renders the vesic-
ular concentration rise time versus quantal size relationship steeper,
which is further increased if the fusion pore radius is small. ¢ Vesic-
ular concentration decay time versus quantal size relationship is very
steep especially if the fusion pore radii are small, but are unaffected by
the speed of dissociation from the gel. Randomization of the transmit-
ter molecules, which prevents the development of the intra-vesicular
concentration gradient, did not alter the amplitude, rise time or decay
time versus quantal size relationships, which were completely overlap-
ping. Symbols give averages of three estimates. Vertical bars, which are
standard errors, are all too small to be visible

3.3 Transmitter Escapes as Cleft Widens

Figure 5a and b shows the time course of transmitter re-
lease and its consumption by the electrode. Figure 5c depicts
the integrals of the number of transmitter molecules, which
escaped from the cleft, those released and those consumed
together with the time course of the number of transmitter
molecules in the cleft. Given a comparatively wide cleft it is
not surprising that the rise time of the number of transmitter

molecules consumed is slower than that of the number re-
leased. The general similarity of the amplitude and the decay
time was more surprising. A 500 nm cleft is considered wide
because the width is comparable to the distance between the
release site and the edge of the cleft. The vesicular radius
was 40nm (which yields 80,720 molecules given the initial
concentration of 500 mM), the radius of the fusion pore was
2.5nm, the cleft was 2 um x 2 um x 500nm, and the elec-
trode efficiency was 100%.

The fraction of the transmitter molecules that escapes
from the cleft rises as the cleft widens. Increasing the elec-
trode efficiency tenfold (from 10 to 100%) reduced the es-
cape fraction especially when the cleft is narrow (Fig. 5f).
The greater escape fraction with wider clefts does not reduce
the current amplitude directly, because very few molecules
escape during the rise time. Nevertheless fewer molecules
are consumed in such cases (lowering the current amplitude)
and many eventually escape during the decay phase. Note also
that the effect of the wider cleft (and greater escape fraction)
on the decay phase is similarly complex. On the one hand
the progressively greater escape fraction during the decay
phase tends to shorten the decay time, but the longer trans-
mitter dwell time observed in such cases lengthens it. Finally
note that: (a) the maximal cleft concentration versus cleft
width relationship is not linear but shows a broad maximum
(Fig. 5d), and (b) the maximal cleft number versus cleft width
relationship, though positive is sub-linear (Fig. 5e). This was
further explored.

3.4 Spatio-temporal distribution of transmitter in the cleft

Knowledge of the changes of the pore-mouth and overall
cleft concentrations and of the transmitter escape, that occur
as cleft width or electrode efficiency change provides only
a partial insight into the role of cleft processes in determin-
ing the amperometric currents. The transversal (across the
cleft) and lateral (along the cleft) changes of the transmitter
concentration provide additional understanding. The spatio-
temporal distribution of the transmitter (or of any diffusible
substance) in the constricted space is known, if there is no
chemical reaction, and if the release occurs from an instan-
taneous point source (Crank, 1984). However, it is less clear
what the distribution should be if the release is not instan-
taneous, and if there is an electro-chemical reaction such as
electrolysis. Figure 6b shows a tri-dimensional snapshot of
the transmitter molecules in the cleft 100 us from the start
of release from a vesicle. The geometry of the secretion is
depicted in the schematic diagram (approximately to scale)
shown in Fig. 6a. The vesicular radius was 60 nm, the fusion
pore radius and length were 2.5 and 15 nm, respectively, and
the cleft dimensions were 2 um x 2 um x 100 nm.

The cleft concentration may be lower near the electrode
surface both because the transmitter is ‘consumed’ by the
electrode, and because of transmitter released from the ves-
icle (on the other side). The electrode consumption clearly
lowers the cleft concentration near the electrode surface when
the cleft is narrow. Figure 6¢ and e depicts two cases, one at



Release of vesicular content

489

Pore-Mouth

C 3 Pore-Mouth

Eff = 100% 2
é Eff = 10%

1

0

1 0 1
TIME (msec) TIME (msec) TIME (msec)
Maximal Cleft Maximal Cleft
D 164 Concentration E 16+ Concentration
Cleft =100 nm s Cleft =1.0 um
A — %
A-A A}
s 84 8- -
= —4— r=40nm; Medium
\g —A— r=40nm; Fast
R —— —O— r=60nm; Medium
§§ —— r=60nm; Fast
0 T T O T T
0 50 100 0 50 100
Maximal Pore-Mouth Maximal Pore-Mouth
F 24 Concentration G 0.3+ Concentration
= Cleft =100 nm Cleft = 1.0 um
S
AN Q&g 0.2+ A78¥2 %
A
s 1 =
€
0.1+
0 T T 0-0 T T
0 50 100 0 50 100

EFFICIENCY (%)

EFFICIENCY (%)
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the maximal pore mouth transmitter concentration is essentially independent of the electrode efficiency for both narrow and wide clefts. Symbols

give averages of three estimates; vertical bars are standard errors

100% and another at 10% electrolysis level. If the cleft is wide
the transversal concentration gradient is much greater, but the
gradient is almost entirely due to the transmitter influx from
the vesicle, and is not altered by the varying electrode effi-
ciency (Fig. 6d,f). The zero distance indicates the electrode
surface, whilst the 0.1 or 1.0 distances represent the location
of the plasma membrane. The lateral spread is curtailed by
the electrode consumption when the cleft is narrow, though
not greatly (Fig. 6g,1), but not when it is wide (Fig. 6h,j).
The zero distance indicates the center of the cleft whilst the
1.0 distance represents the end of the cleft. The combined
effect of the cleft width, and the electrode efficiency in con-
trolling the lateral spread, is summarized in Fig. 6k and 1. The
median radius (defined as the radius, where half of the trans-
mitter molecules are inside, and other half outside) increases
as the cleft width rises, and the increase is evident at 0.1 and
2ms from the start of release, and for two extreme values of

the electrode efficiency (10 and 100%). The time course of
the rise of the median radius is rapid. Moreover it reaches a
plateau in less than 1 ms (Fig. 61). The median radius is not
affected by the variations of the electrode efficiency if the
cleft is wide. However, for a narrow cleft the time to reach
the plateau is shorter and the plateau level is higher.

3.5 Amplitude and time course of amperometric currents
is strongly affected by the cleft width

The experimental evidence and the theoretical analysis have
shown that the current amplitudes diminish as the cleft width
rises whilst the rise and decay times lengthen (Wightman
et al. 1991). Although the theoretical conclusions do not
differ from the experimental findings the question requires
a re-evaluation to elucidate how changes of the electrode
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efficiency alter such dependence. Fig. 7a—c shows three
current ‘traces’ simulated assuming three different cleft widths
(as indicated). The vesicular radius was 60nm, whilst the
fusion pore radius and length were 2.5nm and 15 nm respec-
tively. The current amplitudes are smaller and the rise times
slower with wider clefts, but the decay time does not appear to
be affected. This was examined in detail. As Fig. 7d—f shows,
as the cleft widened, the peak current amplitude diminished,
the rise time lengthened, but the decay time remained essen-

tially the same. Changing the vesicular size or the speed of the
transmitter dissociation from the gel matrix did not alter the
amplitude versus cleft width relationship significantly. How-
ever, the rise-time versus cleft width relationship was steeper
with slower transmitter dissociation from the gel matrix. In
contrast the speed of dissociation had essentially no effect on
the decay time versus cleft width relationship. The vesicular
size did not alter the slope of the relationship but the de-
cay time was clearly longer for larger vesicles. The vesicular
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radius was either 40 or 60nm (as indicated) and the fusion
pore radius was 2.5 nm. The transmitter dissociation from the
gel matrix was either fast or medium (see Sect. 2).

3.6 Relationship between quantal sizes, amplitudes, rise
and decay times of recorded currents

The evaluation of the relationships among the parameters
describing the amperometric currents can be useful for
analysis of what the kinetics of release of vesicular content

are and how they are governed by the speed of the transmit-
ter dissociation from gel matrix or the fusion pore diameter.
The amplitude versus quantal size relationship is not steep
if the transmitter dissociation from gel matrix is fast, but be-
comes so if the dissociation is slow, especially if the fusion
pore radius is large. Interestingly, cleft widening also alters
the relationship, making it steeper (Fig. 8a,b). The rise-time
and the decay-time versus quantal size relationships are influ-
enced by the same factors though differently (Fig. 8c—f). The
rise-time versus quantal size relationship is steep only when
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efficiencies. 1 Rapid rise of the median spatial spread is observed even for a wide cleft, but is followed by a plateau. Whilst the plateau levels are
essentially the same for two extreme cases of electrode efficiency when the cleft is wide the levels differ significantly for a narrow cleft. Symbols
give averages of three estimates. Vertical bars are standard errors

the transmitter dissociation is slow. In contrast the decay-time
vs. quantal size relationship is generally steep, but especially
so if the fusion pore radius is small. The speed of transmitter
dissociation and the cleft width do not alter it significantly.
Finally, note that lowering the diffusion constant in the cleft

from 6.0 -10~%cm?/s to 0.75 -10~% cm?/s does not lead to a
great prolongation of the time course, but either to a marginal
prolongation of the rise times (Fig 8c), or a moderate short-
ening of the decay times (Fig. 8¢). Small amplitude reduction

is also observed (Fig. 8a).
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Figure 9a—d shows the amplitude (A) dependence of the
rise times (ts), and decay times (tgs) for different fusion
pore radii, transmitter dissociation speeds and cleft widths.
The equivalent rise time versus decay time relationship are
shown in Fig. 9e and f. Finally, Table 1. summarizes how
the speed of the transmitter dissociation from the gel matrix,
the fusion pore radius and the cleft width alter the slope of
the 7, — A and 7ty — A relationships. Briefly, as the speed
of the transmitter dissociation from the gel matrix rises the
slope of the 7, — A relationship diminishes. The effect on
the tq — A relationship is less clear and both an increase and

a decrease are observed. However, as the fusion pore radius
increases and the release becomes faster, both the 7, — A and
g — A relationships become less steep, irrespective of the
speed of transmitter dissociation. Finally, as the cleft widens
both 7, — A and 7q — A relationships become steeper.

3.7 Direct comparison of released, cleft and consumed
transmitter

Our analysis so far has demonstrated that the time course
of release closely corresponds to the time course of the
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Table 1 Slopes of the best fitting lines to the data pairs of the decay times (t4), or rise times (7;) on the one hand, and amplitudes (A) on the

other, and their correlation coefficients (R)

Fast Medium Slow
Slope (ms/pA) R Slope (ms/pA) R Slope (ms/pA) R
Rpore = 2.5nm
D, =100nm
T A 0.01 £0.01 0.34 0.02 £0.01 0.86 0.03 £ 0.01 0.97
4 A 1.44 £1.10 0.68 1.53 +0.79 0.81 0.84 + 0.35 0.86
Rpore = 5.0nm
D, =100nm
T A 0.00 £ 0.00 0.69 0.00 + 0.00 0.99 0.01 £+ 0.00 0.99
A 0.19 £+ 0.05 0.93 23.54+204 0.63 0.04 £+ 0.02 0.85
Rpore =2.5nm
D, =1,000nm
T A 0.05 £ 0.01 0.97 0.05 £ 0.03 0.81 0.15 +0.04 0.92
q: A 439 +£222 0.81 231 +0.73 0.91 2.03 +0.97 0.83
Rpore = 5.0nm
D, =1,000nm
T A 0.01 £+ 0.00 0.99 0.01 + 0.00 0.99 0.02 £+ 0.00 0.97
T4 A 0.11 £ 0.00 0.90 0.11 £ 0.03 0.94 0.12 + 0.05 0.89

vesicular free transmitter concentration. Moreover, changes
in neither the electrode efficiency (even when large) nor cleft
width have a profound effect on the decay time of ampero-
metric current suggesting that, after initial equilibration in the
cleft, the time course of the current closely resembles the time
course of the cleft concentration as well as that of the release.
This was tested directly. After an early equilibration in the
cleft, the ratio of the number of consumed and released trans-
mitter molecules during quantal event is constant, for a nar-
row and wide cleft (Fig 10a,b). Similar time independence is
observed for the ratio of the number of transmitter molecules
consumed by the electrode and those in the cleft (Fig 10c).

4 Discussion
4.1 Vesicular transmitter and its time course of release

As stated in the Introduction the transmitter in neuro-endo-
crine cells appears to be stored in an osmotically inactive
form on a gel matrix. What is less clear is whether the slow
time course of the amperometric currents is due to the slow
dimerization of the transmitter from the gel matrix, low diffu-
sion constant of transmitter (in the vesicle, fusion pore or the
cleft), or large vesicular size (Wightman et al. 1991; Walker
et al. 1996; Westerink et al. 2000; Gil et al. 2001; Hafez et al.
2005). In this study we evaluated using Monte Carlo simula-
tions (Wahl et al. 1996; Glavinovié 1999; Bennett et al. 2004)
how the speed of dissociation of a transmitter from the gel
matrix, as well as the fusion pore and vesicular size, influence
the time course of transmitter in the vesicle. Let us assume
a simple model of storage and release, with the release frac-
tion being the same for all free molecules of transmitter, and
governed by the ratio of the fusion pore to vesicular surface
area. Such a model implies a rapid equilibration of vesic-
ular transmitter concentration. Whether the equilibration is
rapid or whether a concentration gradient develops during the

release was tested directly by comparing the transmitter con-
centrations with and without randomization of transmitter
positions. Randomization procedure completely eliminates
any gradients. When the diffusion constant of transmitter was
the same in the vesicle as in the cleft (i.e. 6.0 -10~° cm?/s) the
time course was identical in both cases, demonstrating that
there was no concentration gradient. How fast the vesicular
free transmitter concentration and release are, is then largely
determined by the vesicular geometry, which governs the
release over its entire time course, but also by the speed of
dissociation of the transmitter from the gel matrix, which,
however, influences mainly the amplitude and the rise phase.
Note that the fusion pore is assumed to be either open or
closed. If the pore initially opens gradually, or if its diameter
changes during the decay time, such dynamic changes of the
pore size would alter the time course of release significantly,
given a very strong dependence of the release on the fusion
pore diameter. However, in neuro-endocrine cells even large
changes of the quantal size appear not to be associated with
the changes of the fusion pore diameter (Kebir et al., 2005).

When the diffusion constant in the vesicle was reduced
the randomized and non-randomized time courses were
different. The intra-vesicular concentration gradient thus
developed and reduced the availability of some transmitter
molecules for release. The availability of transmitter mole-
cules for release appears to be reduced (either by binding of
transmitter to the gel matrix, or due to lower diffusion con-
stant in the vesicle, or through some other mechanism). In the
absence of such a mechanism the process of release of vesic-
ular content would be a Poissonian process. The variance of
its fluctuations would be very high (the variance is equal to
the mean in a Poissonian process), contrary to what ampero-
metric recordings show (Finnegan et al. 1996; Glavinovic et
al. 1998; Anderson et al. 1999).

Cleft processes do not significantly affect the release of
vesicular content (i.e. there is no ‘cleft to vesicle feedback’)
because the transmitter concentration in the cleft at the mouth
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of the fusion pore is, as a rule, much lower than the vesicular
concentration. Indeed the time course of vesicular free con-
centration in such a recording mode is almost identical to the
time course estimated when the release occurs into an open
space constrained only by the presence of the secretory cell.
This is not surprising. Under conditions of a release into a
semi-infinite space the transmitter concentration diminishes
to a very low level a short distance from the release site,
because of the semi-infinity of the space, and in the amper-
ometric mode because of the concentration clamp enforced
by the recording electrode.

4.2 Electrode efficiency does not affect amperometric
currents but may change cleft transmitter concentration

The most surprising finding of the present simulations is
that the amplitude and time course of amperometric currents
changed very little, even when the electrolysis level changed
tenfold, and irrespective of whether the cleft was narrow or
wide. This finding however, can be understood by consider-
ing: (a) the effects of the electrolysis on the transmitter con-
centration in the cleft, first near its entry and then through-
out the cleft, and (b) an interplay between the transmitter
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diffusion and its consumption by the electrode. Given a diffu-
sion constant of catecholamine of 600 um?/s (see Sect.2)
the mean diffusion length is 73.4 nm for 10 s time interval;
100nm is traversed on average in 18.6 us. The transversal
equilibration thus occurs very quickly if the cleft is narrow
(i.e.if the recording electrode is positioned ~100 nm from the
plasma membrane). The transmitter spreads further laterally,
but more interestingly an ‘apparent’ though slower lateral
equilibration is also eventually observed. In the absence of
transmitter consumption by the electrode (i.e. with restricted
diffusion source and open boundaries alone) the lateral equil-
ibration does not exist, but the electrode consumption even-

tually curtails the lateral spread and establishes an apparent
equilibrium.

Given rapid diffusion it is not surprising that the trans-
mitter concentration in the cleft at the mouth of the fusion
pore is essentially independent of the electrode efficiency
over a wide range of efficiencies and cleft widths. The bal-
ance between the equilibration and the electrode consump-
tion favors such an outcome. Both, the ‘influx’ of the trans-
mitter from the fusion pore, and its ‘efflux’ into the cleft space
further away are much greater than the consumption by the
electrode, even when the consumption is maximal.
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The electrode efficiency becomes important in lowering
the cleft concentration where the influx, efflux (and thus the
transmitter concentration) are low, but only if the cleft is
narrow. As electrolysis is reduced the transmitter molecules
linger longer in the cleft, but the additional time is very short
(a few microseconds). The time course of both the trans-
mitter concentration in the cleft, and the recorded current
remain thus essentially intact, but the amplitude of the cleft
concentration rises, because the cleft dwell time (the time a
molecule spends in the cleft before being consumed) is very
short and even a prolongation of few microseconds leads to a
significantly greater total dwell time. As the nearly constant
current amplitude indicates, the direct effect of lower elec-
trolysis (lower transmitter consumption) is almost balanced
by the indirect effect (greater transmitter cleft concentration).
Though the increase is less pronounced overall, it is greater
near the electrode surface, and the molecules near the elec-
trode surface have a higher probability of being consumed.
Finally, the electrolysis not only lowers the overall cleft con-

centration, it also effectively curtails the lateral spread of the
transmitter.

If the cleft is wide the dwell time of molecules is gen-
erally longer (especially of those far from the electrode sur-
face), but the relative prolongation of the dwell time, due
to the lower electrolysis, is smaller. Even near the electrode
surface the electrolysis has very little effect on the concen-
tration, because the molecules are quickly replenished by
those further away. Consequently, the change of the electrol-
ysis level has very little effect on the current amplitude or
its time course. In conclusion, any change of the electrode
efficiency that may occur experimentally (due to a change of
the holding potential or the electrode resistance), may alter
significantly the optical recordings of the catecholamine tran-
sients in the cleft (Terakawa et al. 1995; Tsuboi et al. 2002),
but will leave the amperometric recordings essentially intact.
Finally note that the insensitivity of the recorded currents to
even pronounced changes of the electrode efficiency, may
have important implications for the use of cyclic voltametry,
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in detecting various transmitters when the detection volume
is very small and diffusion highly restricted.

4.3 Effect of release kinetics, cleft width and transmitter
diffusion constant in the cleft on amplitude dependence
of rise and decay times of amperometric currents

The amplitude dependence of the rise and decay times of the
amperometric currents can be used as a potentially important
source of information about the mechanism of release as it
may help determine how much the speed of transmitter disso-
ciation from the gel matrix, vesicular and fusion pore geom-
etry and cleft processes influence the time course of release.
The analysis revealed that the steepness of the A — 74 and
A — 1, relationships was strongly influenced by the release
kinetics, irrespective of whether kinetics was altered by the
changing ratio of the fusion pore and vesicular radii, or the
speed of transmitter dissociation from the gel matrix, becom-
ing steeper with slower release kinetics. The reasons however
were different. Slower transmitter dissociation caused steeper
A — 7, relationship by enhancing t; variability, and smaller
fusion pore radius by reducing the amplitude variability. The
speed of the transmitter dissociation did not affect either 74
or A — tq relationship, but smaller fusion pore radius reduced
the amplitude variability and increased the tq variability thus
rendering the A — tq4 relationship steeper. Finally, it is nec-
essary to stress that it is not only the kinetics of release of
the vesicular content, but also the cleft width that determined
how steep the A — 7q and A — 7, relationships were. This
may appear surprising but it is simply due to the fact that the
amplitudes became less variable with wider cleft.

Recent evidence argues that the effective diffusion con-
stant in the cleft near the membrane of the secreting chro-
maffin cells is considerably lower than in aqueous solution,
due to reversible binding of transmitter molecules to the cell
membrane. It was thus suggested that it is not slow release
kinetics, due to the slow dissociation from the granule matrix,
but slow diffusion in the cleft that renders the amperomet-
ric currents recorded near the cell surface slow (Hafez et al.,
2005). The diffusion constant is likely to be lower in confined
spaces and the reversible binding of transmitter molecules to
the vesicular and pore membrane (which given the geometry
should be even more pronounced) should render the release
kinetics slow. We evaluated whether lowering the diffusion
constant from 6.0 -107° to 0.75 -10~%cm?/s slows amper-
ometric currents, but this was not the case. Whilst the rise
times increased marginally the decay times either remained
the same or were shortened modestly. While this may appear
surprising it should be kept in mind that, though a lower diffu-
sion constant slows diffusion of transmitter, it also reduces
its spatial spread in the cleft.

Finally note that when the transmitter dissociation from
the gel matrix was fast the parameters describing the amper-
ometric currents (the rise time, the amplitude and the decay
time) were in several important respects incompatible with
experimental findings (Schroeder et al. 1994; Walker et al.

1996; Amatore et al. 2000; Tang et al. 2005). The long decay
times observed experimentally could occur only if the diame-
ters of the fusion pores were very small, butin such a case: (a)
the amplitudes would be essentially independent of the quan-
tal size (i.e. the number of molecules in the vesicle), and (b)
the rise times would be too short and essentially determined
by the transmitter equilibration in the cleft. The simulations
thus demonstrate that the kinetics of catecholamine release is
slow probably due to the slow transmitter dissociation from
the gel matrix.
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