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Kinetics of exocytosis in adrenal chromaffin cells

Kevin D. Gillis*T and Robert H. Chowit

Upon repetitive or maintained stimulation, chromaffin cells
secrete catecholamines initially at a very high rate which then
relaxes with multiple kinetic components. The complex
kinetics are often modeled as resulting from the successive
depletion of several functional pools of secretory granules
which may reflect specific protein-mediated steps in granule
maturation. The fastest component represents granules fully
primed for exocytosis. This ‘readily releasable pool’ may,
under some circumstances, consist of only about a dozen
granules which can be released within tens of milliseconds.
Modulating the size of this pool may be an important way for
cells to regulate secretion.
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CHromaFFIN ceLLs and other neuroendocrine cells
store substances destined for secretion in membrane-
delimited granules. These granules fuse with the
plasma membrane and release their contents into the
extra cellular space by exocytosis, a process that is
thought to be triggered by a rise in intracellular Ca?*
concentration ([Ca?*];).t

A common feature of many secretory cells is that
the rate of exocytosis declines precipitously upon
repetitive or continuous stimulation (see e.g. refs 2-5).
For example, when [Ca?*]; is stepped to a constant
value in permeabilized chromaffin cells, an initially
high rate of secretion is noted which progressively
declines with time of exposure to the Ca?* stimulus.

The most common interpretation of the transient
nature of secretion is that only a limited number of
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secretory granules are in a ‘readily releasable’ state.
This concept is reinforced by morphological studies
which indicate that only a small percentage of
secretory granules are in the immediate vicinity of the
plasma membrane,®® which is presumably a pre-
requisite for quick release. The concept of the ‘readily
releasable pool’ (RRP), however, is still evolving. For
example, the relationship between a functionally
defined pool of granules and a morphologically
defined pool is still not certain (however, see refs 7,8).
In addition, ever smaller and faster-releasable pools
are being described as the time resolution of assays of
exocytosis improves.®*?

A basic depletion model
The most basic model for describing the kinetics of
exocytosis is given by the following scheme:*

ki ko

A=B C

k1
‘A’ is the ‘reserve pool’ which supplies a much smaller
RRP (‘B”) in a reversible reaction. Exocytosis involves
the irreversible reaction (rate k,) whereby granules
from pool ‘B’ join the ‘secreted pool’ (‘C’). The rate
of exocytosis is steeply Ca?*-dependent, 11516 with k,
believed to be proportional to the third or fourth
power of [Ca?*];. Upon stimulation, a rise in [Ca?*];
leads to a dramatic enhancement of k, and a high rate
of exocytosis which is proportional to the size of ‘B’.
This high rate cannot be sustained, however, because
the rate of depletion of the RRP greatly exceeds the
rate of refilling (rate k;).

It is important to note that the terms ‘early’ and
‘late’ can have conflicting meanings in kinetic studies
of exocytosis. In the context of the model, the
granules are described as maturing from ‘early’ stages
in the reserve pool to a ‘late’ readily releasable state.
However, experimentally, what one observes with a
strong maintained stimulus is an ‘early’ rapid phase of
secretion from the RRP, followed by a slower ‘late’
phase, at which time the rate of secretion is limited by
(‘early’) steps of granule mobilization.

The basic assumption of the model is that the
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decline in secretory rate is due to the depletion of the
RRP. However, a reduction in the forward rate
constant (k,) due to a declining [Ca?*]; or a
desensitization of the Ca®* sensor could also account
for a declining rate of secretion. In fact, a decline in
[Ca2*]; does occur in response to the physiological
agonist acetylcholine or depolarization with high
[K*], due to the inactivation of Ca?* channels.'® Thus
a certain amount of experimental control over
[Ca2*]; and/or Ca?* influx is necessary in order to
effectively probe the dynamics of secretion.

Permeabilized cell studies

The problem introduced by inactivation of Ca?*
channels can be bypassed by introducing pores in the
membrane large enough to allow the equilibration of
buffered Ca®* solutions between the extracellular
solution and the cytosol. In their pioneering experi-
ments with this approach, Baker and Knight? showed
that a rapid increase in extracellular [Ca2*] leads to a
high rate of catecholamine secretion from chromaffin
cells which then declines (Figure 1A).

A significant recent advance using permeabilized
cells has been the demonstration that MgATP is
involved in an early ‘priming’ step, but not in the final
Ca?*-dependent ‘triggering’ step.” As illustrated in
Figure 1A, omitting MgATP during the triggering of
secretion has little effect on the initial rapid phase of
release, however, secretion terminates after about 4%
of total cell norepinephrine is released.’® This
‘primed’ component is absent if the cells are not
exposed to MgATP immediately before the triggering
step.l” Given that chromaffin cells contain
20,000-30,000 granules,?® it can be estimated that
about 1000 granules are ‘primed’ for exocytosis (also
see ref 7).

Different proteins are involved in ‘priming’ versus
the subsequent ‘triggering’ step, lending support to
the notion that the steps are distinct.1820233842 A 208
docking/fusion protein complex has been proposed
to play an important role in exocytosis.?? Two compo-
nents of this complex, the soluble ATPase NSF
(N-ethylmaleimide-sensitive  fusion protein) and
aSNAP (soluble NSF attachment protein) have been
implicated in priming.?® Two other proteins found in
the complex, SNAP-25 and synaptobrevin, are selec-
tively cleaved by the clostridial neurotoxins botulinum
type A (BoTx-A) and tetanus toxin (TeTXx), respec-
tively. These toxins inhibit priming, but not triggering
steps.*? The maintenance of polyphosphoinositide
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lipids appears to be another important component of
the priming reaction.'®2! Proteins assigned to trigger-
ing steps include ‘p145’,'® protein kinase C*® and
calmodulin.?

Bittner and Holz greatly extended the kinetic
separation of the steps of exocytosis, showing that the
initial rate of secretion is half-maximal between
30-100uM Ca?*, whereas later rates of secretion
(reflecting ‘early’ mobilization steps) are maximal by
10 uM.® They also demonstrated a role for Ca?* in
the priming of exocytosis in addition to its accepted
role in triggering exocytosis.*® Finally, a temperature-
sensitive reaction was inferred to occur after ATP but
before the final, Ca?*-dependent triggering step.*

Although great strides have been made with per-
meabilized cell studies, it was soon apparent that the
limited time resolution of biochemical measurements
of secretion (on the order of 55) might not suffice for
resolving the fastest components of secretion which
reflect the final steps in exocytosis. Electrical assays of
exocytosis have provided the crucial resolution.

Membrane capacitance measurements

Patch clamp techniques®® allow unprecedented
experimental control over the triggering of secretion
by allowing the membrane potential of an individual
cell to be ‘clamped’ and the Ca?* current which
results from depolarizing pulses to be readily meas-
ured. Also, substances can be introduced into the cell
through the patch pipette, such as buffered Ca?*
solutions. Patch clamp techniques can also be
extended to monitor exocytosis with millisecond time
resolution by electrical capacitance measurements of
the cell membrane.?”2® The technique is illustrated in
Figure 1B. Increases in capacitance accompany exocy-
tosis because the granule membrane adds to the
plasma membrane surface area. Conversely, decreases
in capacitance accompany endocytosis. The principal
disadvantage of the capacitance approach is that only
the difference between exocytosis and endocytosis is
reported. Since endocytosis usually begins with a lag
after exocytosis is triggered,®104043 earlier phases of
exocytosis are probably more reliably monitored than
later phases.*°

Experiments using capacitance measurements
revealed that depolarization-evoked exocytosis can
occur with initial rates approaching 1000 granules per
second?® an order of magnitude faster than
estimated using permeabilized cells.*> Application of
trains of depolarizing pulses often reveal a declining
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Time (s)

Figure 1. Techniques for measuring secretory kinetics in neuroendocrine cells. Each technique is
schematically depicted in the left column, and idealized responses are shown on short (middle
column) and long (right column) time scales. Each technique estimates cumulative secretion, thus
decreases in the slope of the responses are consistent with the depletion of a readily releasable pool
(RRP) of secretory granules. (A) Permeabilized cell technique. Idealized responses are in the
absence (circles) and presence (squares) of MgATP in a ‘triggering’ solution which contains 10 uM
Ca2* (adapted from refs 15,17). The indicated number of granules secreted is based upon an
estimate of 25,000 total granules per cell.?® (B) Depolarization-evoked changes in membrane
capacitance (AC). AC (reflecting cumulative exocytosis) is estimated from basic analysis of the
equivalent circuit depicted in the left panel.?® The indicated number of granules secreted is based
upon an estimate of 2.5 fF/granule.?” Response to two depolarizing pulses is depicted in the
middle panel. Note that the second AC response is smaller than the first even though the
depolarizing potentials (V,,,) have been adjusted to give similar Ca?* currents (Ic,).*? The right
panel depicts idealized responses to two trains of depolarizations (20 ms pulses @ 5 Hz) separated
by one minute. The repetitive pulses demonstrate the exhaustion of the RRP which recovers
during the 1 minute inter-train interval. (C) Idealized AC response elicited by uniform elevation
of [Ca2*]; to 10 uM upon photolysis of caged Ca?*. The middle panel depicts the ‘exocytic burst’
prominent in the first second after flash photolysis whereas the right panel shows the same
response on a longer time scale. The pipette solution contains no MgATP.
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rate of exocytosis and can be used to estimate the size
of the readily-releasable pool. Initial estimates of pool
size generated in this manner were on the order of
100-200 granules®*'* quite a bit smaller than the
estimate of the ‘primed’ pool in permeabilized cell
studies. Later studies indicate that, under some
conditions, the most readily-releasable pool size may
be even smaller, consisting of only a dozen or so
granules.'>'2 Interestingly, the size of the readily
releasable pool appears to increase upon transient
elevations of [Ca2*]; to a few hundred nanomolar,®
corroborating previous results from biochemical stud-
ies that calcium may be involved in earlier steps in
addition to the triggering step.®

Buffered Ca?* solutions can be introduced into the
cell through the patch pipette and the rate of
exocytosis measured in an experimental approach
called ‘Ca?* dialysis’. The maximum rate of exocytosis
that is measured this way is generally much smaller
than that obtained through membrane depolariza-
tion.%% A likely explanation for this is that the readily
releasable pool becomes exhausted during the initial
phases of Ca?* entry from the pipette, when the
[Ca?*]; is still rising and is still much lower than that
of the pipette solution. Thus Ca2* dialysis experi-
ments are not a good way to estimate the rates of final
steps of exocytosis. Rather, the rates of exocytosis
measured by Ca?* dialysis have been interpreted as
the rate of granule mobilization.?*3° This putative
mobilization rate has been modeled as having a
Michaelis-Menten type dependence on [Ca?*]; with a
Kd of 1.2uM and a maximal rate of about 18
granules/s.* These values are quite comparable to
those obtained from permeabilized cells, which
secrete a maximum of about 20 granules/s from
30s-3min after the elevation of [Ca®*];.*®

Probing secretory kinetics using depolarizing pulses
also suffers from some important limitations. The
decrease in the rate of secretion with multiple
depolarizing pulses may simply reflect the inactivation
of Ca?* currents. One way to address this issue is to
apply depolarizing pulses of appropriate magnitude
to ensure a non-decreasing total Ca®* influx (refs
3,12, also see Figure 1B middle panel). However, a
further problem remains. [Ca?*]; levels within the cell
are not uniform during a depolarization. Naturally,
[Ca?*]; is highest near the mouth of open Ca?*
channels and a radial Ca?* gradient exists during a
depolarization.3® The possibility that Ca?* channels
may be clustered into ‘hot spots’ introduces another
level of complexity.3? Without knowing the true time
course of [Ca?*]; at the release sites, interpretation of
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the kinetics of exocytosis is complicated. Clearly a
method for rapidly and uniformly elevating [Ca2*]; is
desirable and is provided by the use of caged Ca®*
compounds.

Caged Ca?* experiments

Caged Ca?* compounds such as DM-Nitrophen3®3
have a very high affinity for Ca?* which then
decreases by many orders of magnitude upon photol-
ysis with UV illumination. Ca®*-loaded cages can be
introduced into a cell through a patch pipette and
photolysed within about 1 ms via a flash of UV light.
The amplitude of the resulting step in [Ca®*];
depends on the intensity of the flash (which deter-
mines the percentage of the cage that is photolysed)
and can be measured using a low-affinity Ca®*
indicator such as furaptra.

The capacitance response to step elevation of
[Ca?*];, as expected, indicates an initially high rate of
exocytosis which then rapidly declines.®'%® Figure
1C illustrates the technique and an idealized
response. The rapid initial response has been termed
the ‘exocytic burst’*® and proceeds with two kinetic
components in chromaffin cells (i.e. the initial rise in
membrane capacitance is usually fitted with a sum of
two exponentials’®). In the experiments of Heine-
mann et al,’° the amplitude of each kinetic compo-
nent is roughly equal and corresponds to about 100
granules. Both of the kinetic rates of the exocytic
burst are faster with higher [Ca?*]; and are therefore
thought to reflect the Ca?*-sensitivity of the final
step(s) of exocytosis. The faster kinetic rate saturates
in high [Ca?*]; at about 1000s™* (or 40,000 granules/
s!) whereas the slower rate saturates at about 100s™.
For [Ca®*]; = 10 uM, the kinetic rates are about 20s™
and 2572, respectively.

Similar types of experiments have been performed
in another neuroendocrine cell, the pituitary melano-
troph.'® The primary difference between the two cell
types is that the fastest kinetic component which is
seen in most (but not all) chromaffin cells appears to
be absent in melanotrophs.

Much slower kinetic components are also present in
both cell types.®1%1® Whereas about 150 granules are
released within about 100 ms in the ‘exocytic burst’ in
melanotrophs, roughly an additional 1000 are added
over the next 5 seconds.’® This ‘slow phase’ can be
eliminated by intracellular acidification to pH 6.2,
whereas the exocytic burst is unaffected.'® A similar
component (paradoxically termed ‘fast secretion’ by
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Neher and Zucker) is present in chromaffin cells
when [Ca?*]; is elevated about 80uM.® In this case
about 200 granules are released with a time constant
of several seconds. Finally, an ‘ultraslow’ phase of
exocytosis was noted in melanotrophs which proceeds
at a rate of about 26 granules per second over many
tens of seconds at 22°C.® Interestingly, this rate is
almost 10-fold greater at 32°C than at 22°C.15 A
similar kinetic component, which is comparable to
rates measured in ‘Ca?* dialysis’ experiments, was
reported by Neher and Zucker in chromaffin cells.®
Temperature-dependent effects on slower phases of
secretion have also been noted in pancreatic B
cells.

One important result from caged Ca?* experiments
is the demonstration that there are additional steps
after MgATP-dependent ‘priming’. The RRP found
using capacitance measurements is clearly smaller
than the ‘primed’ pool assayed biochemically. In
addition, all of the kinetic components found in
caged Ca?* experiments occur in the total absence of
MgATP. Recently, Parsons et al” compared capacitance
responses in the presence and absence of MgATP and
found that only the very slowest phase of exocytosis is
sensitive to MgATP. Thus MgATP-dependent priming
is a relatively early step in the sequence of reactions
which lead to exocytosis.

Another important result from caged Ca?* experi-
ments is that the size of the RRP can be modulated
biochemically. Treating chromaffin cells with protein
kinase C (PKC) activators leads within seconds to an
increase in Ca?*-triggered secretion (e.g. refs
8,12,38,39). Measurements on permeabilized cells led
to the hypothesis that PKC acts at a ‘late’ step;*®
however, it was not possible to discern whether the
enhanced secretion was due to an increase in the
calcium sensitivity of the secretory machinery or to an
increase in the RRP. A study using depolarization-
evoked capacitance measurements was suggestive that
PKC enhances the RRP and showed an increase in the
number of morphologically defined ‘docked’ gran-
ules.® With caged Ca®* stimulation and capacitance
measurements, it was possible to demonstrate une-
quivocally an increase in the size of the RRP, as
evidenced by a larger exocytic burst.}> The calcium
sensitivity of exocytosis could also be directly eval-
uated from the kinetic rates and did not shift
appreciably upon activation of PKC.12
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Kinetic model of exocytosis in chromaffin cells

In summary, several experimental approaches show
that maintained elevation of [Ca?*]; leads to an initial
rapid phase of exocytosis followed by multiple slower
kinetic components. The unexpected richness in the
time course of secretion can be modeled in a number
of different ways (for example, see ref 43 for a
‘parallel’ model of secretion in PC-12 cells), however,
a linear arrangement such as depicted in Figure 2 is
most often used.”1%®1%16 Here it is assumed that
secretory granules are arranged in a number of
functional pools corresponding to steps in maturation
to a fully fusion-component state. Initially, only this
readily releasable pool (V) is released upon elevation
of [Ca?*];. Later, secretion slows as earlier steps in
granule maturation become rate-limiting.

It is important to recognize that such models are
intended only to summarize current experimental
findings, stimulate discussion and to aid in the design
of future experiments. They are not intended to be the
‘final word’ on the mechanisms of exocytosis and will
undoubtedly change as more data become available.

Current issues
Which kinetic step corresponds to granule docking?

The concept of functional pools presented above is
based upon experimental observations of the kinetics
of exocytosis. Presumably one of the Kkinetically
defined pools corresponds to the morphologically
defined ‘docked’ pool of secretory granules. Recently,
Parson et al” have used membrane capacitance meas-
urements to show that about 800 granules can be
released in the absence of MgATP — a value quite
similar to their estimate of the number of granules in
close proximity to the plasma membrane. Based upon
this correlation, they argue that granule docking is
closely associated with steps that require ATP hydroly-
sis. This would suggest that the docking step may
occur relatively early and a number of additional
reactions may be required before a granule is fully
fusion-competent. Estimation of the number of
docked granules are controversial, however, with
values as low as about 200 per cell being reported.®
This latter estimate is more compatible with the size of
the exocytic burst and would place granule docking as
one of the final steps before exocytosis.
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Is there an ‘immediately-releasable pool’ (IRP) located
near Ca?* channels? How large IS the RRP?

Recently, Horrigan and Bookman! have proposed
that only a dozen or so granules are located near
functional Ca2* channels (the ‘IRP”) and only these
are released with brief depolarizations. Other gran-
ules are located more distant from the channels and
are released only with prolonged or repeated depolar-
izations. This hypothesis is based upon two observa-
tions. First, only the IRP is released in cells with small
Ca2?* currents or when a high intracellular concentra-
tion of Ca?* buffer is used. Second, the IRP consists of
only about 17 granules, whereas the pool elicited with
multiple pulses contains about 170 granules. The size
of the larger pool is consistent with the size of the
exocytic burst measured in caged Ca?* experiments'®
whereas the IRP is an order of magnitude smaller.
Gillis et al'? have also reported depolarization-based
estimates of pool size that are much smaller than
estimates derived from caged Ca?* experiments.

Although the hypothesis of segregation of the RRP
into two granule populations based on proximity to
Ca?* channels is attractive, and there are other data
that support this idea,®®3’ further experiments are
needed to test the hypothesis. It is important to
recognize that the size of the RRP is highly variable,
depending strongly on the previous stimulation his-
tory of the cell, in particular with regard to elevations
of [Ca?*];, and on the activation of protein
kinases.'?

Are sequential models such as Figure 2 actually useful
for understanding the dynamics of exocytosis in
chromaffin cells?

Sequential models of the steps leading to exocytosis
have recently come under sharp criticism from the
laboratory of M.C.Nowycky. Seward and Nowycky?®
report that the first train of depolarizing pulses leads
to a rapid depletion of the secretory response
consistent with the depletion of a RRP. However,
subsequent bouts of stimulation lead to a very
different pattern of exocytosis, whereby later pulses
lead to greater amounts of release than earlier pulses.
This kinetic pattern is termed ‘threshold secretion’
because the rate of secretion increases after a certain
threshold of Ca?* has entered the cell. Engisch and
Nowycky®® show that, during perforated patch record-
ing, the amount of exocytosis elicited by a depolariz-
ing step depends simply on the total number of Ca?*
ions that enter the cell during the pulse (‘Q’). Since

different depolarization protocols probably result in
very different [Ca2*]; time courses and spatial gra-
dients, this result appears inconsistent with the basic
assumption that a steeply [Ca?*]; dependent process
controls the rate of exocytosis from a small releasable
pool of granules.

Clearly, relatively simple models such as Figure 2
are insufficient to describe the full richness of
exocytosis evident in chromaffin cells, and the con-
cept of monotonically decreasing secretory rates is an
oversimplification. However, at least some features of
exocytosis reported by the Nowycky lab can be
reconciled with such a model. A RRP consisting of 10
or so granules could be overlooked during the initial
‘unresponsive’ period of ‘threshold secretion’. The
threshold itself could result from the Ca?*-dependent
mobilization steps previously observed.

A tight correlation between exocytosis and ‘Q’
would be predicted from the model if the following
two conditions held: (1) Ca2?* channels and release
sites are not closely co-localized. If true, then differ-
ences in the [Ca?]; profile near individual channels
under different depolarization protocols would have
little effect. There is some experimental evidence that
Ca?* channels are not as tightly coupled to release
sites in chromaffin cells as they are in neurons.®%3’
(2) The rate of exocytosis is linearly dependent on
[Ca?*];. In this case a large amount of Ca?* influx for
a short time could lead to the same amount of
secretion as a small influx over a longer time. Whereas
there is strong evidence that the final release step is
steeply dependent on [Ca?*];,X° earlier steps (e.g.
reaction V,—> V, in Figure 2) may have a shallower
Ca?*-dependence.®10141530 These earlier steps will
dominate the overall secretory response if the RRP
becomes depleted.

Finally, experimental variability suggests that,
although the correlation between exocytosis and ‘Q’
is high, significant deviations from a strict one-to-one
relationship could be buried in the experimental
‘noise’.

Is ‘adaptation’ of the Ca* sensor responsible for the
transient nature of secretion?

While this review was in proof, a study measuring
exocytosis elicited by photolysis of caged Ca?* at the
squid giant synapse was published.** Hsu et al found
that the amount of exocytosis was sensitive to the
[Ca%*]; level achieved upon photolysis whereas the
rate of secretory decline was relatively insensitive to
the [Ca?*]; value. From this and other observations,
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Figure 2. Highly hypothetical model of the kinetic steps leading to exocytosis. The approximate
number of granules in each putative state is indicated in parentheses, and the approximate
reaction times are indicated below the arrows. Left: Granule docking may require the disruption
of a cortical actin ‘barrier’, which is facilitated upon activation of protein kinase C (PKC) or
elevation of [Ca?*]; (e.g. ref 8). The physically ‘docked’ pool (Vy-V,) may be identical to the
functional pool that is ‘primed’ by MgATP (V,-V5).” Cofactors involved in ‘priming’ may include
enzymes which maintain polyphosphoinositide lipids (PIP,, refs 19-21), 14-3-3 proteins,>® and
Ca?* 31530 Botulinum toxin type A (BoTx-A) and tetanus toxin (TeTx) block priming.*? The
dissolution of the putative 20S docking/fusion complex (which includes the soluble proteins
aSNAP and NSF) also requires MgATP, and is thus included as a ‘priming’ step.?22% A temperature-
dependent step follows ‘priming’#*1® which may be identical to a slow ‘mobilization’ step observed
in caged Ca2* experiments in chromaffin cells.® This is followed by a step inhibited by intracellular
acidification® in melanotrophs. A step with similar kinetics is seen in chromaffin cells when
[Ca2*]; is elevated above 80 uM.® PKC may enhance this step since it works after the temperature-
sensitive step® but before the final Ca2* sensitive reactions.*2. Calmodulin has also been proposed
to work at a late step.?®4! The final two steps correspond to the rapid exocytic burst seen in caged
Ca?* experiments.'® The reaction times correspond to [Ca?*]; = 10 uM.2° The size of the RRP (V)
may vary from about 15112 to 100 or more granules®>®1%12 depending on prior exposure of the
cell to Ca?* and/or activation of PKC.

they came to the conclusion that the declining rate of
secretion following the flash is due to an adaptation of
the Ca?* receptor to a constant [Ca?*]; value rather
than a depletion of a vesicle pool. Whereas the Ca?*
sensor in chromaffin cells may also be sensitive to the
rate of change of Ca?* (e.g. see ref 2), it should be
noted that in chromaffin cells,*®'? as well as in
melanotrophs!® and bipolar nerve terminals,*® the
rate of exocytosis is exquisitely sensitive to the Ca?*
level, whereas the size of the exocytic burst is virtually
insensitive to [Ca?*]; as long as the threshold for
secretion is exceeded.

molecular reactions is a realistic goal for the near
future.
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