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ABSTRACT

The role of cAMP/cAMP-dependent protein kinase (PKA) on the
late phase of exocytosis has been studied by amperometry on
Ba®"-stimulated single bovine chromaffin cells. Forskolin (FSK)
increases the intracellular cAMP levels in a concentration-depen-
dent manner. Forskolin (100 nM) does not increase the number of
exocytotic events, although it significantly increases the net gran-
ule content of catecholamines (CA), which is accompanied by a
slowing of the process of degranulation. These effects are revers-
ible, occur within 15 to 60 s, and are not due to newly synthesized

CA. Isoprenaline, pituitary adenylate cyclase-activating polypep-
tide-38 or dB-cAMP reproduce FSK effects as does cholera toxin.
The inhibition of phosphodiesterases with 3-isobutyl-1-methyl-
xanthine mimics and potentiates the effect of FSK and isoprena-
line. Rolipram and okadaic acid also produce a drastic increase in
net granule content of CA, whereas H-89 attenuates the FSK
response. These data indicate that cyclic AMP/PKA might favor
the granule aggregation before its fusion with cell membrane and
slow the late step of the exocytotic process.

Adrenal chromaffin cells release catecholamines (CA) to
the blood stream by exocytosis, a process that entails the
fusion of an intracellular secretory vesicle, named chromaffin
granule, to the plasma membrane. Catecholamines and other
soluble components are stored within the chromaffin granule
at concentrations as high as 0.5 to 1 M (Jankowski et al.,
1993; Albillos et al., 1997). Several second messengers have
been implicated in the trigger and modulation of CA release.
However, most of the studies carried out to address the
question of the role of intracellular signaling in secretion
were done by measuring the total CA secreted from popula-
tions containing thousands or millions of chromaffin cells. In
these studies, the effects observed in secretion were ad-
dressed to changes in the number of granules that were
released and did not take into account that these vesicles
could vary their CA content nor that cAMP could modify the
intrinsic kinetics of exocytosis. No studies have yet been
performed at single event level.
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Most authors found that cell treatment with forskolin or
cAMP analogs resulted in a stimulatory effect on basal and
evoked adrenomedullary secretion (Knight and Baker, 1982;
Morita et al., 1987; Parramén et al., 1995; Przywara et al.,
1996; Alvarez et al., 1997), but data in the opposite direction
are also available [i.e., an inhibition by cAMP on CA release
evoked by cholinergic agonists (Baker et al., 1985; Cheek and
Burgoyne, 1987)].

In trying to find an explanation on the underlying mecha-
nisms, cAMP was described as activating Ca®* channels of
chromaffin cells (Morita et al., 1987; Doupnik and Pun, 1992;
Parramon et al., 1995), blocking K* channels (Garber et al.,
1990), and modifying the cytoskeleton dynamics (Cheek and
Burgoyne, 1987; Perrin et al., 1992). However, some of the
effects observed with FSK concentrations over 10 uM seem to
be unrelated to its ability to stimulate cAMP production
(Gandia et al., 1997).

Protein kinases regulate many biological functions acting
on multiple cellular processes, the exocytotic phenomenon is
not an exception. Recently, we have reported that NO, acting
on the PKG cascade, promoted dramatic changes in the exo-
cytotic kinetics (Machado et al., 2000). Similar results were
also found upon activation of PKC (Graham et al., 2000).
These observations were made with the use of amperometry
with carbon microelectrodes, which allows the direct analysis

ABBREVIATIONS: CA, catecholamines; FSK, forskolin; PKG, cGMP-dependent protein kinase; PKC, Ca?*/phospholipid-dependent protein
kinase; PKA, cAMP-dependent protein kinase; C-PTIO, 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide potassium; t,,,, spike
width at half height; Q, spike net charge; m, ascending slope of spike; tP, time to reach the spike maximum; IBMX, 3-isobutyl-1-methylxanthine;
HPLC, high pressure liquid chromatography; VMAT, vesicular monoamine transporter; dB-cAMP, N®,2’-O-dybutyril-3':5’-cyclic monophosphate;

PACAP, pituitary adenylate cyclase-activating polypeptide-38.
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of the kinetics of CA release upon a single fusion event as
well as the estimation of net granule content (Schroeder et
al., 1996).

The cellular mechanisms implicated in the regulation of
the quantal size are currently receiving considerable atten-
tion (fore review, see Sulzer and Pothos, 2000). Both CA
uptake into secretory vesicles and their intragranular com-
plexation have been implicated in the regulation of vesicular
volume and quantal size (Colliver et al., 2000a). On the other
hand, the kinetics of exocytosis would depend on fusion pore
dynamics and the granule matrix expansion, two cellular
processes that are interrelated (Amatore et al., 2000).

Although the effects of cAMP on secretion have been
widely studied, in this article, we present the first work on
the effects of cAAMP on exocytotic single events. We show that
cAMP, acting on PKA, modifies the CA content of secretory
events and modulates the kinetics of the last step of exocy-
tosis. Because of the similarities of chromaffin granules and
large dense cored vesicles of sympathetic nerve terminals, it
is plausible that our results could be extrapolated to these
structures, and intracellular cAMP levels could be modulat-
ing the synaptic performance.

Experimental Procedures

Materials. C-PTIO was acquired from Sigma/RBI (Natick, MA),
H-89 from Biomol (Plymouth Meeting, PA), and pertussis toxin from
Invitrogen (Barcelona, Spain). Urografin was obtained from Scher-
ing Espana (Madrid, Spain). Culture plates were from Corning
Costar (Cambridge, MA). All other drugs, culture media, and sera
were purchased from Sigma-Aldrich (Madrid, Spain). All salts used
for buffer preparation were reagent grade.

Culture of Chromaffin Cells. Bovine adrenal chromaffin cells
enriched in adrenaline were prepared as described elsewhere (Moro
et al., 1990). Cells were plated on 12-mm diameter glass coverslips at
an approximate density of 5 X 10° cells/coverslip in Dulbecco’s mod-
ified Eagle’s medium supplemented with 5% fetal calf serum con-
taining 50 IU/ml G-penicillin and 40 pg/ml gentamicin. Cells were
maintained at 37°C in a 5% CO, environment and used at room
temperature between 1 and 4 days of culture.

Amperometric Detection of Exocytosis. Carbon fiber micro-
electrodes were prepared as described by Kawagoe et al. (1993).
Carbon fibers with a 5-um radius (Thornel P-55; Amoco Corp.,
Greenville SC) were the kind gift of Prof. R. M. Wightman (Univer-
sity of North Carolina, Chapel Hill, NC). Electrochemical recordings
were performed using an Axopatch 200B (Axon Instruments, Foster
City, CA) (for details, see Machado et al., 2000).

Cells were washed in Krebs-HEPES buffer solution containing

TABLE 1
The effects of forskolin on secretory spike parameters

cAMP and Catecholamine Exocytosis 515
140 mM NaCl, 5 mM KCl, 1.2 mM MgCl,, 2 mM CaCl,, 11 mM
glucose, and 10 mM HEPES, at pH 7.35 and placed in a perfusion
chamber positioned on the stage of an inverted microscope (DM-IRB,;
Leica, Wetzlar, Germany). Amperometric measurements were per-
formed with the carbon fiber microelectrode gently touching the cell
membrane. Cell release was stimulated by 5-s pressure ejection of 5
mM Ba?* from a micropipette placed 40 um away from the cell.
Barium does not require receptor activation or membrane depolar-
ization, and it produces a low frequency of secretory events, called
“spikes”; during spike analysis, the initial and final points of each
event can be easily distinguished.

Data Analysis. Amperometric signals were low-pass filtered at 1
KHz, sampled at 4 KHz, and collected with locally written software
using a commercial G programming language (LabVIEW for Macin-
tosh, National Instruments, Austin, TX). The analysis of an individ-
ual exocytotic event was done through the measurement of the
following parameters: I, ,,, maximum oxidation current; ¢,,,, spike
width at half height; Q, spike net charge; m, ascending slope of spike;
and tP, time to reach the spike maximum (see figure inserted in
Table 1 and Machado et al., 2000 for details). Data analysis was
carried out using locally written macros for IGOR (WaveMetrics,
Lake Oswego, OR) (Segura et al., 2000). These macros and their user
manual can be downloaded for free from URL: http://webpages.ull.es/
users/rborges/

To overcome the day-to-day variations in electrode sensitivity and
cell responsiveness (Colliver et al., 2000a), effects of drugs on secre-
tory spikes were alternated with control experiments carried out
under the same conditions. Statistical analysis was performed by the
nonparametric Mann-Whitney rank sum or Kolmogorov-Smirnov
tests.

cAMP Measurements. Cells were cultured on 24-well plates at
5 X 10°Awell for 48 h. Cells were preincubated in Krebs-HEPES
buffer containing 500 uM 3-isobutyl-1-methylxanthine (IBMX) for 15
min. Drug testing was assessed by incubating the cells for another 15
min in the presence of IBMX. Cyclic AMP measurements were done
with the cAMP enzyme immunoassay kit (RPN225; Amersham-
Pharmacia Biotech, Cerdanyola, Spain). Data are expressed in pico-
moles per microgram of total protein; proteins were measured by the
bicinchoninic acid method, following the instructions given by the
manufacturer (Sigma-Aldrich).

HPLC Analysis of CA. Twenty-four hour old chromaffin cells at
100,000 cells per well were washed twice in saline and incubated
with saline (control) or 500 uM IBMX for 15 min. Then, half of the
IBMX-treated wells were challenged with 1 uM isoprenaline for 40 s.
The stimulation was stopped by adding ice-cold lysis buffer contain-
ing perchloric acid (0.05 N), Triton X-100 (0.25%), and the internal
standard dihydroxybenzyl amine (100 nM). Cells were detached me-
chanically from the bottom, centrifuged for 3 min at 10,000g, and
injected into an HPLC with an electrochemical detection as de-
scribed previously (Borges et al., 1986).

Cells treated with 100 nM forskolin are compared with their own control group (see results). Secretion is elicited by 5 s application of 5 mM BaCl,. All values obtained from
forskolin-treated cells are statistically different (p < 0.001) from controls (Mann-Whitney and Kolmogorov-Smirnov® tests).

Iax ty/o Q m tp? n cells n spike s
PA ms pC nAls ms
Control 72.6 = 2.9 16.0 £ 0.5 1.4 = 0.06 242 *+1.1 18.2 + 1.0 12 778
Forskolin 100 nM 64.3 = 4.6 329+ 1.5 2.1 £0.13 175 + 1.6 26.1 +1.9 7 308
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Results

Forskolin Produces a Rapid Increase in Granule
Content. The secretagogue used in our experiments, 5 mM
BaCl, applied for 5 s, usually evokes exocytosis at a low rate
(2.8 = 0.3 spikes/s). The number of exocytotic events is not
modified by the incubation with 100 nM FSK for 10 min
(3.1 = 0.4 spikes/s), although the total amount of CA secreted
is increased. The coincubation with the nonspecific phospho-
diesterase inhibitor IBMX results in a further increase in the
total CA release (Fig. 1). These data suggest that the increase
of CA secretion is caused by an increase in the granular
content of amines. Tables 1 and 2 show that the Q increases
by 50%. The effect of FSK on granule charge occurs within 2
to 5 min and is potentiated by 500 uM IBMX. Given alone,
higher IBMX concentrations (5 mM) do not cause “per se”
effects on spike charge or produce further increase in Q
(Table 2).

Forskolin Slows and Alters the Exocytotic Process.
Fig. 2a shows histograms of ¢,,, from spikes obtained after
10-min incubation with 100 nM FSK. Fig. 2b shows how FSK
affects the time course of individual exocytotic events; these
representative spikes are plotted using the main spike char-
acteristics taken from Table 1. Normalized data are shown on
Table 2. The effects of 100 nM FSK are also observed with
higher concentrations (1 and 10 uM, data not shown), al-
though it does not follow a clear concentration-dependence,
probably because of the lack of specificity.

The spike shape changes dramatically after treatment
with FSK. To characterize the kinetic parameters of spikes,

-~
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Cumulative secretory
responses

C FSK  FSK PACAP Okadaic

+
IBMX

Fig. 1. Effects of forskolin on Ba®*-induced secretory responses of indi-
vidual bovine chromaffin cells. a, 5 mM Ba®* pulse is applied for 5 s
(arrow). Figure shows an original amperometric trace and the cumulative
secretion obtained in the presence of 100 nM FSK (dashed trace). Cali-
bration for time and amperometric current are indicated with solid bars;
dashed vertical bar is the calibration for the cumulative secretion, ex-
pressed in picoCoulombs. b, pooled data. Bars show normalized secretion
pooled from different cells (numbers in brackets) and obtained in the
absence (C) or in the presence of 100 nM FSK; FSK on cells incubated
with 500 uM IBMX, 10 nM PACAP, or 30 nM okadaic acid (means *
S.E.M.). *p < 0.05 by Student’s ¢ test.

we usually consider only those spikes that satisfied some
requirements. Hence, we have only included in the study
spikes with an I, range from 4 to 500 pA or ¢,,, from 3.5 to
250 ms. We also rule out spikes with a Q over 7 pC, a time
course altered by a giant prespike feature or distorted shapes
by a superimposed spike. However, isolated spikes with a
nonstandard shape occasionally occur. These “abnormal
spikes” account for less than 3% in untreated cells, but their
number increase up to 44% upon a treatment with 100 nM
FSK. Some examples are illustrated in Fig. 3. Although nei-
ther kinetic parameter measurements nor mathematical
models can yet precisely describe these abnormal spikes, all
of them exhibit a long ¢,,5, a short I .., and a large Q. Besides
this, they usually have long tP (Tables 1 and 2), large time
decaying values and multistep ascending slopes. The number
of “unshaped” spikes and the extent of their alterations in-
crease upon the coincubation with IBMX.

Cyclic AMP Analogs Mimic the Effects of Forskolin
Treatment. Incubation of the cells for 30 min with the cell
permeant cAMP analog dB-cAMP (300 uM) results in a slow-
ing of the degranulation speed without any effect on granule
CA content. Table 2 shows the kinetic parameters from se-
cretory spikes obtained under dB-cAMP treatment compared
with their own control cells. The effects of dB-cAMP are
time-dependent and are not observed along the first 30 to
60 s of drug incubation.

Isoprenaline and PACAP Reproduce the Effects of
Forskolin. Isoprenaline, a non selective B-receptor agonist,
and PACAP are substances that produce, besides other ef-
fects, a receptor-dependent adenylate cyclase activation.
They are used to produce rapid changes in cAMP. Isoprena-
line is applied either by incubation (10 uM for 10 min before
Ba?" stimulus) or by 5-s pressure pulse, together with Ba®™*
stimulus, near the cell. It assures a quick cessation of the
B-receptor activation after the stimulating pulse. Isoprena-
line produces a very modest increase in the intracellular
cAMP level (see below), which is accompanied by changes in
the spike shape that are qualitatively similar to those ob-
served with FSK. Isoprenaline given alone does not affect the
apparent net CA content; however, when it is puffed to cells
incubated with IBMX, its effects on secretory spikes are
potentiated and associated with an increase in the granule
content of CA (Table 2).

The effects of isoprenaline on spike shape and on granule
charge do not occur simultaneously. The slowing of exocytosis
is evident within 15 to 30 s after the B-agonist application,
whereas changes in the apparent net charge (Q) are appre-
ciated 20 to 30 s later (Fig. 4). In addition, the increase in Q
reverts before the enlargement of ¢,,,, probably indicating a
different sensitivity to cAMP levels.

The effects of PACAP on secretory spikes are shown in
Table 2. This agent produces a rapid slowing in the exocytosis
kinetic, which is accompanied by a significant increase in the
apparent content of CA of secretory events.

Newly Synthesized CA Do Not Explain the Increase
in Granule Content. To discard the hypothesis that the
observed increase in Q upon isoprenaline stimuli in IBMX-
treated cells is caused by newly synthesized CA, we used
HPLC to study the cell CA content and the ratios between
noradrenaline, adrenaline, and dopamine. We compared con-
trol cells with IBMX- and IBMX + isoprenaline-treated cells.
We assumed that a sudden activation of tyrosine hydroxylase
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would produce an increase in the proportion of dopamine and
that noradrenaline would increase over adrenaline, but to a
lesser extent. However, the dopamine/adrenaline ratio
changes only from 0.05 to 0.25%, and the total cell content of
CA increases nonsignificantly by 1.3 = 0.7%, which is not
enough to justify the 68% increase in Q observed after 60 s of
isoprenaline stimulation (Fig. 4).

Forskolin Partially Reverts the Effects of NO With-
drawal. We have recently reported that NO, present within
chromaffin cell culture produces a drastic slowing of exocy-
tosis through the cGMP/PKG pathway, which is apparent
upon NO withdrawal (Machado et al., 2000). Carboxy-PTIO
is considered to be a specific NO scavenger. To study the role
of PKA on conditions of reduced PKG activity, we have ex-
amined the effects of FSK on spike shape in cells treated with
C-PTIO. Cell incubation with 10 nM C-PTIO results in a
drastic acceleration of exocytosis, because the [,,,, and m
values of the spikes increase, whereas ¢;,, and tP decrease.
However, no changes in CA content of secretory events are
observed (Table 2). The addition of 100 nM FSK partially
reverts this effect but also increases the granule content. The
possible origin of rapid changes of net CA content within
granules will be discussed below. The effects of treatment
with C-PTIO in the absence or presence of FSK are shown in
Fig. 5.

Intracellular cAMP as Regulator of Exocytosis. Chol-
eratoxin, a substance that stimulates G, proteins/adenylate
cyclase, increasing the levels of cAMP, mimics the effects of
FSK (Table 2). To a lesser extent, changes in spike kinetics
are observed upon incubation with pertussis toxin, which
blocks the a subunit of G; proteins. Conversely, rolipram, a
drug that specifically blocks phosphodiesterase type IV and
delays cAMP catabolism, also causes a slowing of exocytosis
accompanied by an increase in Q.

The signal transduction of cAMP seems to be the classical
PKA route because the PKA inhibitor H-89 significantly at-
tenuates the effects of FSK (Table 2). In addition, cell incu-
bation with okadaic acid for 20 min at concentrations that
produce inhibition of phosphatase Ila (3 nM) causes effects
similar to those observed with FSK. Higher okadaic acid
concentration (30 nM), which also inhibits phosphatase I,
causes further increase in ¢,,, and Q (Table 2).

TABLE 2
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Exocytosis Is Affected by Low Levels of cAMP. For
this study, we used moderately low concentrations of ago-
nists that were generally applied as brief pulses. Changes in
spike shape and Q occurred within 15 to 60 s (Fig. 4). It is
difficult to address these effects to the real concentrations of
free intracellular cAMP reached during these brief treat-
ments. To attain measurements in the range of commercial
kits, we have to apply stimulus for minutes and inhibit cAMP
degradation with IBMX for 15 min. Nevertheless, isoproter-
enol does not cause significant cAMP increase (4.2 = 0.3
pmol/ug of protein), whereas forskolin causes only a modest
elevation at 0.1 and 1 uM, although it becomes evident over
10 uM (32.2 + 6.1 pmol/ug of protein).

Discussion

Quantal release of neurotransmitter is far from being a
simple “all or none” process in which secretory vesicles re-
lease a fixed amount of neurotransmitter. It becomes clear
that the vesicular CA content can vary to a considerable
extent (Colliver et al., 2000b; Sulzer and Pothos, 2000). In
addition, secretory vesicles can experience total or partial
fusion (Albillos et al., 1997, Alés et al., 1999). Recent reports
have shown that intracellular signaling by PKG (Machado et
al., 2000) or PKC (Graham et al., 2000) are able to modulate
the kinetics of exocytosis. It is therefore likely that the num-
ber of putative second messengers regulating the vesicle
content, type of fusion, or the kinetics of exocytosis will grow
in the near future. In this article, we have analyzed the
contribution of the cAMP/PKA system on the regulation of
CA content within chromaffin granules and the kinetics of a
single event of exocytosis.

The activation of PKA has been found to cause an increase
in the secretory response of adrenomedullary glands (Alvarez
et al., 1997) and cultured chromaffin cells (Morita et al.,
1987; Przywara et al., 1996). The discrepancies found in the
literature concerning the inhibitory role of cAMP on CA
secretion (Baker et al., 1985; Cheek and Burgoyne, 1987)
could be caused by the nature of the stimulus or the concen-
tration of FSK (Gandia et al., 1997). In any case, it has been
assumed that an augmented secretion means an augmented
number of exocytotic events. However, a comparison of the

The effects of various cAMP/PKA activators and blockers on secretory spike parameters
Data are normalized as the percentage of their own control group. Secretion is elicited by 5 s application of 5 mM BaCl,. Statistical analysis (Mann-Whitney and

Kolmogorov-Smirnov?® tests) are performed on original data. Significant differences.

Iax Q ts m tP? ns nc
Forskolin (FSK) 100 nM 89%* 150% 205%* 72% 143* 308 7
FSK + IBMX 500 uM 60* 187* 281% 19* 335% 359 11
IBMX 5 mM 73* 104 128* 54% 135% 1286 16
ISO1uM ¥ 78% 98 113* 63* 97 480 12
ISO 10 uM 63* 96 141%* 44* 200* 395 9
IBMX 500 uM + ISO 1 uM ¥ 65% 144* 197* 56* 129 411 14
PACAP 10 nM (puffed) 73* 111* 148%* 54% 163* 890 9
Pertussis toxin (10 ng/ml) 97 106 109* 91 95 620 15
Cholera toxin 1 ng/ml 62% 120% 180% 42% 210% 947 18
dB-cAMP 300 uM 67* 108* 158 38% 149% 1138 14
Rolipram 3 uM 51% 125% 205%* 20% 146* 777 15
H-89 50 nM + FSK 100 nM 110% 62% 67+ 166 79% 1035 9
Okadaic acid 3 nM 73* 168* 195% 36* 192% 533 15
Okadaic acid 30 nM 93 203* 208% 49* 231% 922 8
C-PTIO 10 nM 156* 95 65% 181% 67* 367 13
C-PTIO + FSK 100 nM 128# 126# 107# 108# 1044# 562 15

ISOY, isoprenaline puffed for 5 s; ns, number of spikes; nc, number of cells.

*p < 0.001 with respect to control and # p < 0.01 compared with C-PTIO 10 nM; % p < 0.001 between FSK and FSK on H-89 treated cells.
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data from Fig. 1 and Table 1 indicates that the increase in the
total amount of CA secreted comes mostly from a net enlarge-
ment in Q, not in the frequency of firing.

The stimulation of adenylate cyclase produces two main
effects on exocytosis. Light stimuli, as from isoprenaline,
pertussis toxin, or low dB-cAMP concentrations, causes only

a b Control

Control
(n=778)

n
o

Forskolin

o o
50 pA

40 80 120 ms

20 ms

Forskolin 100 nM
(n= 308)

% of secretory events
o &

o

40 80 120 ms

Fig. 2. Effects of forskolin on time course of exocytosis. Secretion is
elicited by 5-s application of 5 mM BaCl,. a, histograms of ¢,,, obtained
from spikes from untreated and FSK (100 nM) treated cells for 10 min.
Spikes are grouped in 5-ms bins. b, representative traces are plotted from
data of Table 1. Control spike is indicated by the thin line and FSK by the
thick line.

1 2 3

(1.95) (1.08) (3.11)

4 5 6

(3.08) (2.59) (1.29)

Fig. 3. Effects of forskolin on spike shape. Upon forskolin incubation, a
number of spikes with atypical morphology are observed. Secretion is
elicited by 5-s application of 5 mM BaCl,. Some examples are shown: 1,
typical well shape spike but wider and shorter with a large charge. 2,
wider spike with a slow ascending and descending slopes. 3 and 4, large
charge spikes with an “S” ascending slope and a long tP. 5, double
ascending slopes. 6, triple ascending slopes. Calibration bars: vertical
bars, 10 pA; horizontal bars, 50 ms. Numbers in brackets indicate their
net charge expressed in picoCoulombs.

150
3 | Isoproterenal
3
= |
N 50 *
T , Q
£
2 0 - ‘ ; ‘

0-30 30-60 60 -390 90-120 s

Fig. 4. The increase in the granule content of CA and the slowing of
exocytosis exhibited a different time course. Cells are treated with IBMX
(500 uM) for 10 min and the secretion is elicited with 5-s application of 5
mM BaCl,. Secretion is recorded for 2 min and Q and ¢,,, averaged and
normalized to a previous record of 30 s. Cells then receive a 5-s pulse of
isoprenaline (1 uM). Time course of Q (squares) and ¢,,, (circles), upon
isoprenaline application, are shown. *p > 0.05, indicates significant dif-
ferences between both time courses as measured by Student’s ¢ test.

a slowing of the process, rendering spikes with large ¢,,, and
tP as well as small I, . and m. Strong stimulation (e.g.,
isoprenaline + IBMX, FSK, PACAP, or cholera toxin) pro-
duces, in addition, an increase in Q (Table 2). This observa-
tion contrasts with that found with PKC or PKG activation in
which changes in spike shape were not accompanied by
changes in Q (Machado et al., 2000; Graham et al., 2000).

The stimulation with isoprenaline on IBMX-treated cells
evokes changes on spike shape and Q that follow different
time courses. Figure 4 shows that the slowing is observable
within the first 30 s after isoprenaline application, whereas Q
values increase progressively and become evident only 30 to
40 s later. Conversely, reversion of isoprenaline effects on Q
precedes t,,,. Forskolin requires more time to cause its ef-
fects, probably because it needs to permeate the cell mem-
brane to activate adenylate cyclase.

We cannot reach a conclusive explanation for the augmen-
tation of the vesicular amine content. In theory, it could be
caused by (1) an increase in CA synthesis (Rodriguez-Pascual
et al., 1999), (2) an activation of VMAT (Nakanishi et al.,
1995), (3) a decrease in the CA gradient toward the vesicle
(Schroeder et al., 1996), or (4) a result of compound fusion
(Alvarez de Toledo and Fernandez, 1990, Cochilla et al.,
2000). An increase in the rate of CA synthesis should not
account for the rapid changes observed in vesicular content
nor explain what occurs with kinetics of exocytosis. A newly
synthesized dopamine molecule has to cross the granule
membrane once to be converted in noradrenaline and thrice
to be transformed to adrenaline. In addition, quantification
of amine content by HPLC yields a significant increase in
neither total CA nor the dopamine/adrenaline ratio to sup-
port the contribution of new synthesis to the granule content
within 30 to 40 s (Fig. 4). Changes in granule content of CA
by reserpine or levodopa treatment (Colliver et al., 2000b) or
dopamine D, receptor activation (Pothos et al., 1998) require
tens of minutes.

| C-PTIO

Control
(1.4 pC)

C-PTIO + FSK

75 pA

50 ms

Fig. 5. The effect of forskolin in the absence of NO. Spikes are made by
averaging absolute data from Table 2. Cells are stimulated by pressure
injection of 5 mM BacCl, for 5 s. Untreated cells (control) are compared
with cells incubated for 10 min with C-PTIO (10 nM) or C-PTIO plus FSK
(100 nM). Charge values are expressed in brackets. Solid vertical and
horizontal lines indicate calibration of oxidation current and time, respec-
tively.
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The granule uptake of CA is carried out by the VMAT, a
H*/monoamine antiporter, coupled to the V-type ATP-depen-
dent H"-pump (Henry et al., 1994). This pump creates a
proton gradient that maintains an intragranular pH of
around 5.5 that corresponds to the isoelectric point of chro-
mogranin A (Blaschko et al., 1967; Yoo and Albanesi, 1990).
Chromogranin A is the major granule matrix component that
has been considered to play an important role in the intra-
granular complexation of soluble products (Helle et al., 1985;
Borges et al., 2000). Acidification of the intragranular envi-
ronment could increase the affinity of chromogranin A for
CA, thereby reducing the free CA present within the granule.
Therefore it would decrease the transmembrane gradient
and favor its intragranular accumulation. This effect on the
chromaffin granule matrix would also explain the dramatic
slowing of the exocytosis observed. However, CA transport
driven either by direct VMAT activation or through the H-
pump/pH-gradient are too slow to account for the observed
increase in the granule content within 30 to 40 s. The esti-
mated turnover of VMAT is about 2 molecules/s, assuming 20
VMAT molecules/vesicle (Gasnier et al., 1987), this would
mean an influx of 40 molecules/s, which for 40 s would equal
1600 molecules of CA/vesicle. Considering that the content of
a granule is about 1 to 5 X 10° molecules (Winkler and
Westhead, 1980), these mechanisms would then require sev-
eral hours to produce a significant increase in the net CA
content.

It is also possible that, under control conditions, granules
do not totally release their contents and that PKA activation
would promote complete emptying. Although amperometry
cannot detect the CA not released, the profound slowing of
the exocytotic processes caused by cAMP is not compatible
with a mechanism that forces the complete emptying of chro-
maffin granules.

We propose that the increase in Q could be the result of
compound fusion (i.e., two or more granules that fuse before
exocytosis). This also could explain the changes observed in
spike shape (Fig. 3). These distortions are also observed on
isolated spikes, suggesting that they do not come from coin-
cident events although they could have originated from a
“double granule”. Amperometry cannot conclusively address
the changes observed in spike shape to a compound fusion.
However, mathematical deconvolution of secretory spikes is
interpreted to indicate that they could have originated from
a complex phenomenon. Such a complex phenomenon could
include a granule with multiple intravesicular matrices that
expand at two or three different kinetics (Sdnchez et al.,
1999).

Histograms of spike charge resulting from PKA activation
do not seem to reveal the presence of two populations of
vesicle size (Fig. 6a). However, mathematical simulation
helps to reveal the underlying phenomenon resulting from
PKA activation. When the charge of all of the spikes is
increased by 50%, similar to the average elevation caused by
100 nM FSK, the histogram is displaced to the right without
changes to its shape. However, when 30% of spikes are ran-
domly combined, the histogram reproduces what occurs
when strong stimulation of adenylate cyclase produces high
cAMP levels (Fig. 6b). The analysis of histograms reveals a
skew to the right, which is compatible with the exocytosis of
30 to 45% of perfused granules. Granule-to-granule fusion
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has been shown recently to be forced by cAMP in rat pituitary
lactotrophs (Cochilla et al., 2000).

Our results also clearly show that all of the cell treatments
described to increase cAMP synthesis (isoprenaline, PACAP,
FSK) or to inhibit its degradation (IBMX, rolipram) promote
the slowing of exocytosis (Fig. 2 and Table 2). Although not
conclusive, the effects observed on secretory spikes can be
produced from granules with highly compacted and stored
CA and not by fusion pore flickering, provided that granules,
at that stage, must be almost completely fused (Schroeder et
al., 1996; Amatore et al., 2000).

The cellular route used by cAMP to produce its effects
seems to be the stimulation of PKA, because H-89 partially
antagonizes the effects of FSK. In addition, the inhibition of
protein phosphatases Ila and I with okadaic acid has the
opposite effects. However, the participation of other second
messengers cannot be overruled. For instance, rising cAMP
stimulates Ca®" entry, which also has been described as
causing the aggregation of granules (Caohuy et al., 1996).
Increased calcium can itself promote the presence of giant
spikes (Jankowski et al., 1992). The importance of protein
dephosphorylation in granule-to-granule fusion is revealed
by okadaic acid treatment, which doubles the CA content and
distorts the spike shape, increasing the tP over 230% (Table
2). The transduction mechanisms employed by PKA to cause
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Fig. 6. Simulation of compound exocytosis explains the changes observed
in granule charge. a, histograms of Q" from control cells and from cells
treated with 100 nM forskolin (dashed line). Secretion is elicited by 5-s
application of 5 mM BaCl,. Trace lines are the computer fits to a Gauss-
ian function. b, Gaussian fits of histograms from untreated cells (thick
solid line), simulation resulted from a 50% increase of control values of Q
(thin solid line) and from a random combination of 30% of spikes from the
control population.
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the slowing of exocytosis are still mysterious. We propose
that conformational changes in chromogranin A would in-
crease its affinity for CA, modifying the emptying of granules
(Borges et al., 2000).

We recently described the presence of appreciable NO
amounts surrounding cultured chromaffin cells. This NO
tone keeps PKG in a basal activation state that is evidenced
upon withdrawal of NO with specific scavengers such as
C-PTIO (Machado et al., 2000). Experiments from Fig. 5 are
done to check whether an elevation on cAMP still affected
both kinetics of exocytosis and granule charge under condi-
tions of NO deprivation. NO basically affects the kinetics of
exocytosis, whereas the addition of FSK increases the net
content of CA. Figure 5 and Table 2 show that spikes with
higher I, than control also result in a drastic increase of Q.
These experiments suggest, although do not prove, that both
PKA and PKG act independently, modulating the late step of
exocytosis.

The experiments presented in this article show that cAMP,
probably acting on PKA, modulates the kinetics of exocytosis
and increases the quantal size of secretory vesicles. A carbon
fiber electrode gently touching a cell membrane probably
“sees” the released CA as a postjunctional cell and the nor-
adrenaline released by a sympathetic nerve terminal. There-
fore, a reduction in the I, will mean a lower concentration
of CA reaching the postsynaptic cell surface and a large Q, a
net increase in the total CA, released by a single fusion
phenomenon. The results presented here could indicate that
transient variations in the level of presynaptic cAMP would
be capable of producing rapid and reversible modifications in
the synaptic performance.

Acknowledgments

We thank Dr. R. Alonso for the use of laboratory facilities to
perform some experiments and to Dr. Antonio G. Garcia (Univer-
sidad Auténoma de Madrid) for help with the discussion of the
manuscript. We are also grateful to the personnel of the Matadero
Insular de Tenerife for kind supply of cow adrenal glands.

References

Albillos A, Dernick G, Horstmann H, Almers W, Alvarez de Toledo G and Lindau M
(1997) The exocytotic event in chromaffin cells revealed by patch amperometry.
Nature (Lond) 398:509-512.

Alés E, Tabares L, Poyato JM, Valero V, Lindau M and Alvarez de Toledo G (1999)
High calcium concentrations shift the mode of exocytosis to the kiss-and-run
mechanism. Nat Cell Biol 1:40—44.

Alvarez C, Lorenzo C, Santana F and Borges R (1997) Interaction between G
protein-operated receptors eliciting secretion in rat adrenals. Biochem Pharmacol
53:317-325.

Alvarez de Toledo G and Ferndndez JM (1990) Compound versus multi granular
exocytosis in peritoneal mast cells. J Gen Physiol 95:397—409.

Amatore C, Bouret Y, Travis ER and Wightman RM (2000) Interplay between
membrane dynamics, diffusion and swelling pressure governs individual vesicular
exocytotic events during release of adrenaline by chromaffin cells. Biochimie
82:481-496.

Baker EM, Cheek TR and Burgoyne RD (1985) Cyclic AMP inhibits secretion from
bovine adrenal chromaffin cells evoked by carbamylcholine but not by high K*.
Biochim Biophys Acta 846:388—-393.

Blaschko H, Comline RS, Schneider FH, Silver M and Smith AD (1967) Secretion of
a chromaffin granule protein, chromogranin, from adrenal gland after splanchnic
stimulation. Nature 215:58-59.

Borges R, Machado JD, Alonso C, Brioso MA and Gémez JF (2000) Functional role
of chromogranins and intragranular matrix in the last phase of exocytosis, in
Chromogranins: Functional and Clinical Aspects, Advances in Experimental Med-
icine and Biology (Helle KB and Aunis D eds) vol 482, pp 67-82, Kluwer Academic/
Plenum Publishers, New York-London.

Borges R, Sala F and Garcia AG (1986) Continuous monitoring of catecholamine
release from perfused cat adrenals. J Neurosci Methods 16:289-300.

Caohuy H, Srivastava M and Pollard HB (1996) Membrane fusion protein synexin
(annexin VII) as a Ca2+/GTP sensor in exocytotic secretion. Proc Natl Acad Sci
USA 93:10797-10802.

Cheek TR and Burgoyne RD (1987) Cyclic AMP inhibits both nicotine-induced actin

disassembly and catecholamine secretion from bovine adrenal chromaffin cells.
o Biol Chem 262:11663-11666.

Cochilla AJ, Angleson JK and Betz WJ (2000) Differential regulation of granule-to-
granule and granule-to-membrane fusion during secretion from rat pituitary lac-
totrophs. J Cell Biol 150:839—-848.

Colliver TL, Hess EJ, Pothos EN, Sulzer D and Ewing AG (2000a) Quantitative and
statistical analysis of the shape of amperometrical spikes recorded from two
populations of cells. J. Neurochem 74:1086—-1097.

Colliver TL, Pyott SJ, Achalabun A and Ewing AG (2000b) VMAT-mediated changes
in quantal size and vesicular volume. J Neurosci 20:5276-5282.

Doupnik CA and Pun RYK (1992) Cyclic AMP-dependent phosphorylation modifies
the gating properties of L-type Ca®" channels in bovine adrenal chromaffin cells.
Pfluegers Arch 420:61-71.

Gandia L, Vitale ML, Villarroya M, Ramirez-Lavergne C, Garcia AG and Trifaré JM
(1997) Differential effects of forskolin and 1,9-dideoxyforskolin on nicotinic recep-
tor- and K" -induced responses in chromaffin cells. Pfluegers Arch 329:189-199.

Garber SS, Hoshi T and Aldrich RW (1990) Interaction of forskolin with voltage-
gated K* channels in PC12 cells. J Neurosci 10:3361-3368.

Gasnier B, Scherman D and Henry JP (1987) Inactivation of the catecholamine
transporter during the preparation of chromaffin granule ‘ghost’. FEBS Lett 222:
215-219.

Graham ME, Fisher RJ and Burgoyne RD (2000) Measurement of exocytosis by
amperometry in adrenal chromaffin cells: effects of clostridial neurotoxins and
activation of protein kinase C on fusion pore kinetics. Biochimie 82:469—-479.

Helle KB, Reed RK, Pihl KE and Serck-Hanssen G (1985) Osmotic properties of the
chromogranins and relation to osmotic pressure in catecholamine storage gran-
ules. Acta Physiol Scand 123:21-33.

Henry JP, Botton D, Sagne C, Isambert MF, Desnos C, Blanchard V, Raisman-Vozari
R, Krejci E, Massoulie J and Gasnier B (1994) Biochemistry and molecular biology
of the vesicular monoamine transporter from chromaffin granules. J Exp Biol
196:251-262.

Jankowski JA, Schroeder TJ, Ciolkowski E and Wightman RM (1993) Temporal
characteristics of quantal secretion of catecholamines from adrenal medullary
cells. J Biol Chem 267:14694-14700.

Jankowski JA, Schroeder TdJ, Holz RW and Wightman RM (1992) Quantal secretion
of catecholamines measured from individual bovine adrenal medullary cells per-
meabilized with digitonin.  Biol Chem 267:18329-18335.

Kawagoe KT, Zimmerman JB and Wightman RM (1993) Principles of voltammetry
and microelectrode surface states. J Neurosci Methods 48:225-240.

Knight DE and Baker PF (1982) Calcium-dependence of catecholamine release from
bovine adrenal medullary cells after exposure to intense electric fields. J Membr
Biol 68:107-140.

Machado JD, Segura F, Brioso MA and Borges R (2000) Nitric oxide modulates a late
step of exocytosis. J Biol Chem 275:20274-20279.

Morita K, Dohi T, Kitayama S, Koyama Y and Tsujimoto A (1987) Enhancement of
stimulation-evoked catecholamine release from cultured bovine adrenal chromaf-
fin cells by forskolin. J Neurochem 48:243-247.

Moro MA, Léopez MG, Gandia L, Michelena P and Garcia AG (1990) Separation and
culture of living adrenaline- and noradrenaline-containing cells from bovine adre-
nal medullae. Anal Biochem 185:185243-185248.

Nakanishi N, Onozawa S, Matsumoto R, Hasegawa H and Yamada S (1995) Cyclic
AMP-dependent modulation of vesicular monoamine transport in pheochromocy-
toma cells. J Neurochem 64:600—607.

Parramén M, Gonzalez MP and Oset-Gasque MJ (1995) A reassessment of the
modulatory role of cyclic AMP in catecholamine secretion by chromaffin cells. Br J
Pharmacol 114:517-523.

Perrin D, Méller K, Hanke K and Séling HD (1992) cAMP and Ca?*-mediated
secretion in parotid acinar cells is associated with reversible changes in the
organization of the cytoskeleton. J Cell Biol 116:127-134.

Pothos EN, Przedborski S, Davila V, Schmitz Y and Sulzer D (1998) D,-like dopa-
mine autoreceptor activation reduces quantal size in PC12 cells. J Neurosci 18:
5575-5585.

Przywara DA, Guo X, Angelili ML, Wakade TD and Wakade AR (1996) A non-
cholinergic transmitter, pituitary adenylate cyclase-activating polypeptide, uti-
lizes a novel mechanism to evoke catecholamine secretion in rat adrenal chromaf-
fin cells. J Biol Chem 271:10545-10550.

Rodriguez-Pascual F, Ferrero R, Miras-Portugal MT and Torres M (1999) Phosphor-
ylation of tyrosine hydroxylase by cGMP-dependent protein kinase in intact chro-
maffin cells. Arch Biochem Biophys 366:207-214.

Sanchez JL, Brioso MA, Segura F and Borges R (1999) A new way for the analysis of
exocytosis, in Medical Informatics Europe ‘99 Congress. (Kokol P, Zupan B, Stare
J, Premik M and Engelbrecht R eds) pp 400—440, IOS Press, Amsterdam.

Schroeder TJ, Borges R, Finnegan JM, Pihel K, Amatore C and Wightman RM (1996)
Temporally resolved, independent stages of individual exocytotic secretory events.
Biophys J 70:1061-1068.

Segura F, Brioso MA, Gémez JF, Machado JD and Borges R (2000) Automatic
analysis for amperometrical recordings of exocytosis. J Neurosci Methods 103:151—
156.

Sulzer D and Pothos EN (2000) Regulation of quantal size by presynaptic mecha-
nisms. Rev Neurosci 11:159-212.

Winkler H and Westhead EW (1980) The molecular organization of adrenal chro-
maffin granules. Neuroscience 45:227-234.

Yoo SH and Albanesi JP (1990) Ca?*-induced conformational change and aggrega-
tion of chromogranin A. J Biol Chem 265:14414-14421.

Address correspondence to: Dr. Ricardo Borges, Unidad de Farmacologia,
Facultad de Medicina, Universidad de La Laguna, 38071 La Laguna, Tenerife,
Spain. E-mail: rborges@ull.es

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

