
Activation of GPCRs modulates quantal size in
chromaffin cells through Gbc and PKC
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Exocytosis proceeds by either full fusion or ‘kiss-and-run’ between vesicle and plasma membrane. Switching between these two

modes permits the cell to regulate the kinetics and amount of secretion. Here we show that ATP receptor activation reduces

secretion downstream from cytosolic Ca21 elevation in rat adrenal chromaffin cells. This reduction is mediated by activation of a

pertussis toxin–sensitive Gi/o protein, leading to activation of Gbc subunits, which promote the ‘kiss-and-run’ mode by reducing the

total open time of the fusion pore during a vesicle fusion event. Furthermore, parallel activation of the muscarinic acetylcholine

receptor removes the inhibitory effects of ATP on secretion. This is mediated by a Gq pathway through protein kinase C activation.

The inhibitory effects of ATP and its reversal by protein kinase C activation are also shared by opioids and somatostatin. Thus, a

variety of G protein pathways exist to modulate Ca21-evoked secretion at specific steps in fusion pore formation.

In neuroendocrine cells, the large dense-core vesicles can fuse to plasma
membrane by two alternative modes: full fusion and ‘kiss-and-run’. Full
fusion occurs when the vesicular and plasma membranes merge and all
the contents are released. Kiss-and-run releases vesicle contents
through a transient fusion pore1–4. The kiss-and-run mechanism allows
partial release by limiting the open time of the fusion pore. Both vesicle
release probability and the switch between full fusion and kiss-and-run
are subject to presynaptic modulation in synaptic transmission or to
hormone secretion in neuroendocrine cells. Modulation of vesicle
release probability has been intensively investigated. However, little is
known about what determines the switch between full fusion and
kiss-and-run3–5.

A major modulatory mechanism of evoked secretion involves
modulation of Ca2+ channels by G protein–coupled receptors
(GPCRs), thereby altering the extent of Ca2+ influx available to initiate
exocytosis6,7. The molecular steps by which G protein activation8 leads
to increases or decreases in Ca2+ current are fairly well understood.
However, there are also suggestions that steps in the exocytotic process
after Ca2+ elevation may also be targets for regulation by G proteins.
For example, exocytosis in chromaffin cells and hippocampal neurons
seems to be favored by activation of protein kinase C (PKC)9,10, while
GABAB receptor activation inhibits vesicle priming in the synapse calyx
of Held11. However, at present, our understanding of the mechanisms
of G protein–mediated regulation of secretion remains limited.

The adrenal chromaffin cell provides an important model for
investigating neurosecretion3,12,13. Chromaffin granules, in addition
to the principal molecules of catecholamines and ATP, contain several
peptides including somatostatin and opioids14. Chromaffin cells also

express a variety of GPCRs for endogenous transmitters and modula-
tors, including ACh15, various peptides16 and ATP17. Our results show
that ATP (as well as opioids and somatostatin) causes a Gi/o-mediated
inhibition of secretion by a mechanism involving Gbg subunits that
reduce the lifetime of the fusion pore. Furthermore, simultaneous
activation of PKC removes the ATP-mediated inhibition of secretion in
rat adrenal chromaffin cells (RACCs).

RESULTS

Inhibition of secretion in RACCs by ATP

We examined the hypothesis that activation of a G protein pathway in
RACCs inhibits secretion at steps subsequent to the regulation of Ca2+

influx. Direct application of 100 mM ATP to RACCs did not induce any
current or increase in [Ca2+]i (data not shown)18.

We monitored depolarization-induced secretion by a micro–carbon
fiber electrode (CFE) (Fig. 1a). In the presence of 100 mM ATP, the
depolarization-induced secretion was inhibited by 80 ± 12% (10.8 ±
2.2 pC versus 2.3 ± 0.4 pC; n ¼ 21, mean ± s.e.m.). In contrast, ATP
inhibited the depolarization-induced Ca2+ current (ICa) by only
25 ± 3% (pulse, n ¼ 9) and 21 ± 6% (action potential waveform
(APW), n ¼ 11) (Fig. 1a, right; the inhibition of ICa reversed within
10 s after washout of ATP). Because the relation between secretion and
[Ca2+]i is not linear19,20, it is not clear whether the roughly threefold
larger ATP inhibition of secretion compared with current is exclusively
due to the reduced ICa, or whether other mechanisms downstream of
Ca2+ contribute as well.

In RACCs, caffeine and muscarine induce Ca2+ release from caffeine-
sensitive (ryanodine) and IP3-sensitive Ca2+ stores, respectively. If ATP
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directly inhibits some step in the secretory process subsequent to Ca2+

influx, it would be expected to reduce secretion evoked by Ca2+ store
mobilization. To test this possibility, caffeine (20 mM) was applied
directly to RACCs for 20 s, resulting in a burst of amperometric spikes
after a delay of 1–2 s (Fig. 1b, left panels). ATP (100 mM, co-puffed with
caffeine) inhibited the caffeine-induced amperometric spikes, resulting
in a decrease in the integrated amperometric charge or secretion by
52 ± 9% (mean ± s.e.m.) in 2 mM extracellular Ca2+ (12.8 ± 2.1 pC in
control versus 6.6 ± 0.7 pC in ATP; n4100) and by 50 ± 10% in 0 mM
extracellular Ca2+ (10.5 ± 2.6 pC in control versus 5.3 ± 1.3 pC in ATP;
n¼ 7) (Fig. 1b, right). The inhibitory effect of ATP occurred less than
5 s after onset of the application (data not shown). In contrast, ATP had
little effect on caffeine-induced intracellular Ca2+ transients (103 ± 4%
of control, n ¼ 5, Fig. 1c). This result shows that in addition to
inhibiting voltage-dependent Ca2+ influx (Fig. 1a), ATP inhibits
secretion downstream from the elevation of cytosolic Ca2+. Confirming
this interpretation, 100 mM ATP also produced a 54 ± 11% reduction
(16.5 ± 3.8 pC versus 7.6 ± 2.4 pC; n ¼ 8) of the secretion evoked by
10 mM ionomycin (Fig. 1b, right), another method of elevating
cytosolic Ca2+ that bypasses Ca2+ channels. ATP had no effect on the
ionomycin-induced Ca2+ transient (data not shown).

ATP reduces quantal size

The inhibition of caffeine-induced secretion by ATP might reflect either
a decreased vesicle release probability or a reduction in total ampero-
metric spike charge (or quantal size). To address this issue, we
compared isolated amperometric spikes elicited either by caffeine
alone or co-puffed with ATP. Statistically, ATP reduced quantal size,
as demonstrated by averaged amperometric spikes and quantal size
distribution in the presence or absence of ATP (Fig. 2a). On average,
ATP had little effect on the number of amperometric spikes induced by
caffeine (20 mM for 20 s; 19 ± 3 versus 17 ± 3 amperometric spikes/
cell). This suggests that neither the size of the readily releasable pool nor
the release probabilities of individual vesicles were changed by ATP.

We also undertook a quantitative analysis of amperometric spike
properties. Several features of amperometric spikes reflect important
steps in the exocytotic process. Large, rapid amperometric spikes are
often preceded by a ‘foot’, thought to correspond to the initial opening
of the fusion pore2,3,12. Compared with the control, ATP significantly
reduced quantal size by 44 ± 12% (0.54 ± 0.04 pC versus 0.31 ±
0.03 pC) and foot charge by 73 ± 6% (44 ± 4 fC versus 12 ± 2 fC) (Po
0.01, Fig. 2b). In addition, the half-height duration (HHD) and the
foot duration were reduced by 23 ± 7% (6.9 ± 0.6 ms versus 5.2 ±
0.4 ms, Po 0.05) and 52 ± 4% (5.4 ± 0.2 ms versus 2.6 ± 0.2 ms, Po
0.01), respectively, but ATP had no significant effect on the foot
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Figure 1 ATP inhibits Ca2+-dependent secretion through multiple signaling

pathways. (a) ATP inhibits secretion more than ICa. Left panel shows typical

amperometric current traces (Iamp, upper trace) and the integrated current

signal (
R
Iampdt) evoked by a 500-ms depolarization in an RACC with or

without 100 mM ATP. The right panel summarizes the ATP inhibition of

secretion elicited by a 500-ms depolarization, peak ICa elicited by a step

depolarization or by voltage-clamp action potential waveforms (APW). In this

and following histograms, the amounts of secretion were evaluated from the
integral of the amperometry. Inset at upper left shows the inhibitory effect of

ATP on ICa induced by a 50-ms depolarizing pulse. (b) ATP inhibits caffeine-

induced amperometric spikes. Left panel shows typical amperometric current

traces evoked by caffeine (20 mM for 10 s) co-puffed with or without ATP

(n 4100). (c) ATP has no effect on caffeine-induced [Ca2+]i elevation.
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Figure 2 ATP modulates quantal size. (a) The distribution of quantal size

of caffeine-induced amperometric spikes before and after ATP treatment.

Histogram shows the number of amperometric spikes of different quantal size

evoked by caffeine (20 mM, 10 s) with or without ATP. Left inset shows the

numbers of amperometric spikes elicited by caffeine with ATP (n ¼ 195, ten

cells) or without ATP (n ¼ 177, ten cells). Right inset shows averaged traces

(each from 20 amperometric spikes, which were among the fastest 10%;

ref. 3) induced by caffeine with or without ATP. (b) Quantitative analysis of

amperometric spikes induced by caffeine with or without ATP. Data from 12

cells and 329 amperometric spikes that met the 5 s.d. threshold criterion.
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frequency (36 ± 6% versus 31 ± 8%, Fig. 2b). These results demonstrate
that ATP does not reduce the vesicle release probability but does reduce
quantal size, presumably by reducing the open time of the fusion pore.
The dose-response curve for ATP inhibition of quantal size gave an IC50

of 115 mM, and a Hill coefficient of 1 (Supplementary Fig. 1).
The reduction of both foot duration and HHD suggests that ATP

reduces the stability of the fusion pore. If this is the case, manipulations
that influence fusion pore stability might alter the ability of ATP to
inhibit secretion. For example, dynamin is involved in the pinch-off of
endocytosed vesicles4,21,22 and thus may affect the termination of a
release event. Intracellular dialysis of a peptide derived from the
proline-rich domain of dynamin (dynPRD, 250 mg/ml), which com-
petitively inhibits endogenous dynamin function23, increased quantal
size, HHD and foot duration dramatically (Fig. 3). In the presence of
dynPRD, although quantal size, HHD and rise time were increased by
204 ± 18%, 300 ± 36% and 327 ± 24%, the amperometric spike
amplitude was reduced by 36 ± 8% (Fig. 3c,d and data not shown). In
the presence of intracellular dynPRD, quantal sizes were 0.56 ± 0.06 pC
(control), 1.14 ± 0.11 pC (dynPRD) and 1.12 ± 0.09 pC (dynPRD +
ATP). HHDs were 7.1 ± 0.7 ms (control), 21.3 ± 2.6 ms (dynPRD) and
20.6 ± 1.9 ms (dynPRD + ATP). Foot durations were 5.4 ± 0.2 ms
(control), 8.2 ± 0.3 ms (dynPRD) and 8.0 ± 0.3 ms (dynPRD + ATP).
Foot charges were 44 ± 4 fC (control), 261 ± 20 fC (dynPRD) and 256 ±
22 fC (dynPRD + ATP). This is consistent with a previous report using
anti-dynamin-IgG4. Importantly, dynPRD eliminated the ATP inhibi-
tion of quantal size, HHD and foot duration (Fig. 3c,d). In contrast,
intracellular dialysis of a scrambled control peptide (dynControl) was
without effect (Fig. 3a,b). In the presence of intracellular dynControl,
quantal sizes were 0.56 ± 0.06 pC (control), 0.54 ± 0.05 pC (dynCon-

trol, 8 min) and 0.27 ± 0.02 pC (dynControl + 100 mM ATP, 10 min).
HHDs were 7.1 ± 0.7 ms (control), 6.9 ± 0.5 ms (dynControl) and 4.8 ±
0.3 ms (dynControl + ATP). Foot durations were 5.4 ± 0.2 ms
(control), 5.2 ± 0.2 ms (dynControl) and 2.6 ± 0.2 ms (dynControl
+ ATP). Foot charges were 44 ± 4 fC (control), 42 ± 3 fC (dynControl)
and 12 ± 2 fC (dynControl + ATP). Finally, neither dynPRD nor
dynControl affected the ATP inhibition of ICa (data not shown). These
results strongly suggest that ATP reduces quantal size by reducing the
open time of the fusion pore.

PKC reverses ATP-induced inhibition of secretion

Acetylcholine (ACh) is the endogenous transmitter for chromaffin
cells14. Activating the muscarinic ACh receptor (mAChR) elevates
cytosolic Ca2+ (ref. 15) and evokes secretion in RACCs13. A 10-s
application of 100 mM MCh, a selective mAChR agonist, resulted in
a burst of amperometric spikes (Fig. 4a, left). Notably, in contrast to the
effect of ATP on caffeine- and ionomycin-induced secretion, ATP had
little effect on MCh-induced amperometric spikes (Fig. 4a, right).

Unlike the steps involved in caffeine- and ionomycin-evoked Ca2+

elevations, the mAChR activates a Gq protein that is coupled to a
phospholipase C-inositol 1,4,5-trisphosphate (PLC-IP3) pathway8.
This results in the parallel elevation of cytosolic IP3, leading to release
of Ca2+ from cytosolic stores and an increase in diacylglycerol, which
activates Ca2+-dependent PKC8. It therefore seemed possible that the
simultaneous activation of PKC by MCh could explain the lack of
inhibitory effects of ATP that we observed.

To test this possibility, we examined the ability of bisindolylmalei-
mide (BIS, 500 nM), a specific membrane-permeant PKC inhibitor, to
influence the ATP effects on MCh-induced secretion. In the presence of
BIS (Fig. 4b), MCh still induced bursts of amperometric spikes, but the
response was less, suggesting that the control response to MCh may
reflect both the elevation of cytosolic Ca2+ and an effect of PKC
activation on secretion. When the effect of ATP on MCh-evoked
secretion was examined in the presence of BIS, the integrated ampero-
metric spikes were inhibited by 55 ± 11% (Fig. 4b,d). In contrast, ATP
had no effect on the MCh-induced elevation of cytosolic Ca2+ in the
presence or absence of BIS (Fig. 4a, right, and data not shown). These
results suggest that the parallel activation of PKC can reverse the ATP
inhibition. Consistent with this idea, in the presence of 5 mM stauro-
sporine (a relatively nonspecific PKC inhibitor), ATP also inhibited
MCh-activated secretion (data not shown). Finally, 10 min pretreat-
ment with 200 nM phorbol 12-myristate 13-acetate (PMA), a mem-
brane-permeable agonist for PKC and presynaptic protein Munc13
(refs. 24,25), abolished the ability of ATP to inhibit caffeine-evoked
secretion (Fig. 4c,d). ATP inhibited 52 ± 9% (12.8 ± 2.1 pC versus 6.6 ±
0.7 pC) of caffeine-induced secretion (n4100), 9 ± 4% (22.1 ± 5.1 pC
versus 20.4 ± 5.5 pC) of MCh-induced secretion (n¼ 22) and 55 ± 11%
(12.2 ± 2.0 pC versus 5.4 ± 1.3 pC) of MCh-induced secretion when

dynControl

+ ATP

+ ATP

30 pA

100 pA

40 pA

5 s

0.4 s

2 s

I
amp

I
amp

Control

Control

Control

dynPRD

dynPRD

dynPRD

dynControl dynControl + ATP

dynPRD + ATP

Q
ua

nt
al

 s
iz

e 
(p

C
)

Q
ua

nt
al

 s
iz

e 
(p

C
)

H
H

D
 (

m
s)

H
H

D
 (

m
s)

F
oo

t d
ur

at
io

n 
(m

s)
F

oo
t d

ur
at

io
n 

(m
s)

F
oo

t c
ha

rg
e 

(f
c)

F
oo

t c
ha

rg
e 

(f
c)

0.0

0.5

0 0 0

00

5

0

10

20

0.0

0.5

1.0
200

20

40

2

4

6

5

a

b

c

d

Figure 3 ATP inhibition was eliminated by blocking dynamin function.

(a) Intracellular dialysis of a scrambled control peptide (dynControl,

0.5 mg/ml, 8–10 min) had no effect on the reduction of quantal size by ATP.

(b) Statistically, intracellular dialysis of dynControl did not change the ATP

effects on quantal size, HHD, foot duration and foot charge. Data from

seven cells. (c) The mutant dynamin peptide dynPRD eliminated the

reduction of quantal size by ATP. A typical Iamp trace showed that intracellular

dialysis of dynPRD increased quantal size and HHD, and eliminated the
reduction of quantal size by ATP. Inset shows the effect of dynPRD on

amperometric spikes at expanded time scale. (d) Statistically, dynPRD

eliminated the ATP effects on quantal size, HHD, foot duration and foot

charge. Data from 9 cells.
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cells were pretreated with 500 nM BIS (n ¼ 8). ATP inhibited 5 ± 9%
(17.1 ± 3.2 pC versus 15.6 ± 2.8 pC) of caffeine-induced secretion when
cells were pretreated with PMA (n ¼ 8). Taken together, these results
suggest that activation of PKC removes the inhibitory effects of ATP on
Ca2+-dependent secretion.

Activation of PKC in chromaffin cells directly increases the size of the
readily releasable pool9, essentially enhancing the rate of recruitment of
vesicles for secretion26. In our experiments, the possibility that PKC
eliminated the ATP inhibition by this mechanism could be ruled out, as
PKC reversed the ATP effect on both quantal size and amperometric
spike kinetics. In bovine chromaffin cells, PMA treatment also reduces
the size of digitonin (a non-physiological secretagogou)-induced
amperometric spikes27. In our experiments, however, PMA treatment
had no obvious effect on quantal size of caffeine-induced secretion
(Supplementary Fig. 2). We found that, like in bovine cells, PMA itself
reduced quantal size of digitonin-induced amperometric spikes in rat
cells (Supplementary Fig. 3). Thus, PMA has no effect on quantal size
if the release is induced by physiological stimuli. Analysis of the quantal
size of amperometric spikes evoked by MCh showed no difference in
the presence or absence of ATP. However, pretreatment with BIS to
inhibit PKC restored the ability of ATP to reduce quantal size during
MCh-evoked secretion. Consistent with this, pretreatment with PMA
eliminated the ATP-induced reduction of quantal size during caffeine-
evoked secretion (Fig. 4e). ATP inhibited 44 ± 12% (0.54 ± 0.04 pC
versus 0.31 ± 0.02 pC) of caffeine-induced quantal size (n ¼ 12), 2 ±
2% (0.53 ± 0.03 pC versus 0.53 ± 0.05 pC) of MCh-induced quantal
size (n ¼ 22), and 45 ± 8% (0.53 ± 0.03 pC versus 0.29 ± 0.03 pC) of
MCh-induced quantal size when cells were pretreated with 500 nM BIS
(n ¼ 8). PMA treatment eliminated the ATP inhibition in quantal size
(0.53 ± 0.04 pC versus 0.54 ± 0.04 pC, n¼ 8). PMA also eliminated the
ATP-induced changes in amperometric spike kinetics (HHD and foot
duration; Fig. 4f). Comparing amperometric spikes evoked by caffeine
+ ATP and caffeine + ATP + PMA, the HHDs were 4.8 ± 0.3 ms versus
6.2 ± 0.4 ms, and the foot durations were 2.6 ± 0.2 ms versus 5.2 ±
0.3 ms (n ¼ 8). In addition, like PMA, MCh eliminated the ATP-
induced changes in amperometric spike kinetics (data not shown).
Although PMA activates both PKC and Munc13 (refs. 24,25), the data
from BIS and staurosporine are consistent with the hypothesis that
PKC is responsible for the MCh effect on removing the ATP inhibition.
We conclude that PKC activation removes the inhibitory effect of ATP
on the fusion pore.

ATP mediated effects by P2Y receptor coupled to Gi/o

Caffeine-evoked secretion was inhibited by only�5 ± 5% by ATP in the
presence of reactive blue-2 (RB-2, 30 mM), an antagonist of P2Y
purinoceptors (Fig. 5a, left, and Fig. 5b). The inhibition of caffeine-
induced secretion by ATP was sensitive to pertussis toxin (PTX). In cells
from the same culture recorded on the same day, the extent of ATP-
mediated inhibition was 46 ± 9% (10.4 ± 1.6 pC versus 5.0 ± 2.1 pC,

n¼ 8) in controls, but 5 ± 5% (12.4 ± 2.8 pC versus 13.1 ± 1.9 pC, n¼
8) in RB-2, and �6 ± 4% (11.6 ± 3.3 pC versus 12.1 ± 3.5 pC, n¼ 14) in
PTX-treated cells (Fig. 5a, right, and Fig. 5b). PTX also reversed the
ATP-induced inhibition of ICa in the same batch of cells (data not
shown). Thus, the ATP-induced inhibition of secretion is mediated by a
PTX-sensitive Gi/o signaling pathway.

Although the ATP concentration (100 mM) used in our study is close
to the physiological level28, the relatively high concentration might have
had some nonspecific effect on quantal size. To exclude this possibility,
we used 2-methylsulfate ATP (2-MeS-ATP; 200 nM), a specific and
high-affinity P2Y agonist18, to confirm that P2Y is responsible for the
ATP inhibition of quantal size in RACCs. Indeed, 2-MeS-ATP
(200 nM) inhibited quantal size and amperometric spike kinetics to
the same extent as did ATP (100 mM) and had no effect on the caffeine-
induced [Ca2+]i transient (Supplementary Fig. 4).

We next evaluated whether the pathway underlying the inhibitory
effects of ATP on secretion is mediated by a or bg subunits of the Gi/o

protein. A primary effector pathway of the activated Gi/o a subunit is
suppression of the activation of adenylate cyclase, thereby reducing
cAMP and minimizing PKA activity8. To test the possible involvement
of adenylate cyclase in the ATP-mediated effects, cells were preincu-
bated with the cell-permeable cAMP/PKA reagents 8-bromine cAMP,
forskolin or H89 for 10–15 min. None of these compounds altered the
ATP inhibition of total secretion and quantal size, excluding the
involvement of a Gi/o a pathway (Fig. 5c). After 30 min preincubation
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Figure 4 Activation of PKC reverses the ATP-induced inhibition of secretion.

(a) 100 mM ATP had little inhibitory effect on secretion (left) and [Ca2+]i
elevation (right) elicited by 0.1 mM MCh (n ¼ 6). (b) In presence of 500 mM

BIS, ATP inhibited MCh-induced secretion in a representative cell. (c) After

pretreatment with 200 nM PMA for 10 min, the inhibitory effects of ATP

on caffeine-evoked secretion were eliminated in a representative cell.

(d) Summary of effects of ATP on secretion evoked by MCh in the absence or

presence of BIS. (e) Summary of effects of ATP on quantal size evoked by
MCh in the absence or presence of BIS and the effects of PMA on reduction

of quantal size by ATP. (f) PMA eliminated the effects of ATP on the kinetics

of amperometric spikes.
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with forskolin (50 mM, n ¼ 11), 8-bromine cAMP (8-Br cAMP,
100 mM, n ¼ 9) or H89 (10 mM, n ¼ 8), ATP inhibited 45 ± 10%
(17.9 ± 4.5 pC versus 9.9 ± 1.8 pC), 48 ± 12% (16.4 ± 3.6 pC versus 8.5
± 2.2 pC), and 51 ± 10% (11.5 ± 3.6 pC versus 5.4 ± 2.1 pC) of caffeine-
induced total secretion, respectively. The corresponding values for
quantal size were 0.33 ± 0.03 pC (forskolin), 0.30 ± 0.02 pC (8-Br
cAMP) and 0.32 ± 0.02 pC (H89). In Fig. 5c,d, ATP inhibited 52 ± 6%
of total secretion. Quantal size was 0.31 ± 0.02 pC in the presence of
ATP (control, n ¼ 100).
bg subunits of the trimeric Gi/o protein are known to activate second

messenger signaling pathways of adenylate cyclase II, phosphatidylino-
sitol 3-kinase (PI3K), phospholipase C-b2 (PLC-b2), serine/threonine
kinases and tyrosine kinases8,29,30. We therefore tested the effects of
pretreatment with LY294002 for PI3K, U73122 for PLC-b2, stauro-
sporine for serine/threonine kinase and K252A for tyrosine kinase.
None of these compounds influenced the ATP inhibition of total sec-
retion and quantal size, excluding the effector pathways listed above
from the ATP inhibition (Fig. 5d). After preincubation with U73122 (2
mM, puff for 3 min, n¼ 8), LY294002 (40 mM, 30 min, n¼ 11), K252A
(20 mM, 30 min, n¼ 9) or staurosporine (5 mM, 15 min, n¼ 13), ATP
inhibited 48 ± 12% (9.6 ± 3.5 pC versus 5.0 ± 1.8 pC), 50 ± 13% (10.3 ±
2.4 pC versus 5.1 ± 1.6 pC), 53 ± 14% (10.4 ± 2.8 pC versus 4.7 ± 1.4
pC) and 52 ± 8% (10.2 ± 2.5 pC versus 4.8 ± 0.8 pC) of caffeine-
induced secretion, respectively. The corresponding quantal size values
were 0.32 ± 0.03 pC (U73122), 0.29 ± 0.02 pC (LY294002), 0.27 ± 0.02
pC (K252A), and 0.31 ± 0.02 pC (staurosporine).

Direct role of Gbc subunits in inhibition of secretion

We next examined whether Gbg subunits directly participate in the
ATP-mediated inhibition of secretion. We used mSRIK, a membrane-
permeable peptide that binds to the Gbg subunit, to shield the
endogenous and activated Gbg subunits in chromaffin cells31,32. After
pretreatment with mSRIK (30 mM) for 30 min, ATP was unable to
reduce caffeine-induced secretion (Fig. 6a,b). It was possible that
mSRIK occluded the inhibitory effect of ATP by altering the activation
of PKC in some way, thereby mimicking the effect of MCh. To exclude
this possibility, we tested the effect of 500 nM BIS on the blockade
produced by mSRIK, but it was without effect (Fig. 6b). After
pretreatment with mSRIK, ATP inhibited only 9 ± 3% of
the caffeine-induced secretion (12.2 ± 2.6 pC versus 11.2 ± 1.8 pC,
n ¼ 13), but 500 nM BIS had no effect on the action of mSRIK on the
ATP inhibition (11 ± 4%; that is, 12.2 ± 2.6 pC versus 10.4 ± 2.3 pC) of
the caffeine-induced secretion (n ¼ 8).

To obtain additional evidence that Gbg subunits directly inhibit
secretion in RACCs, we dialyzed purified Gb1g2 subunits33 through the
whole-cell patch pipette. In control cells, there was no significant
reduction in secretion evoked by 1 s depolarization at 4-min intervals
(Fig. 6c, left traces). Whole-cell dialysis of Gb1g2 subunits (0.5 ng/ml) for
4 min reduced depolarization-induced secretion (Fig. 6c, right) by

reducing quantal size (Fig. 6d) by 69 ± 2% (from 0.61 ± 0.04 pC to 0.19
± 0.02 pC ) of control and by reducing ICa by 22 ± 4% of control (n¼ 5,
data not shown). Furthermore, Gb1g2 markedly reduced foot duration
by 44 ± 9% (from 5.7 ± 0.7 ms to 3.2 ± 0.2 ms), foot charge by 82%
(from 51 ± 6 fC to 9 ± 2 fC) and HHD by 26 ± 8% (from 6.3 ± 0.5 ms to
4.7 ± 0.6 ms) compared with the control, indicating that the fusion
pore is directly regulated by Gbg (Fig. 6d, n ¼ 5). The effects of Gbg on
quantal size, foot duration and HHD are not due to the reduction of
Ca2+ currents by Gb1g2, because these effects were also obtained when
caffeine or ionomycin, which increase [Ca2+]i without voltage-gated
Ca2+ channels, were used to trigger secretion (Figs. 6e,f). Gb1g2

subunits significantly reduced the evoked secretion, with quantal size
dropping from 0.61 ± 0.08 pC to 0.29 ± 0.04 pC, HHD from 6.3 ± 0.8
ms to 4.6 ± 0.6 ms, foot duration from 6.1 ± 1.3 ms to 1.5 ± 0.2 ms and
foot charge from 51 ± 9 fC to 7 ± 1 fC (n ¼ 3, P o 0.01 for all except
HHD, for which P o 0.05).

ATP and Gb1g2 subunits inhibited both depolarization-activated ICa

and quantal size (Figs. 1a and Fig. 6c). On average, ATP reduced the
number of depolarization-induced amperometric spikes and quantal
size by 53 ± 8% and 45 ± 3%, respectively (Supplementary Fig. 5). To
examine whether the small (22–25%) inhibition of ICa by ATP or Gbg
was responsible for the reduction of quantal size, cells were depolarized
from �70 mV to 0 mV or 30 mV for 0.5 s (Supplementary Fig. 5). In
these experiments, ICa and the number of amperometric spikes evoked
at 30 mV were 83 ± 5% and 55 ± 12%, respectively, of that at 0 mV,
while quantal size was similar at 0 mV and 30 mV. Thus, the reduced
quantal size was not due to the inhibition (by 22–25%) of the
depolarization-induced Ca2+ current by ATP or Gbg (Supplementary
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Figure 5 ATP inhibits secretion through activation of a Gi/o protein. (a) ATP

inhibited caffeine-induced secretion through the P2Y receptor by means of

a PTX-sensitive Gi/o protein. Traces show representative amperometric spike

traces induced by caffeine with or without ATP following pretreatment of the

cell with 30 mM RB-2 (left) or 250 ng/ml PTX (right) for 24 h. (b) Summary

of statistical data in a. (c) The effects of reagents that interfere with cAMP

metabolism on the ATP inhibition of caffeine-induced secretion and quantal

size. FOS, forskolin. CON, control (applying 0.1 mM ATP only). 8-Br,
8-bromine cAMP. (d) The effects of reagents that interfere with Gbg

metabolism on the ATP inhibition of caffeine-induced secretion and quantal

size. LY, LY294002. SSP, staurosporine. CON, control (as in c).
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Fig. 5 and Fig. 6). Taken together, these results support the idea that
ATP inhibits secretion via Gbg subunits that directly interact with the
fusion machinery in RACCs.

Opioids and somatostatin share the ATP inhibitory effect

In addition to ATP and its purinoceptors, chromaffin cells contain
m-opioid and somatostatin and their receptors, which inhibit ICa or
catecholamine secretion14,16. Similar to ATP activation of P2Y recep-
tors, both m-opioid and somatostatin receptors are known to selectively
activate Gi/o signaling pathways16,28,29,34. We therefore asked whether
activation of these receptors shares features of action with ATP. Our
results indicated that activation of both receptors inhibited secretion by
a mechanism that is shared with ATP receptor activation and is likely to
involve similar G protein signaling systems (Fig. 7). Somatostatin
reduced quantal size from 0.51 ± 0.04 pC to 0.25 ± 0.04 pC (n ¼ 14)
of that induced by caffeine but had no effect on quantal size of MCh-
induced amperometric spikes (0.52 ± 0.05 pC to 0.50 ± 0.05 pC, n¼ 8,
Fig. 7a). In addition, somatostatin inhibited 23 ± 2% (n¼ 7) of the ICa

and 74 ± 9% (12.1 ± 2.2 pC versus 3.1 ± 1.1 pC, n ¼ 7) of the
depolarization-induced secretion. Somatostatin inhibited 48 ± 5%
(11.4 ± 1.7 pC versus 5.9 ± 0.6 pC, n ¼ 12) of the caffeine -induced
secretion, 6 ± 4% (19.1± 4.2 pC versus 18.0 ± 0.7 pC, n ¼ 14)
of the MCh-induced secretion and 46 ± 7% (12.6 ± 2.2 pC versus
6.8 ± 0.8 pC, n ¼ 8) of the MCh-induced secretion after pretreatment
with 500 nM BIS (Fig. 7c).

DAMGO reduced quantal size from 0.52 ± 0.05 pC to 0.28 ± 0.04 pC
(n ¼ 13) of that induced by caffeine, but had no effect on quantal
size of MCh-induced amperometric spikes (0.52 ± 0.05 pC versus
0.53 ± 0.04 pC, n ¼ 9, Fig. 7b). In addition, DAMGO inhibited 25 ±
2% (n¼ 8) of ICa and 74 ± 8% (10.6 ± 2.1 pC versus 2.8 ± 0.8 pC, n¼
8) of the depolarization-induced secretion. DAMGO inhibited 54 ± 6%
(10.8 ± 2.0 pC versus 5.0 ± 0.6 pC, n ¼ 11) of the caffeine-induced
secretion, 3 ± 2% (21.2 ± 4.6 pC versus 20.6 ± 0.4 pC, n ¼ 13) of the
MCh-induced secretion and 44 ± 9% (11.4 ± 1.6 pC versus 6.4 ± 1.0

pC, n ¼ 9) of the MCh-induced secretion after pretreatment with
500 nM BIS (Fig. 7d).

Endogenous PTX-sensitive Gi/o inhibits quantal size

Having established that exogenous application of ATP, opioids or
somatostatin reduces quantal size by means of activation of a PTX-
sensitive Gi/o pathway, we next tested whether endogenous transmitters
released from a RACC would have a similar effect on quantal size. In
order to avoid the effect of gap junctions between adjacent cells, we
patch clamped an isolated cell (cell #1), and then lifted and placed it in
contact with cell #2. A CFE was then placed on cell #1 for combined
patch-clamp and amperometric recordings (Fig. 8a, right). In control
recordings, cell #1 was depolarized for 1 s, triggering a burst of
amperometric spikes (Fig. 8a, left). To test the possible effects of release
of endogenous transmitters on cell #1, immediately before applying a
second depolarizing pulse to cell #1, cell #2 was stimulated by local
application of 70 mM KCl. Subsequent to stimulation of cell #2, the
evoked transmitter release from cell #1 was smaller than the control,
and, in particular, quantal size was reduced by 48 ± 1% (from 0.54 ±
0.04 pC to 0.26 ± 0.03 pC, n¼ 12). Finally, after recovery, the secretion
evoked by the depolarizing step recovered to the control level.

It is likely that ATP, opioids or other endogenous ligands released
from cell #2 activated Gi/o pathways to cause inhibition in cell #1. This
hypothesis was confirmed by the observation that incubation of
chromaffin cell cultures with 250 ng/ml PTX for 24 h virtually
abolished the reduction of quantal size (Fig. 8b). When pretreated
with PTX, activating cell #2 resulted in a reduction of 5 ± 2% (from
0.54 ± 0.04 pC to 0.57 ± 0.04 pC, n¼ 8) of quantal size in cell #1. These
data indicate that endogenous transmitters activate Gi/o and reduce
quantal size in RACCs (Fig. 8c).

DISCUSSION

ATP, opioids and somatostatin can each selectively activate a Gi/o

pathway in RACCs and inhibit secretion by two separate mechanisms:
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inhibition of ICa and inhibition of the exocytotic machinery. Whereas
stimulation of the receptor(s) inhibits about only 25% of the total ICa,
depolarization-elicited secretion is inhibited by 80% (Fig. 1a; see also
ref. 35). In bovine chromaffin cells, inhibition of ICa seems to account
almost completely for inhibition of secretion by ATP18,28,34. Inhibition
of ICa is thought to be the major mechanism for presynaptic inhibi-
tion7. However, the present results show that direct inhibition of the
secretory machinery by a physiological Gi/o pathway (B45%) may be
of comparable importance to the inhibition of voltage-dependent Ca2+

channels (B55%) in RACCs (Supplementary Fig. 5).

Gbc subunits directly inhibit the secretory machinery

Scavenging of endogenous Gbg subunits by mSRIK, a membrane-
permeable Gbg-binding peptide31,32, eliminated the ability of ATP to
inhibit caffeine-evoked secretion. Although scavenging Gbg subunits
may have other effects on cell function, the result implicates Gbg
subunits in the ATP-induced effects. Furthermore, direct dialysis of

Gbg subunits into RACCs mimicked the effect of ATP on secretion and
amperometric spike kinetics.

Gbg subunits can modulate many cellular functions by a number of
distinct effector pathways, including AC II, PI 3-kinase, PLC-b2 and
several serine/threonine kinases and tyrosine kinases8. The failure of all
of the tested compounds to block the ATP-mediated inhibition further
supports the contention that a large number of signaling pathways are
not involved in this effect.

In lamprey spinal cord synapses, injection of Gbg into presynaptic
neurons inhibits neurotransmission downstream from presynaptic
voltage-gated Ca2+ channels independently of Gbg -regulated cytoplas-
mic messengers30. Although this is consistent with a direct effect of Gbg
on presynaptic vesicle-release proteins, it remains to be established
whether this is also a general feature of secretory processes in mam-
mals36. Furthermore, the mechanisms of the inhibitory effect (release
probability or fusion pore kinetics) on the lamprey synapses by Gbg
were unknown30. In the present work, we have demonstrated the
mechanism that Gbg inhibits secretion by reducing the open time of
the fusion pore in RACCs. Although we favor the idea that free Gbg
directly regulates fusion pore open time, we cannot exclude the
possibility that the apparent effect of Gbg could be caused by the
whole G protein complex (Ga + Gbg).

Gbc reduces the open time of the fusion pore

The reduction of quantal size resulting from the ATP inhibition and
Gbg action might arise from either inhibiting the refilling of vesicles; or
shortening the lifetime of the fusion pore. It seems unlikely that the
acute application of ATP (co-puffed with caffeine) should lead to a
rapid decrement in the average vesicle content. CFE measurements
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showed that ATP reduces foot duration and foot charge (Fig. 2).
Intracellular dialysis of Gbg subunits directly inhibited both quantal size
and foot duration (Fig. 6). The foot in an amperometric spike is
thought to reflect slow efflux of catecholamine through a fusion
pore3,12. Therefore, the reduction in foot duration argues that fusion
pore open time is reduced.

To further confirm that the ATP inhibition is by means of the fusion
pore, we tested the role of dynamin in the ATP inhibition. Dynamin is a
protein that is responsible for fission of endocytotic vesicles4,21,22.
Intracellular dialysis of mutant dynamin (dynPRD), which had lost
the GTPase activity necessary to close the fusion pore21,23, increased
fusion pore duration and eliminated the ATP effect on quantal size,
HHD and foot duration (Fig. 3). Note, although dynamin affects the
regeneration of endocytosed vesicles, it does not influence the para-
meters of amperometric spikes shown in Figure 3, because vesicle
regeneration should affect only the total number of evoked ampero-
metric spikes, but not the kinetics of single amperometric spikes
(quantal size, HHD, foot duration, foot charge). Thus, these dynamin
experiments provide additional evidence for the ATP effect on fusion
pore opening.

Reversal of the Gi/o-mediated inhibition by PKC

We found that despite the robust inhibitory effects of ATP on both
depolarization- and caffeine-evoked secretion, it had no effect on that
induced by MCh. However, both bisindolylmaleimide and staurospor-
ine treatment enabled ATP to inhibit the secretion evoked by MCh.
Furthermore, treatment with PMA reversed the ATP-mediated inhibi-
tion of caffeine-induced secretion. These results argue that activation of
PKC removes the ATP-induced inhibition of secretion in RACCs,
although the mechanisms by which it does this are unknown.

In chromaffin cells, intensive stimulation facilitates secretion by
means of activation of Ca2+-dependent PKC37. PKC activation
increases secretion strength by increasing the readily releasable pool
and accumulating vesicle recruitment9,26. In the present work, we
demonstrate another novel function of PKC activation; that PKC can
remove the Gi-mediated inhibition of fusion pore opening. Future
work should address the mechanisms by which PKC removes the
ATP inhibition.

METHODS
Culture of chromaffin cells. Rat adrenal medulla chromaffin cells (RACCs)

were prepared as described previously15,38. The use and care of animals in this

study complied with the guidelines of the Animal Advisory Committee at the

Shanghai Institutes for Biological Sciences.

Gb1g2 peptide was a gift from C. He (Second Military Medical University,

Shanghai)33. All other chemicals were from Sigma, except mSRIK, which was

from Calbiochem.

Electrophysiological methods. Voltage-gated membrane currents were

recorded using the nystatin perforated patch-clamp technique38. The holding

potential was �70 mV and the cell was depolarized to 0 mV for 0.5–2 s to evoke

secretion and current. For ICa recording, tetrodotoxin (100 nM) and

TEA (20 mM) were used to inhibit the Na+ and K+ currents, respectively. In

Figure 8a,b, as cell #1 was voltage-clamped at �70 mV, high KCl could not

depolarize it, but it induced an inward (KCl) current of about �20 pA. Thus,

there was no direct effect on secretion in cell #1 (data not shown).

A perfusion system (RCP-2B, INBIO) with a fast exchange time (o100 ms)

for electronic switching between seven channels was used to change the external

medium39. All experiments were carried out at room temperature (22–25 1C).

Data are given as mean ± s.e.m. The significance of differences was determined

using Student’s t-test (*P o 0.05, **P o 0.01).

Electrochemical amperometry. Highly sensitive, low-noise, 5-mm carbon fiber

electrodes (ProCFE, Dagan) were used for electrochemical monitoring of

quantal release of catecholamines from single RACCs as described previously3.

‘Foot’ analysis was as described previously3. The onset of the foot was

determined by a threshold of 5 s.d. above baseline, and the end of the foot

was determined by the onset of the major spike (Fig. 2b). In all ATP application

experiments, without preincubation, ATP was co-puffed with caffeine. For

analysis of the kinetic properties of amperometric spikes, only events 45 s.d.

were included. All the data were analyzed with Igor software (WaveMetrix) with

a custom-made macro program3.

[Ca2+]i measurements. To estimate changes in intracellular Ca2+, isolated

RACCs were incubated for 15 min in a bath solution containing 2 mM Fura-2/

AM (Molecular Probes) at 37 1C. Intracellular Ca2+ concentration [Ca2+]i was

measured by dual-wavelength ratiometric fluorometry. The Fura-2 was excited

with light alternating between 340 and 380 nm using a monochromator-based

system (TILL Photonics), and the resulting fluorescence signals were measured

using a cooled CCD. Relative changes in [Ca2+]i were calculated from the ratio

of F340 to F380, which were sampled at 1 Hz by fluorescence CCD imaging of a

single cell39. The image data were transferred and analyzed by Igor software

(WaveMetrix).

Note: Supplementary information is available on the Nature Neuroscience website.
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