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The hypothesis whether a-latrotoxin (LTX) could directly
regulate the secretory machinery was tested in pancreatic
b cells using combined techniques of membrane capacitance (Cm) measurement and Ca2+ uncaging. Employing
ramp increase in [Ca2+]i to stimulate exocytosis, we found
that LTX lowers the Ca2+ threshold required for exocytosis
without affecting the size of the readily releasable pool
(RRP). The burst component of exocytosis in response to
step-like [Ca2+]i increase generated by flash photolysis of
caged Ca2+ was also speeded up by LTX treatment. LTX
increased the maximum rate of exocytosis compared with
control responses with similar postflash [Ca2+]i and shifted
the Ca2+ dependence of the exocytotic machinery toward
lower Ca2+ concentrations. LTXN4C, a LTX mutant which
cannot form membrane pores or penetrate through the
plasma membrane but has similar affinity for the receptors as the wild-type LTX, mimicked the effect of LTX.
Moreover, the effects of both LTX and LTXN4C were independent of intracellular or extracellular Ca2+ but required
extracellular Mg2+. Our data propose that LTX, by binding
to the membrane receptors, sensitizes the fusion machinery to Ca2+ and, hence, may permit release at low [Ca2+]i
level. This sensitization is mediated by activation of protein kinase C.
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The black-widow spider neurotoxin a-latrotoxin (LTX)
causes massive stimulation of neurotransmitter release
by exocytosis after binding to specific high-affinity membrane receptors (1,2). Several structurally and functionally
unrelated membrane receptors for LTX have been proposed. The first receptor discovered was neurexin (3,4),
which binds LTX only in the presence of Ca2þ. As LTX was

known to act in the absence of Ca2þ, this led to the
eventual discovery of a Ca2þ-independent receptor for
LTX (CIRL); or latrophilin (5,6). Latrophilin is a seventransmembrane protein that belongs to the secretin/
calcitonin family of G protein-coupled receptors (7,8).
Recently, a third receptor for LTX, protein tyrosine phosphatase s (PTPs), has been described that binds toxin in a
Ca2þ-independent manner (9). However, the fact that LTX
exhibited only minor residual activity in the neurexin and
latrophilin double knockout mice suggests that PTPs
might represent a minor receptor for LTX (10).
The mechanism of action of LTX has been elusive. LTX
has long been known to form Ca2þ-permeable nonselective pores in the plasma membrane (11). LTX forms
dimers in solution that may assemble further into tetramers or higher order oligomers in the presence of divalent
cations; the tetramers can insert themselves into the
membrane (12). However, when triggering exocytosis,
the toxin does not simply act as an ionophore for Ca2þ.
Evidence is accumulating that LTX is still active in the
absence of extracellular Ca2þ (13,14), suggesting an additional, Ca2þ-independent mechanism. It is generally
believed that the major Ca2þ-dependent effect is due to
the Ca2þ entry through the toxin pore, whereas the Ca2þindependent effect results from receptor-mediated signaling.
The binding of the toxin to latrophilin has been proposed to
induce IP3 generation via activation of phospholipase C (PLC)
and stimulate release of Ca2þ from intracellular stores (15). It
has been proposed that the mobilization of intracellular Ca2þ
plays a pivotal role in mediating the effect of the toxin (15,16).
However, this transduction pathway actually requires
extracellular Ca2þ (16,17), and it is argued that the Ca2þindependent effect of LTX cannot be due to signaling from
latrophilin to Ca2þ stores (for review see 18). Instead, it has
been proposed that the vesicular exocytosis triggered by LTX
in the absence of Ca2þ might be due to its membrane penetration and/or pore formation. It is unclear whether the membrane penetration of the toxin could directly modulate the
secretory machinery and, hence, trigger exocytosis, as
hypothesized recently (19).
The general exocytotic machinery seems to be conserved
in exocytosis of large dense core vesicles (LDCVs) in
endocrine cells (20–22) and synaptic vesicles in neuronal
cells. LTX has also been shown to be effective in mediating Ca2þ-independent exocytosis of LDCVs from pancreatic b cells (23), pituitary gonadotropes (24) and chromaffin
cells (25). Elucidation of the mechanism of LTX action will
probably lead to significant insights into how exocytosis
is controlled. In the current study, we explore the
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To verify the source of [Ca2þ]i elevation induced by LTX,
we monitored the whole-cell membrane current and
[Ca2þ]i simultaneously from voltage-clamped (holding
potential 70 mV) b cells. We observed flickering of
inward current accompanied by concurrent changes in
[Ca2þ]i (data not shown), which is consistent with the
pore-forming capability of LTX. To estimate the unitary
conductance, we measured the amplitude of unitary LTXinduced current from individual cells that were held at
potentials of 40, 70 and 100 mV. Three typical examples of current records at different clamped voltages are
shown in Figure 2A. Figure 2B plots the unitary current
amplitude as a function of the membrane potential. These
data suggest that the LTX-induced current in b cells has a
unitary conductance of 0.13 nS in our bath solution, and
the current reverses at 4.8 mV. To further test whether
the extracellular Ca2þ is necessary for the [Ca2þ]i elevation
induced by LTX, we compared the [Ca2þ]i elevation
induced by LTX in the presence and absence of extracellular Ca2þ. As shown in Figure 2C, in standard bath solution, LTX elevated [Ca2þ]i from 85  8 nM to a mean peak
value of 445  44 nM, whereas in Ca2þ-free bath solution,
no significant [Ca2þ]i elevation could be induced by LTX.
These results suggest that LTX induced [Ca2þ]i rise in
pancreatic b cells via formation of Ca2þ-permeable pores,
as previously suggested (11,24).
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Results
LTX induces Ca2+ influx via pore formation
In standard bath solution containing 2.6 mM Ca2þ, application of LTX triggered significant [Ca2þ]i elevation in rat
pancreatic b cells as assayed by the fluorescence ratio of
fura-2 excited at 340 and 380 nm. Figure 1A shows four
typical responses induced by different concentrations of
LTX (10 pM, 100 pM, 500 pM and 3 nM). It is evident that
the effect of LTX on D[Ca2þ]i elevation is dose dependent.
Figure 1B plots the increment in [Ca2þ]i (D[Ca2þ]i) as a
function of the concentration of LTX. The EC50 of LTX on
[Ca2þ]i in b cells was estimated to be 0.16 nM, and the
maximum effect was achieved at 3 nM. In the following
experiments, we thus employed LTX at a concentration of
3 nM to test its effect on exocytosis.
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mechanism of the Ca2þ-independent action of LTX on
exocytosis in primarily cultured pancreatic b cells and
test the hypothesis whether LTX could directly regulate
the secretory machinery. Using combined techniques of
membrane capacitance (Cm) measurement and Ca2þ
uncaging, we show that LTX accelerates the fusion
kinetics of the readily releasable pool of vesicles (RRP),
and this modulation of the release machinery does not
require extracellular Ca2þ. The effect is mimicked by a
LTX mutant, LTXN4C, which cannot form membrane
pores and interact with the fusion machinery (26,27), indicating that the toxin sensitizes exocytosis to Ca2þ indirectly, by activating a receptor-mediated mechanism.
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Figure 1: LTX induces [Ca2+]i elevation in the presence of
extracellular Ca2+. A) Four examples of LTX’s effect on [Ca2þ]i
at indicated toxin concentrations. [Ca2þ]i was assayed by the ratio
of fura-2 fluorescence with alternating excitation at 340 and
380 nm. Note that as the concentration of LTX increases, so
does the increment in [Ca2þ]i. LTX was perfused throughout the
experiment starting from the times indicated by arrows. B) Dose
dependence of LTX’s effect on the [Ca2þ]i increase (D[Ca2þ]i).
Data were averaged from five to nine cells. The maximal effect
of LTX is achieved at 3 nM.

LTX lowers the Ca2+ threshold required for exocytosis
To avoid the drastic effect of Ca2þ influx through the LTX pores,
we performed the following experiments in bath solution containing 1 mM EGTA and 1.2 mM Mg2þ with no added Ca2þ.
Identifying mechanisms of LTX effects on exocytosis is
complicated by the range of possible targets that may contribute in concert. In the present study, we simplified the task by
photoreleasing intracellular Ca2þ from a caged Ca2þ compound [DM-nitrophen (DMN)] as the stimulus. Using Cm as a
measure of exocytosis and simultaneously monitoring [Ca2þ]i
changes generated by Ca2þ uncaging, we could test the
influence of LTX on the fusion apparatus. We first employed
the ramp [Ca2þ]i stimulation generated by continuous UV
Traffic 2005; 6: 1–10
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Figure 2: LTX induces Ca2+ influx via pore formation in the
presence of extracellular Ca2+. A) LTX-induced channel currents
were recorded in the whole-cell patch-clamp mode during the
initial phase of pore formation. Example traces at three different
pipette potentials (40, 70 and 100 mV) are displayed. The
input resistance under the recording conditions ranged from 1 to
2 GO. B) Current-voltage relation of the LTX-induced unitary current. The data points at different pipette potentials were mean
values of the unitary amplitude of LTX-induced current obtained
from four cells. The dotted line is a linear fit with a slope of
0.13 nS and an X-intercept of 4.8 mV. C) Summary of the peak
[Ca2þ]i before and after LTX (3 nM) treatment in the presence and
absence of extracellular Ca2þ. LTX-induced [Ca2þ]i elevation is
abolished after removal of extracellular Ca2þ.**Significant difference (p < 0.01, t-test) compared with control condition.

illumination. As shown in Figure 3A, the steady UV illumination
released Ca2þ from caged Ca2þ continuously, increasing
[Ca2þ]i gradually by several mM within seconds. The plasma
membrane area (recorded as Cm) remained constant at the
beginning when [Ca2þ]i was low but at a certain point took off
rapidly. Then with depletion of the RRP, the change of Cm
slowed down. To quantify the effects of LTX, we took the
[Ca2þ]i level at the half-maximal rate of exocytosis
([Ca2þ]Rmax/2) as our index of the [Ca2þ]i sensitivity of exocytosis. To estimate the RRP size, we fitted a straight line to the
last slow phase of the Cm increase and extrapolated it back to
the time when the half-maximal rate was reached. The calculated difference (DCm) between this extrapolated level and the
baseline Cm was our measure of RRP size. As shown in
Figure 3B, LTX did not significantly increase the RRP size
measured this way (control, 221  14 fF; LTX, 251  30 fF).
In contrast, LTX reduced the [Ca2þ]Rmax/2 for exocytosis from
2.9  0.3 mM in control cells to 1.1  0.3 mM in cells treated
with LTX (Figure 3C), suggesting that LTX increases the Ca2þ
sensitivity of exocytosis.
LTX accelerates the kinetics of the exocytotic burst
To validate conclusions drawn from our [Ca2þ]i ramp
experiments, we used flash photolysis of caged Ca2þ to
Traffic 2005; 6: 1–10

raise [Ca2þ]i in a step-like manner. The [Ca2þ]i step elicits a
burst of exocytosis followed by a slow continuous component as previously demonstrated (28,29). To compare the
kinetics of exocytosis at similar [Ca2þ]i levels, we averaged the burst components from experiments with similar
postflash [Ca2þ]i values (measured 20 ms after the flash)
between 2 and 3 mM (mean [Ca2þ]i values were control,
2.8  0.03 mM, n ¼ 4; LTX, 2.7  0.1 mM, n ¼ 6). As
shown in Figure 4A, LTX treatment speeds up the burst
component. We fitted the averaged burst component with
single exponentials and obtained rate constants of 5/second
and 18/second for control and LTX-treated groups, respectively. We also analyzed the maximum rate of exocytosis
from individual responses with postflash [Ca2þ]i between
3 and 4 mM. The maximum rate of exocytosis was
estimated by dividing the increment of Cm at time t/2 by
Dt ¼ t/2, where t is the time constant from the exponential fit of the burst component. As shown in Figure 4C,
LTX increased the maximum rate of exocytosis from
762  117 fF/second (n ¼ 16) in control cells to
1621  257 fF/second (n ¼ 15). The corresponding mean
[Ca2þ]i levels were 3.5  0.1 and 3.6  0.1 mM for control
and LTX-treated cells, respectively. In contrast, the RRP
size was not vastly affected by LTX (Figure 4B).
We further plotted the rate constants for exponential fits of
exocytotic bursts against postflash [Ca2þ]i levels for control
and LTX-treated cells, which gives the Ca2þ dependence of
the RRP fusion. As shown in Figure 5, LTX shifts the Ca2þ
dependence towards lower Ca2þ concentrations, confirming the conclusion from the Ca2þ ramping experiments
above that LTX sensitizes the exocytosis of the RRP to
Ca2þ. Every point in the Figure 5 denotes the averaged
rate constants, and [Ca2þ]i levels of 4–6 points derived
from individual responses with similar [Ca2þ]i.
Abolition of the LTX effect on exocytosis in the
absence of both Ca2+ and Mg2+
LTX triggers exocytosis only after binding to its membrane
receptors. Divalent cations such as Ca2þ and Mg2þ have
been demonstrated to be important for the function of
LTX. It has been shown that neurexin binds LTX only in
the presence of Ca2þ (30,31) and therefore cannot participate in the toxin action described above. Surprisingly, the
Ca2þ-independent receptor for LTX, latrophilin, also seems
to critically require extracellular Ca2þ to mediate exocytosis stimulation by LTX. On the other hand, in the absence
of Ca2þ, Mg2þ has been shown to facilitate toxin tetramerization and pore formation. Mg2þ is also required for
LTX-stimulated release in Ca2þ-free conditions (32). To
test whether the above effect of LTX on the kinetics of
exocytosis required Mg2þ in the absence of Ca2þ, we
repeated the same experiment in the bath solution in the
absence of both Ca2þ and Mg2þ. We found that the effect
of LTX was abolished when both Ca2þ and Mg2þ were
omitted from the bath solution in the presence of 1 mM
EGTA. As shown in Figure 6A, the averaged burst components exhibit indistinguishable kinetics between control
3
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Figure 3: LTX lowers the Ca2+ threshold for exocytosis. A) Steady UV illumination generates ramp [Ca2þ]i increases with intracellular
caged Ca2þ and measures [Ca2þ]i by using a Ca2þ indicator, fura-6F. Simultaneous time courses of [Ca2þ]i, membrane capacitance (Cm)
and the rate of exocytosis for a single control b cell (left) and for a LTX-treated b cell (right). The rate of exocytosis was derived from the
derivative of Cm trace (gray noisy trace) and fitted with a polynomial function (smooth line), from which we measure the [Ca2þ]i level at
the half-maximal rate ([Ca2þ]Rmax/2). The vertical dotted lines indicate the time when the half-maximal exocytosis rate is reached. We
fitted a straight line (dashed line) to the last slow phase of the Cm increase and extrapolated it back to the time when the half-maximal
rate was reached. The difference (DCm) between this extrapolated level and the baseline Cm was our measure of RRP size. B) LTX exerts
no significant effect on the RRP size. C) LTX significantly reduces the calcium threshold (measured as [Ca2þ] Rmax/2) for exocytosis.
**Significant difference (p < 0.01, t-test) compared with control condition.

and LTX-treated cells. The mean RRP size and the maximum rate of exocytosis are also unchanged by LTX
(Figure 6B,C). This result demonstrates that the action of
LTX on the fusion machinery actually needs extracellular
divalent cations.

LTXN4C accelerates the kinetics of the exocytotic burst
It is usually very difficult to study any intracellular reactions
of LTX in the presence of the toxin pores, whose effect
might be much stronger. To avoid this complication and
also to distinguish any possible direct interaction of LTX
with the release machinery from its receptor-mediated
actions, we have taken the advantage of the recently
developed mutant toxin, LTXN4C. LTXN4C binds to the
receptor with similar affinity as the wild-type toxin, but
4

neither forms pores nor penetrates through the plasma
membrane (17,26,27).
We performed the same experiments as done with wildtype LTX to assess the effect of LTXN4C on exocytosis.
The Cm responses to similar [Ca2þ]i steps were averaged
for control and LTXN4C-treated cells. As displayed in
Figure 7A, LTXN4C accelerates the kinetics of the averaged
exocytotic burst. With similar mean [Ca2þ]i values of
2.8  0.03 (n ¼ 4) and 2.7  0.05 mM (n ¼ 9) for control
and LTXN4C-treated cells, respectively; the rate constant of
exponential fit to the burst component was increased
from 5/second to 16/second by LTXN4C treatment.
LTXN4C also shifted the Ca2þ dependence of the rate constants toward lower Ca2þ concentrations, as shown in
Figure 7B. In addition, LTXN4C increased the maximum
Traffic 2005; 6: 1–10
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Figure 4: LTX accelerates the kinetics of the exocytotic
burst. A) Averaged [Ca2þ]i and membrane capacitance (Cm)
changes (DCm) for Control and LTX-treated cells (3 nM), summarizing experiments that had postflash [Ca2þ]i values between 2 and
3 mM. Superimposed curves are single exponential fits with the
rate constants indicated. B) RRP size is not significantly changed
by LTX pretreatment. C) LTX increases the maximum rate of
exocytosis. The maximal rate of exocytosis is obtained by dividing
the change of capacitance (DCm) at time t/2 by Dt ¼ t/2, where t
is the time constant from the exponential fit of the exocytotic
burst.

rate of exocytosis compared with control responses with
similar postflash [Ca2þ]i (Figure 7D), without significantly
affecting the RRP size (Figure 7C).

Sensitization of the secretory machinery by LTX
involves activation of protein kinase C
Activation of latrophilin by LTX has been suggested to
stimulate the production of IP3 and diacylglycerol (DAG).
DAG is known to activate protein kinase C (PKC) as well as
Munc13 (33,34). To determine which of these pathways is
involved in the stimulatory effect of LTX, we included 1 mM
Gö6983, a specific inhibitor of PKC, in the patch pipette
and performed the exocytosis assay stimulated by ramp
[Ca2þ]i increase. The reason to use ramp [Ca2þ]i stimulation is that both the RRP size and the Ca2þ threshold for
exocytosis can be estimated simultaneously during stimulation of a single cell. As shown in Figure 8, intracellular
Traffic 2005; 6: 1–10

2

3

4

2+]

[Ca

n = 15

n = 60

300

1

i

5

6

7 8 9

10

(µM)

Figure 5: LTX increases the Ca2+ sensitivity of release. The
rate constants of exponential fits to the exocytotic bursts with
similar postflash [Ca2þ]i levels are averaged and plotted versus
[Ca2þ]i levels for control (circles) and LTX-treated (filled triangles,
3 nM for 2–3 min) pancreatic b cells. Every point represents the
averaged rate constant and [Ca2þ]i levels of 4–6 points derived
from individual responses with similar [Ca2þ]i.

dialysis of Gö6983 blocked the effect of either LTX or
LTXN4C in lowering the Ca2þ threshold for exocytosis.
PKC19-31, a pseudosubstrate peptide that interacts with
the PKC substrate binding site in the catalytic domain, also
abolished the effect of LTX when included (1 mM) in the
pipette solution (data not shown). These results suggest
that PKC activation is required for the receptor-mediated
modulation of the secretory machinery by LTX.

Discussion
As LTX affects the release of all types of neurotransmitters (35) as well as hormones, it is likely to target an
essential and ubiquitous component of the secretory
machinery. Hence, the mechanism of action of the toxin
has been intensively investigated (for review see 36).
Multiple mechanisms of action have been suggested for
LTX, but has been difficult to elucidate the exact mechanism underlying the action of LTX under specific conditions.
The main problem is the complex mode of action of LTX,
which may also vary between the different systems used
to study exocytosis. First of all, the toxin binds to receptors and could activate them. Then LTX inserts itself into
the plasma membrane and forms stable non-selective
cation channels (37–39). The influx of Ca2þ through the
cation channels causes massive Ca2þ-dependent exocytosis
(11). Because the toxin partially penetrates the cell
membrane, it might also directly affect the exocytotic
apparatus. The aim of this study was to investigate the
receptor-mediated effect versus direct modulation on
secretory machinery by LTX.
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However, it is very hard to study any receptor signaling or
direct interaction with secretory machinery in the presence of the toxin pores, whose effect is usually much
stronger. Therefore, it is very important to design experiments to separate the receptor- and pore-mediated
effects of LTX. Although the pore can be blocked by
trivalent ions, they often block the Ca2þ channels and do
not allow investigating the Ca2þ-evoked exocytosis. In this
study, we have blocked the Ca2þ influx through the pores
by incubating the cells in nominally Ca2þ-free bath solution. Exocytosis was evoked by photorelease of Ca2þ via
photolysis of caged Ca2þ. The advantage of the photolysis
technique is that it generates well-controlled homogeneous elevation of intracellular Ca2þ concentration,
which avoids the complication of pore-mediated Ca2þ
influx or the modulation of the Ca2þ signaling by LTX.
Thus, the effects of LTX on secretory machinery can be
directly assessed. LTX has also been postulated to cause
efflux of neurotransmitters through toxin pores (15,17,40),
which further complicated the interpretation of the stimulatory effect of LTX. However, this mechanism will not be
reflected in the current study, because we employed the
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Figure 7: LTXN4C accelerates the kinetics of the exocytotic
burst. A) Averaged [Ca2þ]i and membrane capacitance changes
(DCm) for Control and LTXN4C-treated cells (3 nM), summarizing
experiments that had postflash [Ca2þ]i values between 2 and
3 mM. Superimposed curves are single exponential fits with the
rate constants indicated. B) Rate constants for exponential fits to
the exocytotic burst with similar postflash [Ca2þ]i levels are averaged and plotted versus [Ca2þ]i levels for control (circles) and
LTXN4C-treated (filled triangles, 3 nM for 2–3 min) pancreatic b
cells. C) RRP size is not significantly changed by LTXN4C pretreatment. D) LTXN4C increases the maximum rate of
exocytosis.**Significant difference (p < 0.01, t-test) compared
with control condition.

Cm measurement to monitor the membrane surface
change caused by fusion of secretory vesicles. To further
ascertain the role of receptor signaling, we have utilized a
mutant toxin, termed LTXN4C, which contains a small insert
Traffic 2005; 6: 1–10
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with control condition.

within the domain responsible for the formation of the ringlike tetramers (12). As a result, LTXN4C is unable to form pores
but retains the ability to induce receptor signaling and cause
massive release in several secretory systems (16,27). This
mutant has an additional advantage that it cannot directly
interact with the exocytotic apparatus.
Through a combination of the methods of Ca2þ uncaging
and Cm measurement, as well as the blockade of Ca2þ
influx and the use of LTXN4C, we have restricted our
analysis to the effect of receptor-mediated signaling on
exocytosis. Latrophilin has been implicated as the main
signaling receptor for LTX and LTXN4C. Latrophilin is a G
protein-coupled receptor thought to be linked to Gaq/11
(41). The downstream effector of Gaq/11 is PLC. LTXactivated PLC stimulates hydrolysis of phosphoinositides
and increases the cytosolic concentration of IP3 (26). IP3 in
turn induces release of Ca2þ from the intracellular stores.
It has been suggested that mobilization of intracellular
Ca2þ appears to play a pivotal role in mediating the stimulatory effect of LTX. LTXN4C has been demonstrated to
increase the rate of spontaneous exocytosis and the
amplitude of evoked release (16). This effect can be abolished by both inhibiting IP3-induced Ca2þ release and by
depleting Ca2þ stores with thapsigargin (16,17). Chelation
of cytosolic Ca2þ by membrane permeable BAPTA-AM
also blocks the LTXN4C action. Finally, LTXN4C was directly
shown to induce a rise in the presynaptic [Ca2þ]i (16).
Traffic 2005; 6: 1–10

However, in the current study, intracellular Ca2þ stores
probably play a less prominent role in the sensitization of
the release machinery, because caged Ca2þ used in the
flash experiments would act as a strong, although slow,
Ca2þ chelator to buffer Ca2þ fluctuations. Moreover, we
have shown that LTX fails to generate any obvious Ca2þ
signal in the absence of extracellular Ca2þ. Similar results
have been obtained previously indicating that LTX cannot
induce [Ca2þ]i elevation in Ca2þ-free solution in INS-1 cells
and pituitary gonadotropes (23,24). These results suggest
that a mechanism other than Ca2þ mobilization might also
participate in mediating the stimulatory effect of LTX on
exocytosis.
LTX has been shown to trigger exocytosis even in the
absence of extracellular Ca2þ and when the intracellular
Ca2þ is strongly buffered (24). The mechanism underlying
the Ca2þ-independent action of LTX remains to be established. Using protection from proteolysis, it has been suggested that the insertion of LTX into the plasma
membrane after receptor binding results in protection of
the N-terminal sequences (19). It was postulated that the
internalized N-terminal part of the toxin could exert a direct
fusogenic effect on the secretory machinery. While this
hypothesis sounds fascinating, there is virtually no evidence to support a direct modulation of the secretory
machinery by LTX. It is believed that the identification of
the molecular targets for LTX would lead to significant
insight into how exocytosis is mediated.
In the current study, we have been able to check, for the
first time, whether LTX affects the kinetics of the fusion
event in pancreatic b cells. Upon step-like [Ca2þ]i elevation
by flash photolysis, exocytosis proceeds with an initial,
rapid exocytotic burst followed by a slower, sustained
phase. The initial burst component is believed to represent
the fusion of the readily releasable vesicles. The kinetics
of the burst component may, thus, reflect the processes
of Ca2þ binding and unbinding to the so-called Ca2þ sensor
and the final fusion. We have shown that LTX accelerates
the kinetics of the exocytotic burst, suggesting that
LTX might affect the fusion machinery to increase its
Ca2þ sensitivity. This idea is further supported by our
Ca2þ ramp experiment, where we showed that the
[Ca2þ]i threshold required for exocytosis is lowered by
LTX treatment.
It is, thus, plausible that LTX might transform the readily
releasable vesicles into a highly Ca2þ-sensitive state by
interacting directly or indirectly with the fusion machinery.
The internalized part of the toxin might mediate a direct
interaction. However, by using the mutant toxin, we
demonstrate unequivocally that the effect of LTX is
mediated by an indirect signaling pathway generated
upon binding of the toxin to its membrane receptor. It
should be noted that while PLC activation downstream
of latrophilin stimulates the production of IP3, it also produces DAG. DAG has been known as an endogenous
7
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activator of PKC as well as Munc13 (33,34). By employing
a specific inhibitor of PKC (Gö6983), which does not block
the function of Munc13, we have shown that the sensitization of the secretory machinery is mediated by PKC
activation. This is consistent with a recent finding that
PKC activation stimulates the appearance of a highly
calcium sensitive pool (HCSP) of vesicles in b cells
(29,42). Indeed, the kinetics of fusion after LTX treatment
closely resembles that of HCSP.
In a previous study, a role of PKC has been implicated in
the action of LTX in permeabilized chromaffin cells (43).
However, the study proposed that PKC activation is not
due to receptor-mediated activation of PLC pathway, but
rather requires high micromolar Ca2þ that directly enters
permeabilized cells. Hence, the previous data do not support a receptor-mediated signaling pathway but rather
propose a secondary activation of PKC through Ca2þ
entry from the LTX pore (43). It remains to be established
whether the receptor-mediated signaling pathway exists
in intact cells, which may reflect the physiological function
of the still unknown endogenous ligand for latrophilin.
Moreover, it remains to be established how the receptormediated signaling pathway affects exocytosis in intact
cells. Our results suggest a receptor-mediated activation
of PKC by latrophilin and subsequent sensitization of the
secretory machinery. Given the third-power to fourthpower dependence of exocytosis on intracellular free
Ca2þ concentration, even a small change in the Ca2þ
sensitivity could have large effects on the overall exocytotic rate. Extrapolation of the graph in Figure 5 indicates
that the release rate may be increased even at the resting
Ca2þ level (100 nM). It must be pointed out, however, that
the rate of release under these conditions would be too
low (less than 1 event/second) to be detected in our
experiments, because slow increases in Cm would be
compensated by endocytosis. Hence, sensitization of the
fusion machinery to Ca2þ provides an explanation for the
long-recognized Ca2þ-independent stimulation on exocytosis by LTX from intact cells, to permit release at low
[Ca2þ]i.

(Gibco), 100 mg/mL of penicillin and 100 mg/mL of streptomycin (Gibco).
The normal bath solution for experiments contained 138 mM NaCl, 5.6 mM
KCl, 1.2 mM MgCl2, 2.6 mM CaCl2, 5 mM D-glucose and 10 mM HEPES
(pH 7.4 adjusted with NaOH). The Ca2þ free external bath solution consisted
of similar components, except CaCl2 was substituted for 1 mM EGTA. All
experiments were performed at 32–33  C on cells with diameter of 11–
12 mm. Conservatively, these cells had a >80–90% probability of being b
cells (45). Sometimes, we have verified our selection by the presence of KATP
channels and by the [Ca2þ]i responses to glucose.

Ca2+ uncaging and [Ca2+]i measurement
[Ca2þ]i was measured by dual-wavelength excitation (340/380 nm) microfluorometry using either fura-2 or fura-6F as Ca2þ indicators. In some
experiments, b cells were loaded by incubation with fura2-AM for 15 min
at 37  C in culture medium. Homogeneous [Ca2þ]i elevation was generated by photolysis of caged Ca2þ and DMN. Flashes of UV light and
fluorescence-excitation light were generated as described (46). We used
5 mM DMN-containing internal solutions consisting of 110 mM CsCl, 5 mM
DMN, 2 mM NaCl, 4.7 mM CaCl2, 2 mM ATP, 0.3 mM GTP, 0.2 mM fura-6F and
35 mM HEPES. The basal [Ca2þ]i was measured to be approximately
200 nM by fura-2. Internal solutions were adjusted to pH 7.2 with either
HCl or CsOH. [Ca2þ]i was calculated from the fluorescence ratio according
to the equation: [Ca2þ]i ¼ Keff  (R  Rmin)/(Rmax  R), where Keff, Rmin
and Rmax are constants obtained from intracellular calibration as previously
described (46). DMN, fura-2 and fura-6F were purchased from Molecular
Probes (Eugene, OR, USA). Unless otherwise stated, all agents were
purchased from Sigma (St.Louis, MO, USA).

Cm measurement
Conventional whole-cell recordings used sylgard-coated 2–3 MO pipettes.
Series resistance ranging from 5 to 12 MO was included in the analysis. An
EPC-9 patch-clamp amplifier was used together with PULSE þ LOCK-IN software (HEKA Elektronics, Lambrecht, Germany). A 1042-Hz, 20-mV peak-topeak sinusoidal voltage stimulus was superimposed on a holding potential
of 70 mV. Currents were filtered at 2.9 kHz and sampled at 15 kHz.
To quantify the Ca2þ threshold for exocytosis, we obtained the rate of
exocytosis from the derivative of Cm trace and fitted it with a polynomial
function, from which we measure the [Ca2þ]i level at the half-maximal rate.
To minimize the influence of the sustained component on the accurate
determination of the RRP size, we fitted a straight line to the last slow
phase of the Cm increase and extrapolated it back to the time when the
half-maximal rate was reached. The difference (DCm) between this extrapolated level and the baseline Cm was our measure of RRP size (47, see
also Figure 3).

Statistical analysis

Materials and Methods
Materials
LTX was purchased from Alomone Laboratories (Jerusalem, Israel).
Gö6983 was purchased from Calbiochem (La Jolla, CA, USA). Procedures
for LTXN4C expression and isolation were described previously (27). Briefly,
LTXN4C was purified from the baculovirus expression medium by affinity
chromatography on immobilized anti-LTX mAb (A-15), dialyzed and concentrated to approximately 40 nM.

Cell culture
Pancreatic b cells from adult male Wistar rats were prepared and cultured
as described previously (44). Briefly, pancreatic islets were isolated by
collagenase digestion of the pancreas from male Wistar rats. The islets
were further digested by dispase II to dissociate single b cells. The dispersed b cells were plated on glass coverslips and kept in DMEM (Gibco,
Grand Island, NY, USA) supplemented with 10% (v/v) fetal calf serum
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The capacitance traces were imported to the IGOR Pro software
(WaveMetrics, Lake Oswego, OR, USA), and the exocytotic burst were fitted
with exponential function. Averaged results are presented as mean  SEM.
Statistical significance was evaluated using Student’s t-test; p < 0.05 was
considered to be statistically significant.
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