
The phosphatidylinositol 4-kinase inhibitor phenylarsine oxide
blocks evoked neurotransmitter release by reducing calcium entry
through N-type calcium channels

1T.J. Searl & *,1E.M. Silinsky

1Department of Molecular Pharmacology and Biological Chemistry, Northwestern University Medical School, 303 East Chicago
Avenue, Chicago, Illinois, IL 60611, U.S.A.

1 The e�ects of the phosphatidylinositol 4-kinase inhibitor, phenylarsine oxide (PAO), on
acetylcholine (ACh) release and on prejunctional Ca2+ currents were studied at the frog
neuromuscular junction using electrophysiological recording techniques.

2 Application of PAO (30 mM) increased both spontaneous ACh release re¯ected as miniature end-
plate potential (mepp) frequencies and evoked ACh release re¯ected as end-plate potential (epp)
amplitudes with a similar time course.

3 Following the initial increase in epp amplitudes produced by PAO, epps slowly declined and
were eventually abolished after approximately 20 min. However, mepp frequencies remained
elevated over this time period.

4 PAO (30 mM) also inhibited the perineural voltage change associated with Ca2+ currents through
N-type Ca2+ channels (prejunctional Ca2+ currents) at motor nerve endings. Addition of British
anti-lewisite (BAL, 1 mM), an inactivator of PAO, partially reversed both the inhibition of epps and
the inhibition of the prejunctional Ca2+ current.

5 The e�ects of PAO on N-type Ca2+ channels were investigated more directly using the whole cell
patch clamp technique on acutely dissociated sympathetic neurons. Application of PAO (30 ± 40 mM)
to these neurons decreased the voltage-activated calcium currents through N-type Ca2+ channels, an
e�ect that was partially reversible by BAL.

6 In combination, these results suggest that inhibition of neurotransmitter release by PAO occurs
as a consequence of the inhibition of Ca2+ entry via N-type calcium channels. The relationship
between the e�ects of PAO on N-type Ca2+ channels in motor nerve endings and in neuronal soma
is discussed.
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Introduction

Phosphatidylinositol 4-kinase (PtdIns 4-kinase), an enzyme
associated with synaptic vesicles, has been suggested to play an
essential role both in the release of neurotransmitters from

nerve terminals (Wiedemann et al., 1998; Bennett, 1998;
Khvotchev & SuÈ dhof, 1998) and the stimulated secretion of
catecholamines from chroma�n granules (Wiedemann et al.,

1996). Indeed, inhibition of PtdIns 4-kinase by 30 mM
phenylarsine oxide (PAO) inhibited the formation of
phosphoinositides in synaptosomal preparations and this e�ect

was coincident with the complete inhibition of Ca2+-dependent
neurotransmitter release (Wiedemann et al., 1998). These
authors also found that the dithiol compound British anti-

lewisite (BAL), an agent that inactivates PAO, reversed the
inhibition of PtdIns 4-kinase activity by PAO and partial
restored neurotransmitter release (Wiedemann et al., 1998).
These observations led to the suggestion that PtdIns 4-kinase

activity represents the basis for an ATP dependent step in
vesicle priming, a step that would be mandatory for
neurotransmitter release. In addition, it has been suggested

that phosphoinositides may also play important roles in the
endocytosis and the recycling of synaptic vesicles through
interactions with dynamin (De Camilli et al., 1996).

Given the degree of current interest in the roles of the
various synaptic proteins in regulating and mediating the
release of neurotransmitter substances, we decided to

investigate the e�ects of PAO on the release of the
neurotransmitter acetylcholine (ACh) at the frog neuromus-
cular junction. The results, whilst demonstrating an inhibitory

e�ect of PAO on ACh release, suggest that this e�ect of PAO
at motor nerve endings is due to an action on N-type Ca2+

channels rather than a direct e�ect on the secretory apparatus.

Methods

Electrophysiological recordings at frog neuromuscular
junctions

Frogs (Rana pipiens) were humanely killed by anaesthesia with
5% ether, followed by double pithing. Experiments were
performed on the isolated cutaneous pectoris muscle prepara-

tion of the frog at 20 ± 238C. Normal Ringer solution*Author for correspondence; E-mail: e-silinsky@nwu.edu
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contained (mM) NaCl 115, KCl 2, Ca2Cl 1.8, HEPES 2,
pH 7.2 ± 7.4). For studies of evoked release, the Ringer
solution was supplemented with tubocurarine (6 ± 10 mM) to

reduce end-plate potentials (epps) below threshold for muscle
action potential generation. Epps were evoked in response to
supramaximal electrical stimulation (0.1 Hz) of the motor
nerve. Intracellular recordings from the end-plate region of the

muscle were made using 3 M KCl ®lled glass microelectrodes
(5 ± 15 MO). Miniature end-plate potentials (mepps) were also
recorded in separate experiments in the absence of tubocur-

arine.
Local potential changes associated with nerve terminal ionic

currents were recorded in response to motor nerve stimulation

(0.05 Hz) using the perineural recording technique (Gundersen
et al., 1982; Mallart, 1984; Anderson & Harvey, 1988; Silinsky
& Solsona, 1992; Silinsky, 2000). These perineural de¯ections

are due to the voltage change produced across the resistance of
the perineural sheath surrounding several small axon bundles
by currents ¯owing between the myelinated portion of the
axons and the nerve terminals. These currents are proportional

to the di�erence in potential between the nerve endings and the
nodes of Ranvier. Whilst these waveforms are not strictly
membrane currents, they are highly related to the membrane

conductance changes that occur both at nerve endings and at
the last nodes of Ranvier. The conductance change that
underlies the Ca2+ current through the N-type Ca2+ channel is

localized to the nerve endings and is responsible for the
initiation of neurotransmitter release (Mallart, 1985; Robitaille
et al., 1990). The Ca2+ current in the nerve endings generates a

proportional current in the perineural space; this current ¯ows
upstream to the recording site where it is detected as an
outward (upward-going) de¯ection. For the sake of clarity,
therefore, we will term the upward-going voltage change that is

antagonized by N-type Ca2+ channel blockers the `prejunc-
tional Ca2+ current' as this voltage change is generated by the
Ca2+ current emanating from the nerve endings ¯owing across

the perineural resistance. For similar reasons, perineural
voltage changes attributable to Na+ currents in the pre-
synaptic element will be termed perineural Na+ currents as

they are re¯ective of the membrane permeability changes
associated with Na+ channels. Perineural de¯ections are
quanti®ed as the magnitude of the extracellular voltage change
as measured from the baseline to the peak of the current (for a

more complete discussion of these currents and its possible
contaminants, see Silinsky & Solsona, 1992; Silinsky, 1999).
The perineural recording solution had the same composition as

normal Ringer solution with the addition of 3,4-diaminopyr-
idine (100 mM) and tetraethylammonium (1 mM) to block K+

channels. With this solution, the repetitive ®ring that occurs in

response to nerve stimulation serves as an additional index of
Ca2+ entry as it is due to depolarization near the last node of
Ranvier resulting from prolonged Ca2+ currents at the nerve

terminal (Molgo & Mallart, 1985; Silinsky & Solsona, 1992).
Perineural recordings were ampli®ed with an Axoclamp 2B
ampli®er and collected on computer (DigiData 1200 interface,
Axon Instruments Inc.) Signals were analysed using SCAN

and CDR software (J. Dempster, University of Strathclyde).

Electrophysiological recordings of whole cell N-type
calcium currents in acutely-dissociated sympathetic
neurones

N-type Ca2+ channels have been previously demonstrated in a
number of autonomic ganglia (e.g. Hille, 1992; Barajas-Lopez
et al., 1996). In these experiments we used acutely-dissociated
neurons from young adult guinea-pig coeliac ganglia, employ-

ing dissociation and recording procedures previously described
(Matsumoto et al., 1993; Silinsky & Gerzanich, 1993). Cells
were used 18 ± 96 h after dissociation.

Patch electrodes (2 ± 5 MO) were fabricated using a four
stage pull on a horizontal microelectrode puller (Flaming-
Brown P87). The internal solution used to ®ll the patch
electrodes contained (mM) caesium gluconate, 140 (to block

K+ channels); HEPES, 10; EGTA, 10. We purposely omitted
ATP and GTP in our internal recording solution, to reduce the
possibility that any e�ects of PAO were G-protein mediated.

The external solution contained (mM) NaCl, 140; glucose, 10;
HEPES, 10; CaCl2, 2.5 and KCl, 3 and was gravity fed into the
recording chamber (1 ± 2 ml min71). In some experiments, (e.g.

Figure 4b), 2 mM BaCl2 was added to the external solution.
Cells were held at 780 mV. Voltage-activated Ca2+

currents were triggered by voltage steps of 120 ms duration

from the holding potential (780 mV) to 0 mV. This
depolarizing step was applied once every 20 s. All potentials
were corrected for liquid junction potentials of 711 mV. Ca2+

currents through N-type Ca2+ channels were con®rmed by

demonstrating their sensitivity to inhibition by either o-
conotoxin GVIA (o-CTx, see Figure 4a) or Cd2+ (see Figure
4b) and their insensitivity to 10 mM nifedipine (see Garcia et

al., 1998; Barajas-Lopez et al., 1996 for justi®cation).
Tetrodotoxin (TTX, 3 ± 10 mM) was used to block voltage-
gated Na+ currents. Experiments were performed at 20 ± 238C.

Whole cell currents were recorded using an Axopatch 1D
ampli®er (Axon instruments). Signals were recorded on
computer using the pCLAMP software suite (Axon Instru-

ments) in conjunction with a DigiData 1200 interface. Records
were sampled at a rate of 2 ± 10 kHz after ®ltering at 2 ± 5 kHz.

Due to the small size of the currents and the low pipette
resistance, series resistance compensation was used only in a

few experiments. Such compensation did not signi®cantly
modify the characteristics of the currents. For simplicity,
statistical analysis was carried out using the peak amplitudes of

the individual voltage activated currents.

Statistical methods

Statistical methods were similar to those described previously

(Silinsky, 1984). Epps and perineural waveforms were
averaged to reduce the coe�cient of variation to less than
5% and to make statistically signi®cant di�erences generally at

P550.01 (Silinsky, 1984; 1999; Silinsky & Solsona, 1992). In
most experiments, the responses to 4 ± 20 stimuli were
averaged. When smaller numbers (4 ± 10) of stimuli were

averaged, the individual data traces were ®rst tested for
normality and then comparisons between control and drug-
treated neuromuscular junctions made by either parametric

statistics (e.g. Student's paired t-test) or non-parametric
statistics (Mann-Whitney rank sum test, see Glantz, 1992). In
experiments in which more than two groups were compared,
an analysis of variance for the normally distributed data was

followed by multiple comparisons using the Bonferroni
inequality (see legend to Figure 4b). This method is reasonable
when three to four groups are compared and is the most

conservative of the multiple comparisons procedures (see
Glantz, 1992). In all neuromuscular junction experiments,
n=number of preparations whilst in all whole-cell voltage

clamp experiments, n=number of individual cells (each cell
from a separate, naõÈ ve cover slip). Data are presented as mean
values+1 s.e.mean. The statistical methods are illustrated
more fully in the legends to Figures 3 and 4.
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Chemicals

All chemicals used in this study were purchased from Sigma

Chemicals (St Louis, MO, U.S.A.). Stock solutions of 1071 or
1072

M PAO or 1 M BAL (which structurally is 2,3-
dimercaptopropanol) in DMSO (0.003 ± 0.03%) were used.
These concentrations of DMSO had no e�ect on neuromus-

cular junctions or acutely dissociated neurons.

Results

General observations on the e�ect of PAO on
neurotransmitter release

Application of PAO to isolated neuromuscular junctions

produced substantial e�ects on both spontaneous ACh release
(re¯ected as mepp frequency) and evoked ACh release
(re¯ected as epp amplitudes). With respect to spontaneous
neurotransmitter secretion, application of PAO (30 mM)

resulted in pronounced increases in mepp frequency from the
control level of 4.2+0.7 to 32.4+9.0 s71 at 15 min after the
beginning of exposure (mean+1 s.e.mean, n=4). These

increases in mepp frequencies are well-sustained for over
60 min (45+11.6 s71; n=4 at 60 min). Mepp frequencies were
also accelerated by PAO in the absence of extracellular Ca2+

(from 1.4+0.8 to 51.3+19 at 10 min; n=3 experiments).
However, such increases in spontaneous ACh release were only
brie¯y sustained in the absence of extracellular Ca2+, with

peak mepp frequencies subsiding after about 15 min. When
PAO was applied in the presence of BAL (1 mM), mepp
frequencies were una�ected (n=4 experiments).

With respect to evoked ACh release, the e�ects of PAO on

epps were bi-phasic. Firstly application of PAO (30 mM)
resulted in a rapid initial increase in epp amplitudes
(192.7+33.2% of control; n=4 after 7.5 min: see Figure 1,

®lled circles, and traces a, b) when compared to control
preparations bathed in normal Ringer (Figure 1, open circles).
The initial increase in epp amplitudes had an onset of similar

time course to the increase in mepp frequency.
After this increase, PAO produced a time-dependent

reduction in epp amplitudes and eventually, complete abolition
of epps (elimination of epps occurred at 25+7.5 min; n=6; see

Figure 1 and trace c). The abolition of epps by PAO was
independent of nerve stimulation (i.e. epps were also abolished
after 30 min of PAO exposure in the absence of nerve

stimulation, n=2 experiments). In addition, simple removal
of PAO (for up to 45 min) failed to have any e�ect on epps
previously abolished by PAO (n=2). We also investigated the

e�ects of a lower concentration of PAO (15 mM) on epps. In
these experiments similar inhibitory e�ects of PAO on epps
were observed but the time course was much slower, with epps

peaking in amplitude after about 20 min and complete
inhibition occurring at about 1 h incubation in 15 mM PAO
(n=2).

As shown in Figure 1d, abolition of epps by 30 mM PAO

was partially reversed by the co-application of BAL (1 mM)
with PAO (43+6% control epp amplitude; n=5). In contrast
with the e�ects of PAO alone on epps, co-application of PAO

(30 mM) and BAL (1 mM) had no signi®cant e�ects on epp
amplitudes (n=5).

These complex e�ects of PAO are consistent with those

attributed to actions on the secretory apparatus, but could also
be due to e�ects on voltage-gated ionic channels in the motor
nerve ending. We thus examined the e�ects of PAO on the
electrophysiological correlates of the Ca2+ currents in motor

nerve endings, namely, the prejunctional Ca2+ current and its
repetitive ®ring as recorded from the perineurium (see
Methods for justi®cation of terminology).

The e�ects of PAO on perineural currents from motor
nerve endings

Figure 2a ± d depicts the e�ects of PAO on the perineural
currents. Note that, in the presence of potassium channel
blockade, both the Na+ current underlying the propagation of

the action potential in the nerve and the prejunctional Ca2+

current can be measured (Gundersen et al., 1982; Mallart,
1984; Anderson & Harvey, 1988; Silinsky & Solsona, 1992).

Application of PAO resulted in both a highly signi®cant
reduction in the prejunctional Ca2+ currents and the abolition
of repetitive ®ring associated with the increased calcium in¯ux

produced by the presence of K+ channel blockers (n=4,
Figure 2b,c). In contrast, PAO had no signi®cant e�ect on
prejunctional Na+ currents (n=8, see e.g. Figure 2a ± d). These
inhibitory e�ects of PAO on prejunctional Ca2+ currents

Figure 1 The e�ect of PAO on epp amplitudes. Open circles in the
graph are epps recorded in the absence of PAO and ®lled circles are
in the presence of PAO (30 mM). Each point represents the
mean+s.e.mean from four separate preparations. In each experiment
the amplitudes of eight consecutive epps (0.1 Hz) corresponding to
each time period were expressed as a percentage of the ®rst eight
epps. Note the initial increase in epp amplitudes following
application of PAO and the subsequent inhibition of epp amplitudes.
(a), (b), (c) and (d) show averages of four consecutive epps evoked at
0.1 Hz, in (a) control, (b) following 5 min application of PAO, (c)
20 min application of PAO and (d) following the addition of BAL
(1 mM) in the continued presence of PAO. See text for further details.
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developed steadily over a period of 30 ± 45 min in the presence
of PAO and did not occur in control preparations (Figure 2).
We and others have shown that neurotransmitter release from

frog motor nerve endings is mediated by N-type Ca2+ channels
(Kerr & Yoshikami, 1984; Silinsky & Solsona, 1992; Redman
& Silinsky, 1995; Katz et al., 1995). Speci®cally both evoked
ACh release and the upward going component of the

perineural waveform are inhibited by the N-type channel

blockers o-conotoxinGVIA and Cd2+, but not by blockers of
L-type Ca2+ channels or P-type Ca2+ channels (e.g. Redman &
Silinsky, 1995; Katz et al., 1995). Indeed PAO had no e�ect on

the waveform in the presence of the Ca2+ channel blocker
Cd2+ (n=3, data not shown), suggesting that the e�ect of PAO
is indeed due to an inhibition of Ca2+ entry via N-type Ca2+

channels in motor nerve endings. As with the epps, BAL also

resulted in a partial reversal of the reduction in the
prejunctional Ca2+ currents produced by PAO. Speci®cally,
PAO reduced the calcium current to 44.2+8.0% of control

(n=4) after 27.5 min and this was reversed by co-application
of BAL (76.1+5.5% of control, n=4). This partial reversal of
both the peak Ca2+ current and the restoration of repetitive

®ring by BAL is illustrated in Figure 2d.
Separate studies on mouse phrenic nerve motor nerve

endings showed that PAO (30 mM) applied for as long as 2.5 h,

had no statistically signi®cant e�ect on EPPs (n=5 experi-
ments) or perineural Ca2+ currents (n=2 experiments; data
not shown); mouse motor nerves produce evoked neurotrans-
mitter release using P-type but not N-type Ca2+ channels (Xu

& Atchison, 1996).
Given the apparent inhibitory e�ects of PAO on N-type

Ca2+ currents coupled to the secretory apparatus at intact

neuromuscular junctions (Figure 2a ± d), it was of interest to
examine the e�ects of PAO directly on N-type Ca2+ currents
using whole cell patch clamp recording techniques. The soma

of acutely-dissociated autonomic neurons provide an ample
supply of N-type Ca2+ channels that are unlikely to be coupled
to the transmitter release process. We therefore investigated

the e�ects of PAO and BAL on N-type Ca2+ currents in
acutely-dissociated autonomic neurons.

The e�ects of PAO and BAL on N-type calcium currents
in acutely dissociated sympathetic ganglion cells

Voltage activated Ca2+ currents were evoked from neurons

acutely dissociated from guinea-pig coeliac ganglia in the
presence of TTX (3 ± 10 mM) using procedures previously
described for N-type Ca2+ currents in other autonomic

neurons (for details of N-type current in guinea-pig enteric
neurons, which behave similarly to coeliac neurons, see
Barajas-Lopez et al. 1996).

Figure 3a shows the control Ca2+ current is blocked by the

N-type Ca2+ channel blocker o-CTX (100 nM, n=6). In
addition, the N-type Ca2+ channel blocker Cd2+ (300 mM) also
reversibly inhibits the inward current in these cells (Figure 3b,

n=8, see also Garcia et al., 1998). In contrast, these currents
were not a�ected by the L-type Ca2+ channel blocker
nifedipine (10 mM, n=3, data not shown).

Figure 4 depicts the results of several di�erent experi-
ments that demonstrate that the application of PAO to
autonomic neurons inhibits the N-type Ca2+ current, an

e�ect that was partially reversible by co-application of BAL.
Figure 4a shows the raw data traces from an experiment
made in normal Ca2+ solutions. Note the complete
elimination of the Ca2+ currents by PAO (30 mM) and its

partial reversal following co-application of BAL (1 mM).
These e�ects do not appear to be dependent on an increase
in Ca2+-dependent K+ conductances as similar results were

obtained using Ba2+ as the permeant ion (Figure 4b, which
shows averaged data ± see Figure legend). The experiment of
Figure 4b also illustrates that co-application of BAL with

PAO both stopped the reduction in Ca2+ current and
produced a partial reversal of its inhibition. Similar results
were observed in a total of six experiments (Ba2+, n=2;
Ca2+, n=4).

Figure 2 The e�ect of PAO on the prejunctional Ca2+ current.
Open circles in the graph were recorded in the absence of PAO and
®lled circles are in the presence of PAO (30 mM). Each point
represents the mean amplitude of the positive component of the
perineural wave form+s.e.mean from four separate preparations (see
Figure 1 and Methods for further details). In each experiment the
amplitudes of the eight consecutive prejunctional Ca2+ components
corresponding to each time period (evoked at 0.05 Hz) were
expressed as a percentage of the ®rst eight perineural recordings
made in the absence of PAO. Note the gradual reduction in the
prejunctional Ca2+ current occurs during the initial increase in epp
amplitude (compare with Figure 1). (a), (b), (c) and (d) are averages
of eight consecutive perineural wave-forms (recorded from a separate
experiment) evoked at 0.05 Hz. (a) is in control perineural recording
solution (see Methods). (b) is following 5 min and (c) 20 min in the
continued presence of PAO. (d) shows the perineural waveform
following the addition of BAL (1 mM) in the continued presence of
PAO. *Indicates the stimulation artefact. Note that both the
abolition of the epp by PAO, shown in Figure 1, and the reduction
in the prejunctional Ca2+ current (including a decrease in the degree
of repetitive ®ring) by PAO occur with a similar time course. In
addition both e�ects are partially reversed following the addition of
BAL in the presence of PAO. See text for further experimental
details.
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In a number of experiments, the prolonged application of
30 mM PAO (420 min) or brief exposure to higher concentra-

tions of PAO (40 ± 100 mM) produced an additional e�ect. As
shown in Figure 4c, 40 mM PAO in addition to inhibiting the
N-type Ca2+ current, also produced a dramatic increase in the

steady-state inward current seen here before the depolarizing
step (from 0.028+0.005 to 1.94+0.43 nA; n=6). Co-applica-
tion of BAL in the same experiment both reversed the increase
in steady-state inward current and partially restored the

depolarization-evoked Ca2+ current (Figure 4d). In addition,
the N-type Ca2+ channel blockers o-CTX (100 nM) and Cd2+

(300 mM) prevented the increase in holding current produced

by PAO (300 mM, n=3, data not shown).
In combination, these results demonstrate that the

inhibitory e�ects of PAO are mediated via an action on N

type Ca2+ channels at both neuromuscular junctions and
autonomic neurons.

Discussion

In their study of the release of glutamate from rat

cerebrocortical synaptosomes, Wiedemann et al. (1998) found

that, following 10 min incubation in the presence of PAO,
glutamate release was substantially reduced in response to
either KCl depolarization or 4-aminopyridine stimulation (see

also Khvotchev & Sudhof, 1998). The observation that PtdIns
4-kinase associated with synaptic vesicles was concomitantly
inhibited led to the suggestion that PtdIns 4-kinase plays a
critical role in the events preceding the exocytosis of

neurotransmitters from synaptic vesicles.
In this study we found that PAO (30 mM) produced

several e�ects on transmitter release at the frog neuromus-

cular junction all of which were prevented when PAO was
coapplied with an agent that inactivates PAO (BAL, 1 mM).
PAO had a biphasic e�ect on the evoked epps recorded in

tubocurarine treated preparations, with an initial rapid
increase in epp amplitude followed by stimulus-independent
reduction and eventual abolition of the epps. In the absence

of tubocurarine, PAO caused an initial increase in mepp
frequency with a similar time course in onset as seen with
the increase in epp amplitudes. Increases in epp amplitudes
were not accompanied by any measurable changes in the

prejunctional Ca2+ current. It seems possible that this
transient increase in transmitter release was not observed
in previous studies using PAO due to the incubation

protocols employed (e.g. Wiedemann et al., 1998).
The increase in mepp frequency occurred in the absence

of extracellular Ca2+ (although it was not as well sustained),

suggesting that part of the increases in epp amplitude and
mepp frequency was due to an action downstream from
Ca2+ entry. In support of this notion, it has previously been

shown that PAO can release Ca2+ from mitochondria by
opening the permeability transition pore (e.g. Lenartowicz et
al., 1991; Schweitzer et al., 1994). The observation that in
normal extracellular Ca2+ concentrations, mepp frequencies

were elevated well beyond the time that evoked epps were
abolished suggests that the exocytotic machinery is not
directly inhibited by PAO at motor nerve endings.

The other e�ect of PAO, namely, abolition of evoked
epps, is consistent with the observations of Wiedermann et
al. (1998) and Khvotchev & SuÈ dhof (1998). However, we

found that the abolition of epps by PAO was associated
with an inhibition of prejunctional Ca2+ currents in motor
nerve endings. It thus seemed likely that an inhibition of
Ca2+ entry into the nerve terminal alone could account for

the abolition of the epp as both events which occurred
roughly at the same point in time. We therefore investigated
this possibility more directly, using whole-cell recording

methods to record N-type Ca2+ channels from acutely
dissociated sympathetic neurons. In these experiments,
application of PAO also produced a reduction in the

voltage-activated calcium current, which was partially
reversed by BAL.

The additional e�ect of higher concentrations or

prolonged exposure to PAO to increase the inward holding
current in acutely dissociated neurons merits further
discussion. The observation that the increase in the inward
holding current and further reduction in the size of the

voltage activated calcium current by PAO can be blocked by
N-type Ca2+ channel blockers raises the possibility that
PAO, in addition to blocking N-type Ca2+ channels, can

actually open N-type Ca2+ channels. It is not clear whether
these two events, the reduction in Ca2+ current and the
increase in `steady state' Ca2+ conductance, are linked or

not and at present it is not clear whether both e�ects occur
at the frog neuromuscular junction. Indeed, both events
would be expected to produce a reduction in the numbers of
calcium channels available for reopening in response to the

Figure 3 Inhibition of Ca2+ currents in acutely dissociated-
sympathetic neurons by the N-type Ca2+ channel blockers o-CTX
(a) and Cd2+ (b). Cells were held at 780 mV. Voltage-activated
Ca2+ currents were triggered by voltage steps of 120 ms duration
from the holding potential (780 mV) to 0 mV. This depolarizing
step was applied once every 20 s. In (a), the individual records that
comprise the averaged peak current amplitudes (71.16+0.05 nA,
n=6 stimuli) ranged from 71.27 to 70.95 nA in control conditions,
whilst the individual records comprising the averaged peak response
made after treatment with o-CTX ranged from 70.18 to 70.15 nA.
In the Cd2+ experiments (b), an analysis of variance followed by
multiple comparisons using Bonferroni's method revealed highly
statistically-signi®cant di�erences between control (71.16+0.03 nA,
n=6) and Cd2+ treatment (70.18+0.02 nA, n=6) and between
Cd2+ exposure and the wash period (71.14+0.03 nA, n=3;
P50.05) but not between the control and wash periods. For further
details of the N-type Ca2+ currents in acutely-dissociated autonomic
neurons in guinea-pig (see Barajas-Lopez et al., 1996).
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nerve stimulation, as Ca2+ calcium channels opened before
the depolarizing pulse would not be available for reopening
in response to subsequent depolarization. These additional
e�ects of higher concentrations of PAO might be predicted

based upon the fact that, PAO is a relatively unselective
agent which acts to cross-link vicinial cysteines. In addition
to its actions on PtdIns 4-kinase activity, PAO is known to

inhibit the activity of phosphatases (Zhang et al., 1992;
Wijetunge et al., 1998), hydroxybutyrate dehydrogenase
(Phelps & Hate®, 1981) rhodanese (Prasad & Horowitz,

1997) and GABA transporters in synaptic vesicles (Robillard
et al., 1987). As previously mentioned, PAO also causes the
opening of the mitochondrial permeability transition pore
(e.g. Lenartowicz et al., 1991; Schweizer et al., 1994). Many

of these e�ects occur at similar concentrations to those we
employed in this study (15 ± 60 mM).

In conclusion, the e�ects of PAO to inhibit N-type Ca2+

currents at both frog motor nerve endings and mammalian
sympathetic neurons, and the absence of e�ects of PAO on
neurotransmitter release in the mouse (which is mediated via P-

type channels), suggest that PAO inhibits neurotransmitter
release via an action on N-type Ca2+ channels rather than
through an e�ect on vesicle-associated PtIns 4-kinase.

This work was supported by a grant from the NIH (NS12782). The
authors would like to thank Shirley Foster for help with the
dissociation of the coeliac ganglia and Dr J. Hirsh for reading the
manuscript.

Figure 4 E�ects of PAO on N-type Ca2+ currents and its reversal by BAL (1 mM). (a) shows individual traces depicting the
inhibitory e�ect of a 20 min exposure to PAO (30 mM) and its partial reversal by BAL in normal Ca2+ solutions. (b) shows the
averaged data from another experiment in which Ba2+ was used as the charge carrier. In this experiment, the mean peak Ba2+

current through N-type Ca2+ channels (71.25+0.01 nA) was reduced by PAO (70.47+0.01 nA) and reversed by coapplication of
BAL (0.58+0.01 nA, n=4 for all). An analysis of variance followed by a multiple comparison using Bonferroni's method revealed
highly statistically-signi®cant di�erences between the three conditions (P50.05). (c) shows that higher concentrations of PAO
(40 mM), in addition to inhibiting Ca2+ currents, also increased the inward holding current observed before the depolarizing step. In
the same experiment, BAL reversed both e�ects in a time dependent manner (d). Cells were held at 780 mV. Voltage-activated
Ca2+ currents were triggered by voltage steps of 120 ms duration from the holding potential (780 mV) to 0 mV. This depolarizing
step was applied once every 20 s. For further details, see text.
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