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Pacemaker
cells of Aplysia
californica
display
a regular
bursting that results from a complex interplay of Ca2+-mediated conductances
and a continuous
influx and extrusion
of Ca*+. The effect of the second messenger
1,4,5inositol
trisphosphate
(InsP,) on intracellular
free Ca2+ concentration
(Cad regulation
and electrical
properties
was investigated
in
identified
neurons of the abdominal
ganglion
(R15, L2-L4,
L6). Double-barreled
Ca-selective
microelectrodes
were used
to pressure
inject InsP, and measure Cai at the same point.
Brief injection
of InsP, resulted
in an average increase
of
Ca, of 9.2 f 10.0 PM (*SE; n = 14) that decayed in about
1 min. The InsP,-induced
elevation
of Cai increased
in a
dose-dependent
manner and saturated when large amounts
of InsP, were injected. The InsP,-induced
Ca, increase was
the result of mobilization
from intracellular
stores; Caj could
be repeatedly
mobilized
by InsP, in cells superfused
with 0
Ca artificial seawater
for more than 60 min. Following
multiple injections of InsP,, there was no evidence of immediate
inhibition
or facilitation.
The spatial nature of the InsP,-induced Cai increase was investigated
by moving the doublebarreled
Ca-selective
microelectrode
tip in a stepwise
manner relative to the membrane
surface. The largest InsP,induced Cai increases
were measured
in an area O-80 pm
from the membrane
surface; some cells had their largest
InsP,-induced
Cai increase some 120-l 60 Km away from the
membrane.
Injection of InsP, in a bursting neuron induced
an immediate
train of action potentials
followed
by membrane hyperpolarization
and a decrease
in the burst frequency. Injection of InsP, in voltage-clamped
cells induced
a biphasic
response:
a rapid inward current followed
by a
more prolonged
outward current; the temporal overlap of the
currents
was depth dependent.
Injection
of InsP, or Ca2+
from a double-barreled
injecting electrode
induced currents
that were different in waveform
and time course, indicating
that part of the conductance
change induced
by InsP, is
direct and not mediated
by the mobilized
Ca*+. In BAPTA
[ 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’tetra-acetic
acid]-loaded
cells, the InsP,-induced
inward current was
mostly unaffected
while the Ca-induced
outward current was
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largely attenuated.
The results
Ca2+ from discrete intracellular
distinct changes in membrane
dependent
of the Cai increase.

suggest that InsP, mobilizes
compartments
and induces
currents that seem to be in-

The bursting pattern displayed by molluscan pacemaker cells
appearsto result from a complex interplay of Ca*+-mediated
conductancesand a continous accumulation and extrusion of
CaZ+(Gorman et al., 1981; Adams, 1985; Kramer and Zucker,
1985a,b). The Caz+ that accumulateswith membrane activity
was shown to be implicated in the gating mechanismsof two
membrane conductance systems.One is a membrane channel
systemselectively permeableto K+ whoseconductancedepends
on the level ofintracellular free Ca2+concentration (Ca,)(Meech,
1974; Gorman and Hermann, 1979; see,however, Adams and
Levitan, 1985; Kramer and Zucker, 1985a,b). The other is the
Ca conductance system, whoseinactivation appearsto be mediated by accumulated CaZ+(Tillotson, 1979).
In view of the sensitivity of these membrane conductances
to intracellular Ca*+, secondmessengers
like 1,4,5-inositol trisphosphate (InsP,) may have important effects on membrane
currents and Ca,regulation in nerve cells.There is alsoevidence
that the bursting activity of pacemaker neuronscan be modulated by several neurotransmitters and neuropeptides(Levitan
et al., 1979;Smith, 1980); someof theseneurotransmitters were
found to exert their action on membranechannelsthrough variations in CAMP, or independently of it (Levitan, 1985). It is
unknown whether any of theseneurotransmitters mobilize Ca,.
It is also unclear what would be the advantages of mobilized
Ca, in addition to the well-characterized Ca2+ influx/Ca conductance system. One possibility would be for the Ca signal
resulting from the opening of voltage-activated Caz+ channels
to be amplified by mobilization of Ca, through Ca-dependent
formation of InsP, (Eberhard and Holz, 1988; Harootunian et
al., 1991). An added advantage would be to segregateentering
and mobilized Ca2+becausethey may have different target molecules.
In the present study, I have investigated the effect of InsP,
on Ca, regulation and electrical properties of Aplysia neurons
from the abdominal ganglion. Using double-barreled Ca-selective microelectrodes, I found that brief intracellular injections
of InsP, mobilize Ca,from intracellular stores.Moreover, I tried
to dissociateits Ca2+mobilization role from its direct action on
the membraneconductanceby injecting InsP, and Caz+side by
side at the samepoint. I found that InsP, induces changesin
membrane currents that are distinct from the onesinduced by
Ca2+injections.
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Some of the results have been reported previously in abstract
form (Levy, 1987, 1988, 1989).

K

Materials and Methods
Preparation. Specimens of Aplysia californica (200-300 gm) were obtained from Ala&v
Marine Bioloaical Services (Redondo Beach. CA)
and kept in artificial seawater (Instant Ocean, Mentor, OH) at 14-16°C~
Experiments were performed on identified neurons (R15, L2-L4, L6)
of the abdominal ganglion (Frazier et al., 1967) known to have substantial Ca currents. Some injections were made in R2 cells. The methods for dissecting and recording have appeared previously (Gorman et
al., 1984). Briefly, the abdominal ganglion was dissected out of the
animal, treated with protease (Pronase, Calbiochem, San Diego, CA;
5-7 mg in 2 ml of seawater for 20 min at room temperature), and then
pinned to the bottom of a 1 ml recording chamber and desheathed.
Ganglia were continuously superfused with normal artificial seawater
(NSW) having the following composition (in mM: NaCl, 500; KCl, 10;
CaCl,, 10; MgCl,, 50; and Tris.HCl, 10, pH 7.8). In 0 Ca artificial
seawater (OCa-SW) solutions, Mg2+ was substituted for Ca2+ and 2 mM
EGTA [ethyleneglycol-bis-(P-aminoethylether)-~,~’-tetra-acetic
acid]
were added: Experiments were carried out at about 1s”C.
Injections. I intracellularly injected the following solutions: 10 PM to
1 mM D-myo-inositol 1,4,5-trisphosphate (Sigma, St. Louis, MO); 100
PM Ins(2,4,5)P, (Calbiochem,
San Diego, CA); 100 /LM Ins(1,3,4,5)P,
(Calbiochem): 1 mM mvo-inositol (Siama): 10 mM CaCl,: 100 mM BAPTA [ 1,2-bis(i-aminophenoxy)ethane-N,I;i,NN:N’-tetra-acetic
acid; Molecular Probes, Eugene, OR]. Except as noted, all substances were dissolved in a carrier solution containing 200 mM K-acetate and 20 mg/
ml of a red dye (Reactive Red, Sigma). To prevent contamination of
the injection barrel by Ca2+, the following precautions were taken: (1)
the K-acetate solution was passed through a chelating ion-exchange resin
(Chelex- 100, Bio-Rad, Richmond, CA); (2) the injection barrel stayed
a very short time in the bathing solution (NSW has 10 mM Cat+) prior
to impalement; (3) in some experiments insertion of the injection electrode was made in OCa-SW. The red dye served as a visual marker to
monitor successful injections. Pressure injection with this dye was easily
seen both in the bath and inside the cell. I found that I could reliably
inject solutions intracellularly if I could first visualize ejection of the
red solution in the bath prior to inserting the electrode. I carefully
checked that pressure injections did result in ejection of a red dot inside
the cell. Control injections in the bath were always made after withdrawal of the injection electrodes from the cell.
Most intracellular injections were made from double-barreled microelectrodes made from O-glass capillaries (style 1A, R & D Glass Co.,
Spencerville, MD). One barrel was typically used to pressure inject the
substance of choice while the adjacent barrel, selective to Ca*+, was
used to measure the resulting Ca, change at the same location (see below
and Fig. 1A). Alternatively, the adjacent barrel was used to inject a
different substance so side-by-side comparison of effects on membrane
currents could be made. Rapid injections were achieved by applying
brief pressure pulses using a programmable pulse generator (Ionoptix
Instruments, Milton, MA) and an electropneumatic valve (Clippard,
Cincinnati, OH). The output of the pulse generator was connected to
the chart recorder and was used to monitor the timing of the pressure
pulse (stimulus monitor). To estimate the amount injected, I routinely
made injections into an oil droplet or in air and measured the diameter
of the droplet (Corson and Fein, 1983). A rather large injection (70 psi,
2 set) ejected about 40 pl, which amounts to 0.3-0.9% ofthe cell volume
for cells 200-300 pm in diameter. Intracellular injections ranged from
32 psi/O. 1 set to 70 psi/2 sec. Injections were made at different depths
within the cell by moving the injection electrode by steps of 5-l 5 pm
using a Huxley-type micromanipulator
(Custom Medical Research
Equipment, Glendora, NJ).
Ca, measurement. Measurements of Ca, were made using Ca-sensitive
microelectrodes of the membrane type in which a column of sensor
selective to Ca2+ is contained in the open tip of a glass micropipette.
The sensor mixture (Fluka 21048. Ronkonkoma, NY), based on the
ligand ETH 1001 (Oehme et al., 1976), was made syrupy by adding
polyvinyl chloride (13-l 6%) and tetrahydrofuran (Aldrich, Milwaukee,
WI). Double-barreled Ca-selective microelectrodes were used. The aim
was to make point injections with one barrel and measure the resulting
change in Ca with the adjacent Ca *+-selective barrel (Fig. 1A). One
advantage is that I can make spatial measurements by moving the
electrode tip within the cell (Gorman et al., 1984). The fabrication of
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Figure 1. A, Schematic diagram of the experimental arrangement for
directly measuring InsP,-induced Ca increases. The nerve cell is impaled
with voltage (electrode I) and current passing(i) electrodes. The doublebarreled Ca electrode is inserted and advanced or withdrawn in 5-l 5
pm increments. At each increment, InsP, is pressure injected through
the nonactive barrel (electrode 3) and measured at the same point with
the adjacent Ca-sensitive barrel (electrode 2). Intracellularly, V, is subtracted from the voltage measured by the Ca electrode to yield the
differential Ca signal (E,., - VJ. In turn, the Ca signal is converted to
Ca2+ concentrations using a calibration curve. B, Typical InsP,-induced
Ca signal increase and control injection of carrier solution. The top trace
is the differential Ca signal; the lower trace is the stimulus monitor
(command voltage to the electropneumatic valve). Left panel, the double-barreled Ca electrode contained 10 PM InsP, and 20 mM K-acetate.
A 2-set-long pressure injection through the InsP, barrel (55 psi) resulted
in a negative-going signal followed by a large Ca signal measured by
the Ca electrode. The corresponding Ca, increase was about 5 FM. The
Ca, increase returned to baseline within 50 set (t,,, = 5 set). Right panel,
the same cell was then impaled with a different double-barreled Ca
electrode containing only the carrier solution. In response to a similar
2-set-long pressure injection (40 psi), the Ca signal consisted mostly of
a negative-going potential.
double-barreled Ca-selective microelectrodes is essentially as described
by Munoz et al. (1983). After silanization using TMSDMA
(N,N-Dimethvltrimethvlsilvlamine:
Fluka 4 1720) at 250°C. the tin of the doublebarreled microelectrode is beveled to 2-3 pm. Theactive barrel is backfilled with a Ca-buffered solution (about 0.5 PM free Ca2+, 300 mM KCl)
and filled with sensor by dipping the tip and using suction. The columns
of sensor are usually 30-100 pm long. The resistance of the Ca-sensitive
barrel is usually 50-500 GQ.
The response time of the Ca microelectrodes was routinely measured
using a fast solution change system described elsewhere (Levy and Fein,
1985; Levy and Tillotson, 1987). Following a step change in Ca2+ concentration from 0.1 PM to 1 PM, Ca electrodes typically reach 50% and
90% of their final potential in about 100 msec and 1.5 set, respectively.
The time to peak as well as the magnitude of the InsP,-induced Ca
signals measured in this study is most probably affected by the response
time of the Ca electrodes. The falling phase of several seconds is, however, unlikely to be affected. For an extensive discussion of the dynamic
response of Ca electrodes, see Levy and Tillotson (1987).
The calibration of the Ca-sensitive barrel and the composition of the
calibrating solutions are described in detail elsewhere (Levy and Fein,
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Figure 2. Dependence of InsP,-induced Ca, increase on InsP, concentration. A, Effect of pressure pulse duration on the amplitude of the InsP,induced Ca, increase in an R 15 cell (same experimental arrangement as in Fig. 1A). Top truce, differential Ca signal; bottom truce, stimulus monitor.
The pulse duration (set) is shown under each trace. The measured Ca signal increases monotonically with increasing pulse durations. The time
intervals following each injection were, respectively, 68 set after the 0.2 injection, 104 set after the 0.4, 112 set after the 0.6, and 160 set after the
0.8 injection. B, plot of the peak ACa, versus pressure pulse durations taken from A to show that the increase in Ca, saturates at longer pulse
durations. Pressure pulse was kept at 50 psi throughout; the injection barrel contained 1 mM InsP,; the electrode tip was 90 Frn from the cytoplasmic
membrane.
1985; Levy and Tillotson, 1988). Although the ion-sensitive electrodes
measure activities, the values are expressed as the intracellular free ion
concentrations. The activity coefficient should remain constant on the
assumption that the extracellular medium has approximately the same
ionic strength as the intracellular one and the calibrating solutions.
Electrical arrangement. Figure 1A shows a schematic diagram of the
recording system. The Ca microelectrode potential (E,) was recorded
by a custom-built high-input impedance electrometer (Pelagic Instruments, Falmouth, MA) based on the AD5 15L operational amplifier
(Analog Devices, Norwood, MA). A separate intracellular voltage electrode was used to measure the cell’s membrane potential (V,). The
potential of the V, electrode was subtracted from that ofthe Ca-sensitive
barrel to give the Ca signal, EC, - V,, which is a measure of Ca,. In
most experiments, a current-passing electrode was also inserted into the
cell in order to voltage clamp the nerve cells. Both the V, and the
current electrode were filled with 3 M KC1 and had resistances of 2-5
MR. A bath electrode was connected to an I-V converter having a 5
MR feedback resistor and was used to measure the total membrane
current (I,). Unless otherwise noted, all cells were voltage clamped at
-45 mv. V,, I,,,, the stimulus monitor, and the Ca signal were recorded
continuouslv on a multichannel recorder (Gould. Cleveland. OH). The
Ca signal recorded and shown on all figures was filtered by a 5 Hz lowpass filter. In some experiments, the Ca signal, V,,,, Z,, and stimulus
monitor were also recorded (16 bit resolution) using a PCM recording
adaptor (Unitrade DAS 60 1, Dagan, Minneapolis, MN) for subsequent
playback and analysis.
Injection artifacts. Figure 1B shows an InsP,-induced Ca, increase in
an L2 cell. In response to injected InsP,, the Ca signal consisted of a
fast negative-going potential followed by a positive-going potential with
a time to peak of about 1 set (left panel). The Ca signal increase corresponded to a Ca, increase of about 5 NM. The Ca, increase recovered
within 50 set with a half-time of about 5 sec. Pressure injection of the
carrier solution alone, in the same cell, resulted in a Ca signal consisting
mostly of the negative-going potential; this indicated that the negativegoing potential was an injection artifact (right panel). Extensive control
injections were made in solutions of different ionic content and Ca
buffering capacities. Control injections of InsP,, usually made before
insertion into cells, always resulted in an injection artifact in all solutions
tested. In some cases, the injection artifact consisted of a fast negativegoing followed by a fast positive-going signal; this type of injection
artifact differed from a normal InsP,-induced Ca, increase in two respects. Its entire time course only lasted the length of the pressure pulse
and its amplitude or time course did not change when control injections
were made in solutions of different Ca buffering capacities. By contrast,
the InsP,-induced Ca signal changes seen intracellularly outlasted the
pressure pulse by about 1 min (Figs. l-4). Another evidence that the
injection artifact cannot explain the normal InsP,-induced Ca, increase
can be seen in Figure 3: the Ca signal amplitude, following a standard
InsP, injection, depends strongly on the spatial location of the doublebarreled Ca-selective microelectrode.

Results
The InsP,-induced increasein Ca,
The range for the peak Ca, increase in 14 cells varied from 0.34
to 35.5 PM. Three cells (all from the same ganglion) had no
measurable InsP,-induced
Ca, increase. The peak Ca, increase
refers here to the one generally measured at the site of highest
InsP,-induced
Ca, increase (see Spatial variations of the InsP,induced Ca, increase, below).
The InsP,-induced
elevation of Ca, increased in a dose-dependent manner. Figure 2A shows a series of Ca, increases induced by brief injections of InsP, of increasing durations in an
R 15 cell. The peak Ca, increased monotonically
with increasing
pulse durations, and eventually saturated as large amounts of
InsP, were injected. Figure 2B shows a plot of the peak Ca,
increase versus InsP, injection times; the linear portion could
be fitted by a straight line that had a slope of 0.26 PM per 100
msec injection for a pressure of 50 psi.
The InsP,-induced
increase in Ca, occurred through release
from intracellular
stores. There was no noticeable change in
amplitude
or time course of the Ca signal when the bathing
solution was switched to OCa-SW. Ca, could be repeatedly mobilized by InsP, in cells superfused in OCa-SW for more than
60 min.

Spatial variations of the InsP,-induced Ca2+release
It is known that the InsP, released by hydrolysis of PIP, (phosphatidylinositol4,5-biphosphate)
mobilizes Ca2+ only from some
parts of the cell (Bet-ridge and Irvine, 1989). Recent evidence
has shown that InsP,-sensitive
Ca stores are organized as discrete compartments
(Berridge, 1989) that may be functionally
independent
(Parker and Yao, 1992). To investigate a spatial
distribution
of the InsP,-sensitive
stores, I made intracellular
injections of InsP, at different distances from the plasma membrane. I show in Figure 3 that the Cai increase seems to be
spatially restricted to some areas of the cell. Figure 3A shows
an example where the greatest Ca signal, in response to identical
InsP, injections, occurred closer to the plasma membrane. The
size of the Ca signal did not depend on the sequence in which
InsP, injections were given. Figure 3B shows the spatial profile
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of the Ca signal over a longer distance; plotted is the peak Ca,
recorded by the Ca electrode versus the depth of penetration.
The peak Ca signal increases steeply as the electrode tip is positioned closer to the membrane.
Representative
Ca signals at
four different depths are shown in the inset. The small Ca signals
measured deep in the cell are not due to deterioration
of the
cell or clogging of the injection electrodes because injections
started first deeper in the cell and proceeded toward the membrane.
A word of caution concerning
the absolute depths reported
in Figure 3. The zero depth was defined as the position of the
electrode tip prior to its removal from the cell by a 5-15 pm
step. This so-called zero could be approximate
because of the
problem of dipping of the membrane when the microelectrode
is pushed in and out of the cell. Furthermore,
Aplysia neurons
have numerous invaginations
of the surface membrane (Coggeshall, 1967). However, the relative distance between any two
sites (e.g., between 30 and 60 pm) should be fairly accurate.
The spatial variations of the Ca signal varied from cell to cell.
The InsP,-sensitive
region was not always closest to the membrane; Figure 3C shows an example of a cell where the largest
InsP,-induced
Ca, increase was located some 75 ym from the
inner membrane. By making reversible movements
of 15 pm,
I could repeatedly measure InsP,-induced
Ca, increases that
were larger away from the membrane than closer to it. Figure
30 shows the spatial profile for the same cell. It is evident in
this R 15 cell that the Ca, increase, induced by identical InsP,
injection, gets smaller as the double-barreled
Ca-selective microelectrode
is approaching
the membrane.
If we take 250-300 pm as the average diameter of the neurons
where the present measurements were made, then the histogram
shown on Figure 3E reveals that the largest InsP,-induced
Ca,
increases measured are contained in a region O-80 pm from the
inner membrane. This may represent the area where the density
of discrete compartments
is larger.

Summation and saturation of the InsP,-induced Ca, increase
It has been reported that the action of InsP, on the Ca*+ pool
is highly cooperative
(Meyer et al., 1988; Berridge and Irvine,
1989) and that paired injections of InsP, produce facilitation
(Parker and Miledi,
1989). On the other hand, in Limulus photoreceptors, the Ca, increase inhibits the ability of InsP, to release additional
Ca from internal stores (Payne et al., 1988,
1990; Levy and Payne, 199 1). To test for the mechanism
of
modulation
in Aplysia neurons, I did multiple injections of InsP,
separated by varying lengths of-time. I found no evidence of
either facilitation
or negative feedback.
Figure 4A shows that identical pressure injections of InsP,
evoke identical increases in Ca, after Ca, has returned to baseline
before the next injection. In the absence of any negative feedback, the slowness of the recovery of Ca, following injections of
InsP, (Figs. l-3) might suggest that multiple injections, if spaced
close enough, could in fact induce summation
of the Ca signal.
Figure 4B shows indeed that successive Ca signals summate
when evoked by successive InsP, injections. The level of Ca,
during a train of injections usually reached a plateau after the
fourth or fifth injection, no matter how long the train was.
The level of Ca, reached was usually maximal in a given cell
when the injection of InsP, was continuous.
Figure 4C shows
superimposed
Ca signals induced by injections
of increasing
amounts of InsP, in the same cell as Figure 4B. The injections
(100 PM InsP,, 70 psi) lasted 26 and 80 set, respectively; the
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Figure 3. Spatial variation of the InsP,-induced Ca, increase: examples
of greatest Ca*+ release near the membrane (A, B) or away from it (C,
D). In both A and C, arrowheads
indicate injection of InsP,; the numbers
olt the /eft indicate approximate depths in relation to zero position. A:
Toptrace,Ca signal in response to a briefinjection. Moving the electrode
in by 60 pm resulted in a much smaller Ca signal (middletrace).Movement of the electrode back to its original position restored the original
Ca signal (bottomtrace).B, Plot of InsP,-induced Ca, increase versus
the depth of the injecting electrode. The double-barreled electrode was
first inserted deeply into a neuron; it was then withdrawn in steps of 15
pm, with its tip approaching the membrane surface. Following each
change in depth, InsP, was pressure injected and Ca, measured. Representative records at four different depths are shown in the inset.The
measured amplitude ofthe Ca electrode potential, induced by a standard
InsP, injection (10 PM-filled electrode, 30 psi, 400 msec), increases
steeply as the electrode tip is positioned closer to the membrane surface.
See text for zero depth definition. C:Toptrace,Ca signal in response to
a brief injection. Advancing the electrode by 15 pm resulted in a larger
Ca signal (middletrace).Withdrawing of the electrode by 15 pm restored
the original Ca signal (bottomtrace).D, Plot of InsP,-induced Ca, increase versus the depth of the injecting electrode (same protocol as B).
This time, the measured amplitude of the Ca electrode potential, induced by a standard InsP, injection (100 PM-filled electrode, 40 psi, 20
msec), decreases as the electrode tip is positioned closer to the membrane
surface. E, The histogram shows the distribution of the largest InsP,induced Ca, increase in several nerve cells.

rise time and decay to baseline of both Ca signals were nearly
identical; the effect of the larger injection was simply to lengthen
the duration of the Ca signal increase. The Ca signal reached a
plateau, meaning that a steady state seemed to be reached between the rate of CaZ+ release and the rate of buffering.
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be phosphorylated to Ins( 1,3,4,5)P,, which supposedly promotesCa2+entry (Berridge and Irvine, 1989). I found that both
Ins(2,4,5)P, and Ins( 1,3,4,5)P, were able to mobilize Ca*+, but
in general the amounts injected had to be increasedin order to
see increases in Ca, comparable to those mobilized by
Ins(1,4,5)P,. I alsofound that both inositol polyphosphateswere
able to mobilize Ca*+ in OCa-SW.

Eflect of InsP, injections on bursting activity
The pacemakercycle of Aplysia bursting neurons hastwo membrane conductance systemsboth dependent on changesin Ca,
(Gorman et al., 1981; Adams, 1985; Kramer and Zucker,
K
1985a,b). Moreover, the bursting can be modulated by several
neurotransmitters (Levitan et al., 1979; Smith, 1980). It is possible that someagonistsmodulate membraneconductancesby
releasingInsP,. To testthe hypothesisthat changesin membrane
C
properties could be directly modulated by InsP, (or indirectly
Cai/pM
through Ca*+ mobilization), I injected InsP, and measured
changesin membranepotential or total membranecurrent. Figure 5 showsthat injection of InsP, had a marked effect on the
bursting frequency and the membranepotential of an R 15 pacemaker neuron. Injection of 1 mM InsP, induced an immediate
train of action potentials (arrowheads l-3) followed by membrane hyperpolarization. After the cell recovered from the hyperpolarization, the burst frequency had noticeably decreased.
Both the InsP,-induced immediate dischargeof action potentials
and the hyperpolarization depended on the amount of InsP,
Figure 4. Summationandsaturationof the InsP,-induced
Ca,increase. injected. Large injections (arrowhead 3) increasedthe duration
A, Lackof facilitationandfeedback
inhibitionasevidencedby identical of the interburst hyperpolarization without increasing further
Ca,increases
inducedby identical,successive
InsP,injections.The Ca, its amplitude. Additional injections during the prolonged hyincreasewas 1.4 PM at the peakof both transients.The time of the
perpolarization caused the cell to fire action potentials (not
injections(50 psi, 400 msec,1 mMInsP,) is shownin the lower truce.
shown).
The smallpotentialchanges
during the Ca, recoveryareelectricalartifactsdueto inadequate
spatialcontrolof themembrane
potential.R 15
cell;depth,90pm.B,Ca,changes
inducedby multiple,identicalpressure Effect of InsP, injection on total membranecurrents
injectionsof InsP,(100PM solution).The lower truce showsthe timing
To gain insight into the mechanismof action of InsP, on the
of the pulses(500 mseceach,70 psi). Injectionsl-3 werepresented bursting activity, I injected InsP, in voltage-clamped cells and
after Ca,reacheda plateauandbeforeit startedrecovering;underthese
conditionsthe Ca signalssummateand the total peakCa, increases. monitored the total membrane current. Conventional, singleHardlyanyadditionalCa,increase
isseenafterinjection4. Thenegative- barreled micropipettes filled with InsP, were usedfor theseexgoingpotentialsareinjectionartifacts(seeFig. 1B).C, Saturationof the
periments. Figure 6A showsthat injection of InsP, in an R15
Ca,increaseby pressure
injectionof increasing
amountsof InsP,(100 cell resulted in a biphasic response:a relatively rapid inward
PM solution).The Ca signals
resultingfrom injectionsof differentducurrent followed by a more prolonged outward current. I also
rations(asmarkedby bars below the truces) weresuperimposed.
The
found that the relative magnitude of the inward and outward
injectionslasted26 and 80 set (70 psi); the rise time and decayto
baselineof both Casignalswerenearlyidentical;the effectof the larger current changedwith depth within the cell. Figure 6B showsa
injectionwassimplyto lengthenthe durationof the Casignalincrease. plot of peak inward and outward current versus the depth of
Both B and C: cell R2, depth 30 pm. The maximumincreasein this
cell wasreachedduringthe continuousInsP, injectionand not during the injecting electrode; the peak inward current increasedlinearly asthe injection electrodeapproachedthe inner membrane.
successive,
multiplebrief injections.
The outward current remainedsmalluntil the injecting electrode
approached the membrane. Scholz et al. (1988) described a
I checkedwhether interfering with the inositol phosphatemesimilar biphasic responsecausedby InsP, injections in Aplysia.
tabolism by using lithium would modify the InsP,-induced Ca,
Sawada et al. (1987) found only outward currents in Aplysia
increase.Lithium has been shown to inhibit the breakdown of
kurodai neurons. The biphasic responseshown in Figure 6A
InsP, by inhibiting InsP, phosphatase.When I superfusednerve
resemblesthe responsecausedby Ca2+injections in Helix neucells with Li+ (45 mM, substituted for Na’), I sawno difference
rons (Hofmeier and Lux, 1981) and could be the Ca2+-depenin the amplitude or waveform of the InsP,-induced Ca, increase dent, nonspecific cation current responsiblefor maintaining re(two experiments).
petitive spiking during the burst of Helix (Swandulla and Lux,
1985) and Aplysia (Kramer and Zucker, 1985a,b) neurons.
Injection of other inositol polyphosphates
For control injections, I used double-barreled injecting miI checkedthe specificity of the Ca-mobilizing effect of Ins(1,4,5)P,
croelectrodes,where one barrel wasfilled with myo-inositol and
the other barrel with InsP,. Figure 6C shows that control inby injecting related compounds.It wasreported that Ins(2,4,5)P,
is an efficient Ca mobilizer with a potency that is less than
jections of 1 mM myo-inositol at depths of 50 pm (left panel)
Ins(1,4,5)P, (Irvine and Moor, 1986). What makesIns(2,4,5)P,
and 30 pm (right panel) did not produce any appreciablechange
in total membranecurrent. Injections of InsP, at the samesite
an interesting compound is that, unlike Ins( 1,4,5)P,, it cannot
.l
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Figure 5. Effect of InsP, injections on bursting frequency and membrane potential of an R15 Aplysia neuron. The cell was impaled with a voltage
electrode and a single micropipette filled with 1 rnM InsP,. The 0 potential is shown by a dotted line. Each injection (30 psi) is indicated by an
arrowhead.
Arrowheads
I, 2, and 3 correspond to 200 msec, 400 msec, and 600 msec long injections, respectively. Each injection increases the
frequency of the action potentials (because of the slow time scale, these are seen as a thick vertical line following the injection). The increased
frequency is followed by a hyperpolarization whose duration seems to depend on the amount of InsP, injected.

Ca, increase, InsP, and Ca were injected side by side in the
presenceof BAPTA. BAPTA was chosenover EGTA, because
it is a much faster Ca buffer; for example, certain Ca-mediated
effects were found to be resistant to EGTA, but not to BAPTA
(Adler et al., 1991; Frank and Fein, 1991). Figure 8 showsthat
in the presenceof BAPTA, the Ca-induced outward current was
substantially reduced while the InsP,-induced inward current
waslargely unaffected. The InsP,-induced current changeswere
resistant to BAPTA in three more cells. In three other cells,
BAPTA effectively chelated intracellular Ca2+, since the Cadependent slow tail currents, induced by depolarization, were
greatly reduced. These results suggestthat the current changes
induced by InsP, injections may be primary and are not explained solely by a Ca, increase.

induced large changesin membranecurrent. It is important to
do the control injections at the samesite since the membrane
current changesare highly depth dependent.
D@erential efects of Ca2+ and InsP, injections on membrane
currents
To find out whether the effect of InsP, on membrane currents
is primary or mediated by the Ca2+releasedby InsP,, I intracellularly injected Ca*+and InsP, at the samesite. I useddoublebarreled injecting microelectrodesfilled with 10 mM Caz+and
1 mM InsP,. Figure 7 shows the effects of such injections on
membrane currents in two types of neurons, R 15 and L3. The
depth of the injecting electrode is given in the Figure 7 caption.
Membrane currents induced by Ca*+or InsP, injections differed
in waveform and time course. Ca injections typically induced
outward currents, while InsP, injections induced inward currents. Similar results were found in a total of 12 cells from 12
different ganglia. To test directly the hypothesis that InsP, activates membranecurrents that seemto be independent of the

Simultaneous measurementof membranecurrent and Ca,
induced by InsP, injections
The fact that the membraneconductance changesare different
for CaZ+and InsP, injections does not exclude that the mem-
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6. Effect of intracellular InsP, injection on membrane current of an R15 cell. The cell was voltage clamped at -45 mV and the total
membrane current measured as illustrated in Figure lA, except that the double-barreled microelectrode was replaced by a single-barreled injection
electrode. A, Pressure injection of InsP, (275 PM solution, 50 psi, 200 msec) results in a biphasic response that consists of a rapidly developing
inward current followed by a more prolonged outward current. B, Plot of the peak inward and outward currents induced by single injections of
InsP, versus the depth of the injecting electrode; the peak inward current increased linearly as the injection electrode approached the inner membrane,
while the outward current did not start increasing until the injecting electrode approached the inner membrane. C, Injection of 1 mM myo-inositol
at depths of 50 pm (left) and 30 pm (right) did not result in any noticeable increase in membrane current, whereas injection of 1 mM InsP, at the
samesiteshad a marked effect. Both compounds were injected using a double-barreled injecting electrode.
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Figure 7. Effect of injecting Ca2+ and InsP, at the same site on membrane currents. Inset, Experimental arrangement showing the double-barreled
injecting electrode that allows delivery of either Ca*+ (10 mM solution) or InsP, (1 mM) solution at the same point. Cells: A, C, RI 5; B, L3. Depth
of the injecting electrodes: A, 60 pm; B, 40 .um; C, 25 pm.

brane current and the Ca*+ mobilized by InsP, may be related.
One way to find out is to follow changesin membranecurrent
and Ca, simultaneously in responseto InsP, injections. Figure
9A shows such changesin an R15 cell. In the inset of Figure
9A, the .recorded Ca signal (voltage) was converted to a linear
ion concentration scale to facilitate comparison with the inverted and normalized membranecurrent trace. The insetshows
that although the current and the Ca, trace start rising simul-
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Figure 8. The InsP,-induced membrane current change subsists in
BAPTA-loaded
cells. Side-by-side injection of InsP, and Caz+ before
(upper truce) and after pressure injection of BAPTA (15 injections, 60
psi, 200 msec each). The increased Ca buffering capacity was effective
in reducing the Ca-induced outward current, but not the InsP,-induced
inward current (same experimental arrangement as the inset of Fig. 7,
except that the V, electrode was filled with 100 mM BAPTA).

taneously, the InsP,-induced membranecurrent recovers faster
than the Ca signal.The sameis true for the Cll current and the
Ca signalchangesinduced by InsP, in oocytes (Parker and Ivorra, 1990a).The inset of Figure 9A also showsthat the peak Ca,
increaseis delayed in relation to the peak membrane current,
which is probably the result of the relative slownessof the Caselective microelectrode; the true Ca, peak is probably larger
and faster.
Another way to assesswhether the Ca signal and the membrane current are related is by looking at their relative spatial
variation following InsP, injections. Figure 9B showsa plot of
peak Cai increaseand peak inward current versusthe depth of
the InsP,-injecting double-barreled Ca electrode. Both peaks
changedrelatively by the sameamount asthe injecting electrode
approached the surface membrane. So, although side-by-side
Ca2+and InsP, injections induce different current waveforms,
it looks asthough the InsP,-induced membranecurrent changes
may be spatially related to the mobilized Ca*+. Further experiments will be necessaryto separatethe effectsof CaZ+and InsP,
on membrane currents in molluscan neurons.
Discussion
The resultssuggestthat intracellular injections of InsP, in identified nerve cells of Aplysia calijbrnica mobilize Ca2+from intracellular storesand also induce distinct changesin membrane
currents that seemto be independent of the Ca, increase.
In previous studies,the effect of InsP, in nerve cellsofAplysia
kurodai (Sawadaet al., 1987) and Aplysia calijbrnica (Sholz et
al., 1988)wasindirectly shown to mobilize Ca*+, by measuring
membranecurrents. Fink et al. (1988) have shown, usingdigital
imaging of fura- fluorescence,that InsP, increasesCa, in Aplysia bag cells. In this study, I directly measuredInsP,-induced
Ca, increases using double-barreled Ca-selective microelectrodes. I found that the InsP,-induced Ca, increasewas graded
with the amount of InsP, injected. A similar dose-response
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Figure 9. Temporal relations of membrane current and Ca, measured simultaneously. A, Comparison of the time course of membrane current
(middle trace) and measured Ca signal (top truce) induced by intracellular injection of InsP, in an R 15 cell. Note how the membrane current recovers
a few seconds following the injection whereas the Ca signal increase is still relatively high; it took about 80 set for the Ca signal to reach the baseline
(not shown). In the inset, the current trace was inverted and normalized to the Ca signal trace to show the shift in peak amplitude in relation to
the Ca signal; the Ca signal was converted from voltage (which varies with the log of the Ca >+ concentration) to a linear Ca2+ concentration scale.
Both traces in the inset were sampled at 0.5 kHz and digitized. The double-barreled Ca-selective microelectrode was about 5 pm from the membrane
surface. Injection: 50 psi, 400 msec, 1 rnM InsP, solution. B, Spatial variations of the Ca, increase and membrane current induced by InsP, injection.
Plotted are the peak Ca, increase and membrane current versus the depth of the double-barreled microelectrode; the peak current was normalized
to the peak of the largest Ca, increase (5 pm point). Same protocol as Figure 3B. R15 cell, 50 psi, 400 msec injections, 1 mM InsP, solution.
was found in other preparations
using fura- fluorescence(Meyer et al., 1988)or 45Ca(Gawler et al., 1990;Finch

relationship

et al., 1991). Our results also agree with those of Sawada et al.

(1987) for the InsP,-activated outward current, and those of
Parker and Ivorra (1990b) for chloride currents and Ca, increases.
The intracellular Ca store has supposedlya limited capacity
to releaseCa2+and thus to sustaina Ca, increase,other mechanisms

must exist, notably

Ca influx

(Michell,

1975; Putney,

1986; Bet-ridgeand Irvine, 1989; Takemura and Putney, 1989).
Matthews et al. (1989) found evidence for InsP,-induced Ca
influx

in mast cells. In this study, I was able to induce

Ca2+

increasesby InsP, injections in OCa-SWrepeatedly for up to 60
min. This may mean that Aplysia nerve cells have unusually
large storesof CaZ+or that the releasedCa2+is returned to the
InsP,-sensitive store efficiently.
A complex aspectof the InsP, signalingsystemis the way the
InsP,-induced Ca, increaseis modulated. In many cell types,
CaZ+ions inhibit the action of InsP, to induce further mobilization of Ca*+from intracellular stores(Payne et al., 1988, 1990;
Berridge, 1989; Parker and Ivorra, 1990a). This feedback inhibition is precededin somepreparationsby facilitation, whereby a prior elevation of CaZ+potentiates the effect of InsP, (Sawada et al., 1987; Parker and Ivorra, 1990a;Finch et al., 1991).
The feedback inhibition was recently shown to be mediated by
the lingering elevation of Ca, that follows mobilization of Ca2+
by InsP, (Levy and Payne, 1991; Payne, 1991). The results of
Figure 4B show that the initial elevation of Ca, doesnot inhibit
subsequentincreasesof Ca, by InsP,. Desensitization occurred
only after several injections have elevated Ca, further. One possibility is that different preparations have different thresholds
of elevated Ca, to produce desensitization.
The mobilization of Ca2+by InsP, has been shown in many
systemsto be spatially restricted to someareasof the cells(Levy,
1987; Payne and Fein, 1987; Parker and Ivorra, 1990b). Berridge (1989) found that the InsP,-induced Cl- current desensitization in Xenopus oocytes wasrestricted to the point of injection and proposedthat the InsP,-sensitive pool is composedof

discrete compartments, a concept supported by recent evidence
(Parker and Yao, 1992). The results presented on Figure 3
show strong evidence that the InsP,-induced Ca, increase is
nonuniform in Aplysia nerve cells. Regarding our own experimental design,which required moving the double-barreled Ca
microelectrodesand injecting at different points, could the apparent spatial localization be the result of some artifact like
reversible electrode clogging or limited dissipation of injected
InsP,? Electrode cloggingcannot explain differencesthat can be
measuredin both directions of penetration dependingon where
the site of highest InsP,-induced Ca, increaseis located. Also I
can reversibly induce different magnitudesof InsP,-induced Ca,
increasesimply by moving the injection electrodeback and forth
(Fig. 3A,C). In my own hands, I have always seen injection
electrodesgetting clogged irreversibly. Regarding possiblelimitations to the diffusion of InsP,, it could be argued that asthe
injection electrode approachesthe plasma membrane, the diffusion of the injected InsP, is more restricted due to the presence
of the membrane,and this could explain a larger mobilized Ca2+
concentration at that point. The results of Figure 3, C and E,
argue against restricted diffusion as the causeof spatial differencesin InsP,-induced Ca, increase that I measure,since the
largest InsP,-induced Ca, increasewas found in some cells to
be some 80-l 20 pm away from the membrane. It is of interest
to mention that the Ca buffering capacity in Aplysia nerve cells
is largest near the plasma membrane (Tillotson and Gorman,
1980),soit is possiblethat the largestInsP,-induced Ca;increase
seennear the plasma membranewould have been larger if not
for the increasedCa buffering capacity. I conclude that the spatial difference in ability for a given injection of InsP, to mobilize
Caz+reflectsa real difference in localization of the internal stores
of Ca.
If we support the concept of separate local compartments
(Bet-ridge, 1989; Parker and Yao, 1992), the differences in
Ca signalsthat I measurecould be due to the proximity of the
injection electrode to a more or lessdensepopulation of compartments. Further support to the concept of discrete compartments may come from an interesting result from the inset of
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Figure 3B: regardlessof the size of the Ca signal, the time to
peak of the InsP,-induced Ca, increaseseemsto be the same.
This may mean that the injected InsP, is reaching Ca storesat
eachdepth, only the difference in the number of compartments
makesit that larger responsesare obtained when more sitesare
simultaneously activated by InsP,. A similar time to peak of
the Ca signalat depths of 30 and 90 pm (Fig. 3A) is unlikely to
be due to somedistortion by the dynamic responseof the Ca
electrode. If the small Ca signalat 90 pm wasthe result of Ca2+
diffusing from a site near the plasmamembrane,its time to peak
would have beenmuch larger, asdemonstratedbefore in similar
conditions (Levy and Fein, 1985).The significanceofthis highly
localized distribution of InsP,-sensitive Ca storesis unclear.One
possibility is that Ca*+ is mobilized by InsP, where it is most
effective. For example, in Limulus photoreceptors, phototransduction is rapid and efficient becauseof the closeproximity of
the visual pigment rhodopsin, the sites of releaseof InsP,, the
InsP,-sensitive Ca stores,and the Ca-sensitivereceptors(Payne
and Fein, 1987). A consideration in the caseof Aplysia nerve
cells, where Ca influx is substantial, is that it may be important
to segregateentering and mobilized Ca2+ions becausethey may
have different target molecules.Alternatively, Ca influx could
be more or lesspotentiated through mobilized Ca, by reaching
a different number of discrete compartments.
An interesting aspect of molluscan pacemaker potentials is
that they can be altered by neurohormoneslike vasopressinor
egg-layinghormone (Levitan et al., 1979; Smith, 1980). These
neurohormonescould act through G-protein activation of phospholipaseC. In accordancewith previous findings(Scholz et al.,
1988) my data suggestthat InsP, could play a role in modulating
the bursting activity of Apjysia pacemaker neurons. InsP, injection into bursting R 15 neuronscausesan immediate train of
action potentials followed by membranehyperpolarization and
later by a decreasein burst frequency (Fig. 5). It is not clear
whether the initial membrane hyperpolarization is due to a
direct effect of InsP, or to an increasedentry of Ca2+following
the train of action potentials. Thomas and Gorman (1977) have
shown that increasedCa2+ entry (by passingcurrent during a
burst) does result in a larger hyperpolarization, but under this
condition it isnot followed by a decreasein interburst frequency.
One has to keep in mind that a neurotransmitter would release
both InsP, and diacylglycerol. The effect of the latter on bursting
is not known. Strong et al. (1987) have shown that activation
of protein kinase C in Aplysia bag cells leadsto enhancement
of Ca currents. In preliminary experiments, we found that Aplysia neurons from the abdominal ganglion (devoid of bag cells)
contain all the endogenousinositol phosphatesand lipids (S.
Levy and E. Szuts, unpublished observations).
The presenceof the Ca-mobilizing effect of InsP, in a cell
system does not necessarilypreclude its role in directly modulating membranecurrents. Whether InsP, directly activates ion
channels in the plasma membrane remains controversial (Irvine, 1987; Matthews et al., 1989). My resultsof Figures 7 and
8 show evidence that the membrane current changesinduced
by InsP, injection in Aplysia nerve cells may be primary and
are not due solely to a Ca, increase.I cannot rule out that InsP,
may be converted to InsP, or someother messengerthat itself
would induce changesin membranecurrents (but seeSnyder et
al., 1988). Some differencesin the time courseof the responses
to both compounds are expected since InsP, and Ca2+do not
probably have the samediffusion rate; InsP, could diffuse less
freely to the membrane, but Ca*+ would be strongly buffered.

One difference could be that the area of the membranereached
by InsP, (if it is not rapidly degraded)is probably larger than
the one reached by a point injection of Ca*+. It seemsmore
likely, however, that InsP, (or one of its products), in addition
to mobilizing Ca2+from intracellular stores, directly activates
a conductance changein the membrane. A strong evidence is
that the InsP,-induced inward current is resistant to BAPTA,
whereasthe Ca-induced outward current is not (Fig. 8). The fact
that BAPTA isalmost without effect on the InsP,-induced membranecurrent excludesthe possibility that it is the InsP,-induced
Ca, increasethat activates a membrane current change. Scholz
et al. (1988) also found that Ca2+injections do not mimic InsP,
injections in Aplysia neurons, but their injections were made
from separatemicropipettes, and hence not necessarilyat the
same site. In oocytes, Parker and Ivorra (1990a) found that
injections of InsP, or Ca2+induce a chloride conductance; however, Ca*+ injection induced a larger Ca, increasethan InsP,,
but a smaller membranecurrent change.
There are several reports of similar effects of Ca*+ and InsP,
injections on membrane currents (Sawadaet al., 1987; Fink et
al., 1988). I have seenno evidence of an effect of preinjecting
one compound on the responseto the secondcompound, even
at short time intervals; however, I have not done a thorough
time interval study. As shownon Figure 7, our typical procedure
wasto wait for the current induced by the first injection to reach
baselinebefore making the secondinjection. It is therefore unlikely that the differencesin current waveform between InsP,and Ca2+-inducedcurrent changesare due to the effect of prior
injection of InsP, on Ca2+-induced current changesor vice versa.
In conclusion, I was able to dissociatethe Ca*+ mobilizing
role of InsP, from its direct action on the plasma membrane
conductance. Furthermore, my resultscall for caution in using
InsP,-induced ion current changesas an assayof intracellular
free Ca*+ concentration changes(DeLisle et al., 1990; Komori
and Bolton, 1991). It is clear as shown in this study and others
that changesin membrane currents are not a faithful indicator
of changesin Ca,.
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