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Summary. The bag cell neurons of Aplysia provide a model system
in which to investigate the effects of hyperosmolality on the
electrical and secretory properties of neurons. Brief stimulation
of these neurons triggers an afterdischarge of action potentials
that lasts approximately 20-30 min, during which time they re-
lease several neuroactive peptides. We have found that pre-incu-
bation of intact clusters of bag cell neurons in hyperosmotic media
prior to stimulation prevents the initiation of afterdischarges.
Furthermore, an increase in osmolality of the external medium
during an ongoing afterdischarge causes its premature termina-
tion. Hyperosmotic media attenuate the release of peptide evoked
by both electrically stimulated afterdischarges and potassium-
induced depolarization. The ability of high potassium to depolar-
ize the bag cell neurons is, however, not impaired. Exposure of
isolated bag cell neurons to hyperosmotic media also inhibits the
amplitude of action potentials evoked by depolarizing current
injection and attenuates the voltage-dependent calcium current.
In isolated bag cell neurons loaded with the calcium indicator
dye, fura-2, hyperosmotic media reduced the rise in intracellular
calcium levels that normally occurs in response to depolarization.
Our results suggest that the effects of hyperosmotic media on
peptide secretion in bag cell neurons can largely be attributed to
their effects on calcium entry.

Key Words osmolality - calcium current - egg-laying hor-
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Introduction

Alterations in extracellular osmolality have been
shown to affect calcium-dependent exocytosis in a
variety of systems. For example, hyperosmotic solu-
tions block the release of granules from adrenal chro-
maffin cells (Knight & Baker, 1982; Hampton &
Holz, 1983; Holz & Senter, 1986; Ladona, Bader
& Aunis 1987; O’Sullivan & Burgoyne, 1988), sea
urchin eggs (Whitaker & Zimmerberg, 1987; Chan-
dler, Whitaker & Zimmerberg 1989; Merkle & Chan-
dler 1989), neutrophils (Kazilek, Merkle & Chan-
dler, 1988), parathyroid cells (Brown et al., 1978),
and GH,C, cells (Sato, Wang & Greer, 1991). It

has been proposed that hyperosmotic media directly
inhibit granule fusion with the plasma membrane
(Chandler et al., 1989; Merkle & Chandler, 1989). It
has also been suggested that increasing extracellular
osmolality may alter osmotic gradients necessary for
swelling of granules and subsequent extrusion of
granule contents (Whitaker & Zimmerberg, 1987;
Chandler et al., 1989). It is possible, however, that
hyperosmotic media influence stages in excitation-
secretion coupling that precede the fusion of gran-
ules with the plasma membrane. For example, hy-
perosmotic media have been shown to influence the
gating of potassium ion channels (Zimmerberg, Be-
zanilla & Parsegian, 1990). Hyperosmotic media
have also been shown to block potassium- or
hormone-induced calcium influx in chromaffin cells
(Heldman et al., 1991) and GH,C; cells (Sato et al.,
1991). In rabbit neutrophils, hyperosmotic media in-
hibit the rise in intracellular calcium that normally
occurs in response to chemotactic peptide (Kazilek
et al., 1988). The mechanisms of inhibition of the
rise in calcium levels have, however, not been deter-
mined.

We have now investigated the effects of hyper-
osmotic media on stimulus-secretion coupling in the
peptidergic bag cell neurons of the marine mollusc
Aplysia. Following brief electrical stimulation, these
neurons fire repetitively for approximately 20-30
min, during which time they release several neuroac-
tive peptides. These peptides include egg-laying hor-
mone (ELH), a 36 amino acid peptide that, in vivo,
induces egg-laying behavior (Arch, 1972; Chiu et
al., 1979; Scheller et al., 1982). We have measured
voltage-dependent calcium currents in isolated bag
cell neurons in primary culture and have used im-
aging techniques to measure the calcium transients
that may be associated with secretion. Our results
indicate that hyperosmotic media influence secre-
tion by attenuating calcium entry through voltage-
dependent calcium channels.
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Table 1. Composition of solutions A-N?
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A B C D E F G H 1 J K L M N
NaCl 460 460 460 760 460 160 460 160 160 160 — —_— 30 30
MgCl, 55 55 55 55 55 55 55 55 55 55 55 55 55 55
KCl 10.4 10.4 10.4 10.4 10.4 3104 3104 310.4 3104 3104 — — —_ —_—
CaCl, 11 11 11 11 11 11 11 11 11 11 — — 11 11
BaCl, — — — — — — — — — — 11 11 — —
CsCl —_ —_ — —_ — — —_ — — —_ 10.4 10.4 10.4 10.4
TEA-Br —_— — —_ — — —_ — — — — 460 460 460 460
DAP — — — — — — — — — — — — 30 30
EGTA — — — — — — — — — 5 — — — —
HEPES 10 10 10 10 10 10 10 10 10 10 — — — —
Tris — — — — —_— — — —_ — — 10 10 10 10
Mannitol — 600 — —_ —_ — — 600 — — — 600 —_ 600
Choline-CI  — — 300 — — — — — 300 — — — — —
Sucrose —_ - —_ — 600 — — —_ — — — — — —

2 Concentrations listed are in mM. All solutions were adjusted to pH = 7.8.

This work has been presented in abstract form
(Loechner & Kaczmarek, 1989; Loechner et al.,
1991).

Materials and Methods

ANIMALS

Adult Aplysia californica'(weight 250-500 g) (Alacrity Marine,
Redondo Beach, CA) were kept in an artificial seawater system
at 13°C.

EXTRACELLULAR RECORDING

Prior to dissection, animals were anesthetized by an injection of
MgCl, (~1200 mosm) equal to 50% of body weight. The abdominal
ganglion with bag cell clusters and pleurovisceral connective
nerves was then removed and placed in a 1-ml chamber containing
a solution made up of equal volumes of artificial seawater (ASW,
~1200 mosm; see Solution A, Table 1) and MgCl,. The artery to
the abdominal ganglion was cannulated with a plastic syringe and
secured as described by Mayeri et al. (1985). MgCl, was included
to prevent the premature stimulation of afterdischarges during
dissection and cannulation. The ganglion was then washed with
ASW prior to each experiment. Experiments were carried out at
18°C.

An extracellular suction-recording electrode was placed on
one bag cell cluster, and an extracellular suction-stimulating elec-
trode placed on the ipsilateral connective nerve. Afterdischarges
were stimulated by application of a train of brief depolarizing
current pulses (8—40 V, 6 Hz, 2.5 msec pulse width; 5 sec dura-
tion). Bag cell neuron electrical activity was monitored on an
oscilloscope and recorded on a polygraph chart recorder.

During each experiment, the extracellular medium was com-
pletely exchanged at 5 min intervals. The artery was perfused at
9 pl/min with the same solutions as the extracellular medium.
Samples were frozen and stored at —20°C until analyzed for
peptide composition.

ANALYSIS OF PEPTIDES

The separation and detection of peptides were carried out using
high pressure liquid chromatography as described by Loechner
et al. (1990). Briefly, samples were thawed immediately prior to
analysis and aliquots were injected onto a Vydac C18 reverse
phase column (5 uM, 300 A, 2.5 X 15 cm). Peptides were sepa-
rated using a segmental linear gradient of 0.05% trifluoroacetic
acid in acetonitrile (5-41% acetonitrile in 39 min at a flow rate of
1 ml/min).

Post-column derivitization with o-phthalic dicarboxalde-
hyde in the presence of 2-mercaptoethanol (Roth, 1971) was car-
ried out and peptides were detected using a Hitachi F-1600 spec-
trophotometer. ELLH was quantified according to peak height on
a chart recorder. Peak height was then converted to the corre-
sponding amount of peptide in micrograms based on synthetic
ELH standards (Peninsula Laboratories, Belmont, CA). All mea-
surements are expressed as * SEM.

MANIPULATION OF OSMOLALITY

To analyze the effects of hyperosmotic solutions on ELLH secre-
tion and afterdischarges, the extracellular medium and cannula
contained ASW prior to stimulation of the bag cell neurons.
Following 5 min of afterdischarge, the extracellular and perfusing
media were changed to ASW made hyperosmotic (~1800 mosm)
with mannitol, choline chioride, or sodium chioride (see Table 1,
solutions B, C, and D, respectively). Samples were collected at 5-
min intervals for at least 25 min following termination of electrical
activity. '

To analyze the effect of hyperosmotic solutions on the ability
of electrical stimulation to trigger an afterdischarge in bag cell
neurons, experiments were carried out as above except that both
the extracellular and perfusing media were exchanged with solu-
tion B (mannitol) or solution C (choline chloride) at least 5 min
prior to electrical stimulation.

MEASUREMENTS OF POTASSIUM-EVOKED RELEASE
To measure the release of ELH in response to depolarization by

elevated potassium concentrations, basal samples of release were
first collected using normal ASW for both the extracellular and
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perfusing media. The medium was then changed to one of the
following four solutions: (i) isosmotic high potassium, in which
potassium chloride is partially substituted for sodium chloride in
ASW (solution F), (i) hyperosmotic high potassium (solution G,
sodium chloride), which differs from isosmotic high potassium in
its sodium chloride concentration (solution G), (iii) hyperosmotic
high potassium (solution H, mannitol), or (iv) hyperosmotic high
potassium (solution I, choline chioride). Samples were collected
at 5 min intervals as described above.

To test the calcium dependence of potassium-evoked re-
lease, both the extracellular and perfusing media were changed
to a medium containing high potassium in 0 Ca?* ASW to which
5 mM ethylene glycol-bis-(8-aminoethyl ether)-N,N,N'N’-tetra-
acetic acid (EGTA) was added to chelate residual calcium (solu-
tion J).

INTRACELLULAR RECORDING

Abdominal ganglia were removed from the animals as described
above. The ganglia were then placed in a dish containing 15 mg/
ml Dispase (Boehringer Mannheim, Germany) for at least 18 hr.
The two bag cell clusters were then dissected from the ganglion
and individual neurons separated by trituration of the clusters
using a Pasteur pipette. Cells were plated onto petri dishes (Corn-
ing) containing ASW (to which glucose (1 mg/ml), penicillin and
streptomycin (Gibco) were added) and stored in an incubator at
15°C. Isolated cells were used for experiments within two days
following plating. To record action potentials, isolated bag cell
neurons in primary culture were penetrated with a microelectrode
containing 3 M potassium chloride (pH = 7.3, resistance = 10-40
MQ in ASW). Action potentials were stimulated by injection of
depolarizing current (50-500 pA, 250 msec pulse) before, during,
and after exchange of ASW with hyperosmotic ASW (solution B,
mannitol; solution C, choline chloride; or solution E, sucrose).
Action potentials were measured at peak height and changes
expressed as percentage *+ SEM. To depolarize the cells with
elevated potassium concentration, 100 ! of 3 M potassium chlo-
ride was added to dishes containing 3 ml of either isosmotic ASW
or hyperosmotic ASW (solution B, mannitol (final concentration
of potassium chloride in dish = 100 mm).

To measure voltage-dependent calcium currents, isolated
bag cell neurons were washed with solutions containing either
barium (solution K) or calcium (solution M) as charge carriers, as
well as tetra-ethylammonium bromide and cesium chloride to
block outward potassium currents (see Table 1). These solutions
allow inward currents to be measured relatively uncontaminated
by the outward potassium currents. Neurons were penetrated
with a single microelectrode containing 3 M potassium chloride
(pH = 7.3, resistance = 8-15 M(}). Calcium current was mea-
sured using a single microelectrode voltage clamp (Axoclamp).
The membrane potential was held at —60 mV and then depolar-
ized to test potentials between —20 to + 10 mV (250 msec pulse,
interval between pulses = 30 sec). Inward current was monitored
before and after exchange of isosmotic solutions K (barium) and
M (calcium) with barium-containing hyperosmotic solution L
(mannitol) or calcium-containing hyperosmotic solution N (man-
nitol), and following return to the respective isosmotic media.
Measurements were made at peak inward current and changes
are expressed as percentage * SEM.

To measure leakage currents, cells were depolarized to — 50
mV from a holding potential of —60 mV. Leakage current was
monitored before and after exchange with hyperosmotic media
as described above.
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MEASUREMENTS OF INTRACELLULAR CALCIUM

Bag cell neurons were plated on #1 glass microscope coverslips
coated with polylysine substrate and allowed to extend neurites
for a minimum of 18 hr, at which time they had extended elabo-
rate growth cones characteristic of Aplysia and other invertebrate
neurons in primary culture (Kaczmarek et al., 1979; Kater et al.,
1988; Knox et al., 1992). Fura-2 (free acid) (Grynkiewicz, Poenie
& Tsien, 1985) was microinjected into the bag cell soma to concen-
trations of 50-100 uM by pressure injection from intracellular
microelectrodes (electrode resistance >50 M{Q when filled with 3
M KCI). Microinjections took 20-40 sec and cells were allowed
to equilibrate for at least 10 min after fura-2 was injected. For
electrical stimulation and recording, bag cell neurons were re-
penetrated with identical microelectrodes filled with 1 M KCI.
Quantification of intracellular calcium changes in single cells was
determined by taking the ratio of fura-2 fluorescence using 340
and 380 nm excitation wavelengths in pairs of digitized images.
Acquisition time for a single frame pair was approximately 500
msec. Free calcium is related to this ratio as follows:

+1 R — Ry Eg
1=Kz 2%) (7)

max

where Ry, (0.45) and R_,, (11.5) are minimum and maximum
ratios observed in the apparatus for the limiting values of calcium
and F,/F, is the fluorescence ratio for 380 nm excitation at the
limiting values of calcium. K} is the indicator dissociation con-
stant and equals 760 nM (see Grynkiewicz et al., 1985). The
computed calcium levels are coded in pseudo-color from blue to
red, corresponding with low to high levels. Details of the method
and imaging apparatus have been decribed previously (Connor,
1986; Fink, Connor & Kaczmarek, 1988). Neurons were allowed
to remain in ASW or were washed with hyperosmotic ASW prior
to stimulation. Calcium influx was evoked by stimulating action
potentials with depolarizing current injection (0.5-1.0 nA, 75
msec duration) or by exchange of the medium to one containing
high potassium as described above. Calcium concentrations are
expressed as nanomolar = SEM.

Results

PEPTIDE RELEASE DURING
THE BAG CELL AFTERDISCHARGE

The bag cell neurons form two clusters of approxi-
mately 400 neurons each at the rostral end of the
abdominal ganglion of Aplysia. (Frazier et al., 1967).
Prior to stimulation, these neurons are electrically
silent (Fig. 1A, Basal). Following brief electrical
stimulation (S) of the pleurovisceral connective
nerve, the bag cell neurons fire repetitive action po-
tentials for 20-30 min (Kaczmarek, Jennings &
Strumwasser, 1982). Since these neurons are elec-
tronically coupled, the compound action potentials
recorded extracellularly represent the synchronous
activity of all neurons in a cluster (Blankenship &
Haskins, 1979; Kaczmarek et al., 1979). As seen in
Fig. 14, the pattern of activity changes during the
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Fig. 1. (A) Extracellular recording of bag cell neuron electrical activity before (Basal and after stimulation (S) of an afterdischarge.
Arrows indicate point at-which the extracellular medium was exchanged. Alternate 5-min samples are shown for simplicity. (B) HPLC
chromatograms corresponding to each 5-min period of electrical activity. Arrows designate ELH peaks. X axis represents time during

HPLC gradient; Y axis represents relative fluorescence.

course of the afterdischarge. During the first phase,
which lasts about 1 min, the neurons fire at ~5 Hz,
During the second, slower phase, which lasts the
remainder of the afterdischarge, action potentials
occur at ~0.5 Hz (Kaczmarek et al., 1982). Previous
work has shown that action potentials during the fast
phase are largely sodium-dependent, whereas in the
second phase, calcium entry plays an important role
in determining the shape and firing pattern of action
potentials (Kaczmarek et al., 1982).

Figure 1B shows HPLC profiles of peptides re-
leased into the extracellular medium during each 5
min of electrical activity. No peptides were detected
prior to stimulation (basal). Following initiation of
the afterdischarge, however, several peptides could
be detected, including ELH (egg-laying hormone)
(Rothman, Sigvardt & Mayeri, 1985; Loechner et
al., 1990). The pattern of ELH release during the
course of the afterdischarge as shown in Fig. 1B is
typical of that seen in clusters stimulated in ASW,
such that a greater amount of ELH is released at
intervals subsequent to the first 5 min, even though
the period of maximal firing occurs during these first
minutes (Loechner et al., 1990).

The bag cell neurons release several other neu-
ropeptides in addition to ELH. Following electrical
stimulation or elevated potassium (see Fig. 34), sev-
eral other peaks can be detected on HPLC chroma-
tograms of released material. The peak adjacent to
that of ELH represents Acidic Peptide, which is
cleaved from the ELH precursor but whose function
is not yet known (Scheller et al., 1983; Newcomb &
Scheller, 1987). The other non-ELH peaks have not
been identified. They do not, however, represent
alpha-, beta-, or gamma-bag cell peptides, which
are smaller peptides also produced from the ELH
precursor protein and released during the afterdis-
charge (Rothman et al., 1985; Scheller et al., 1983).
These peptides, which produce autoreceptor-
mediated changes in the bag cell neurons as well
as act on target neurons in the abdominal ganglia
(Rothman et al., 1983; Sigvardt et al., 1986; Kauer,
Fisher & Kaczmarek, 1987; Berry, 1988; Brown &
Mayeri, 1989; Loechner & Kaczmarek, 1990), are
susceptible to rapid proteolysis and are released in
amounts too small to be detected in present experi-
ments. The non-ELH peaks on the chromatograms
may represent other products of the ELH precursor
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Fig. 2. (A) Extracellular recording of bag cell neuron electrical

activity before (Basal) and after stimulation (§) of an afterdischarge.

Arrows indicate point at which the extracellular medium is exchanged. Following the first 5 min of action potentials, isosmotic ASW
solution A was completely replaced with hyperosmotic ASW solution B (mannitol). (B) HPLC profiles corresponding to each 5-min
period in A. Arrows designate ELH peaks. X axis represents time on HPLC gradient; Y axis represents relative fluorescence.

or products released from other neurons within the
abdominal ganglion.

INHIBITION OF ELH SECRETION AND
AFTERDISCHARGES BY HYPEROSMOTIC MEDIA

We examined the effect of hyperosmotic media on
the reilease of ELH that normally occurs during an
afterdischarge. After the first 5 min of repetitive
firing, both the extracellular and perfusing media
were replaced with hyperosmotic ASW solution B
(mannitol) (Fig. 2). Within 2 min of exposure to this
hyperosmotic medium, bag cell electrical activity
ceased (Fig. 2a; n = 4). This is in contrast to the
control clusters, which fired repetitively throughout
the afterdischarge (Fig. 14). As can be seen, the
amount of ELH detected by HPLC was greatly at-
tenuated following exchange with hyperosmotic
ASW (Fig. 2B) when compared to that obtained un-
der isosmotic conditions (Fig. 1B). The mean release
of ELH during the 5-min interval following exchange

with hyperosmotic solution B was 0.12 + 0.02 ug
(n = 4); ELH release in isosmotic solution A was
1.33 = 0.42 ug (n = 7) during the same interval.
Throughout the next 5-min interval (10—15 min after
stimulation), the clusters in hyperosmotic medium
were electrically silent, and the attenuation of ELH
release was more pronounced. The mean release of
ELH in hyperosmotic ASW at this interval was 0.01
ug (n = 2) as compared to 0.64 = 0.21 ug(n = 7) in
isosmotic ASW. Afterdischarges were also prema-
turely terminated when ASW was replaced with hy-
perosmotic ASW solution D (sodium chloride; n =
2) or solution C (choline chloride; n = 2) (resuits not
shown). In experiments in which the ganglion was
preincubated in hyperosmotic ASW solutions B
(mannitol; n = 4) or solution C (choline chloride; » =
2) prior to electrical stimulation, no afterdischarges
could be evoked (data not shown).

Because increasing the osmolality of the me-
dium using a variety of different solutes inhibited
the afterdischarge and EIL.H secretion, it is likely that
the inhibition results from the increases in osmolality
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Fig. 3. HPLC profiles from ganglia perfused with (A) isosmotic high potassium solution F, (B) hyperosmotic high potassium solution
H (mannitol) or (C) hyperosmotic high potassium solution G (sodium chloride). Arrows designate ELH peaks. X axis represents time

on HPLC gradient; Y axis represents relative fluorescence.

Table 2. Hyperosmotic media inhibit potassium-evoked release
of ELH

High potassium media ELH release  (ug)

F  (isosmotic) 1.61 = 0.71 (n=275)
G (hyperosmotic, sodium chloride) 0.09 = 0.03 (n=4)
H (hyperosmotic, mannitol) 0.05 = 0.02 (n=4)
I  (hyperosmotic, choline chloride) 0.05 = 0.02 (n =3)

Mean release of ELH for ganglia depolarized by elevation of high
potassium in solutions F-I. Release is expressed in micrograms
+ SEM.

per se, rather than pharmacological effects specific
to the solutes. In these experiments, however, it is
not possible to determine whether the ability of the
bag cell neurons to secrete peptides in response to
depolarization is attenuated, or whether secretion
stops because of the inability of the neurons to sus-
tain an afterdischarge of repetitive action potentials.

To determine whether hyperosmotic media in-
hibit secretion in response to a fixed depolarization,
we measured the release of ELH from bag cell neu-
rons in response to high external potassium. Figure
3 illustrates the HPLC profiles obtained in response
to depolarization of bag cell clusters by isosmotic
high potassium medium (solution F). The mean total
release of ELH over 30 min in isosmotic potassium
was 1.61 = 0.71 ug (n = 5). Furthermore, the release
of ELH evoked by isosmotic high potassium was
found to be calcium dependent. No release of ELH
was detected when the extracellular and perfusing
media contained isosmotic high potassium medium

that was devoid of calcium and that contained the
calcium chelator EGTA (solution J) (n = 3; data not
shown).

In contrast to the results obtained with isosmotic
high potassium solution F, depolarization with hy-
perosmotic high potassium media was ineffective in
stimulating release (see Table 2). As shown in Figs.
3B and C, hyperosmotic high potassium solutions H
(mannitol) or G (sodium chloride) were ineffective
in stimulating ELH secretion. Similar results were
obtained with hyperosmotic high potassium solution
I (choline chloride).

To assess the possibility that elevated potassium
concentrations are unable to adequately depolarize
the bag cell neurons in hyperosmotic media, we re-
corded the membrane potential of isolated bag cell
neurons in primary culture penetrated with a single
microelectrode. Potassium chloride was added to a
dish containing either isosmotic ASW or hyperos-
motic ASW solution B (mannitol). Figure 4 demon-
strates that elevated potassium chloride (final con-
centration = 100 mm) caused a depolarization in
either media. Both neurons depolarized from resting
potentials greater than —80 mV to potentials posi-
tive to 0 mV.

To test the possibility that hyperosmotic media
do not directly block the secretion of ELH from the
bag cell neurons but instead somehow impair the
diffusion of peptides from their release sites at axo-
nal varicosities to the medium bathing the ganglia,
we stimulated release using the calcium ionophore,
ionomycin (5-50 uMm). Comparable release of ELH
was detected in response to these concentrations of
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ionomycin in isosmotic and hypersmotic media
(data not shown). Whether this release induced by
ionomycin represents a physiological mechanism is
not known. Video enhanced microscopy of isolated
neurons in cell culture has revealed morphological
changes including retraction of neurites in response
to this agent (unpublished data). Nevertheless, these
experiments clearly demonstrate that the access of
ELH released from the bag cell neurons to the bath-
ing medium is not blocked by the hyperosmotic me-
dia and that these media inhibit the calcium-depen-
dent release of ELH that normally occurs in
response to depolarization with high potassium.

ATTENUATION OF ACTION POTENTIALS AND
CaLciuM CURRENTS BY HYPEROSMOTIC MEDIA

As described above, hyperosmotic media inhibit af-
terdischarges in bag cell neurons. We therefore ex-
amined the effects of hyperosmotic media on the
ability of these neurons to generate action potentials.
Isolated bag cell neurons were penetrated with a
single microelectrode and injected with depolarizing
current to evoke action potentials. Action potentials
in bag cell neurons under these conditions have been
shown to be predominantly calcium-dependent, with
only a small percentage of cells retaining voltage-
sensitive sodium current at early stages in primary
culture (Kaczmarek et al., 1982). Voltage traces in
response to depolarizing currents of 50-500 pA were
recorded before and after exchange with hyperos-
motic ASW solution B (mannitol). Figure 54 shows
a series of five consecutive action potentials elicited
by a series of depolarizing pulses in isosmotic ASW.
Some frequency-dependent potentiation of the ac-
tion potential height and width was observed during
the train of pulses and has been shown to represent
the inactivation of delayed voltage-dependent po-
tassium currents that contribute to the repolarization
of the action potential (Kaczmarek & Strumwasser,
1981). Following exchange with hyperosmotic ASW
solution B (mannitol), the height of the recorded
action potentials was greatly attenuated (Fig. 5B).
This effect was reversible on returning the cell to
isosmotic ASW solution A (Fig. 5C). Similar effects
were seen in 9 of 10 cells (mean % decrease in height
=25.5 + 5.4%). In one cell, no change in height was
observed. Varying degrees of attenuation of action
potentials were seen following exchange with hyper-
osmotic solution C (choline chloride) (mean de-
crease = 6.0 = 3.4%, n = 4), solution D (sodium
chloride) (mean decrease = 10.7 = 0.27%, n = 3),
or solution E (sucrose) (mean decrease = 12.2 +
0.30%, n = 2; in one cell exposed to sucrose, action
potential height actually increased by approximately
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10%). These results indicate that hyperosmotic me-
dia may alter the functioning of voltage-dependent
ion channels in bag cell neurons.

The effect of hyperosmolality on voltage-depen-
dent calcium current in isolated bag cell neurons was
investigated using a single microelectrode voltage
clamp. To minimize space-clamp artifacts, cells with
neuritic growth of less than one soma diameter were
selected for these experiments. Calcium current was
isolated from other currents by replacing isosmotic
ASW solution A with isosmotic solutions K (barium)
or M (calcium) which contained cesium chloride and
tetra-ethyl ammonium bromide (see Table 1). These
media largely eliminate the voltage-dependent and
calcium-dependent outward potassium currents and
allow analysis of the inward barium or calcium cur-
rents, respectively. Figure 64 shows the current
traces obtained following depolarization of a neuron
in isosmotic barium medium from a holding potential
of —60to 0 mV (left panel). Exchange with a barium-
containing hyperosmotic solution L (mannitol) led to
a marked attenuation of the inward current (middle
panel). The decrease in inward current was apparent
as soon as exchange of medium was complete (30-60
sec) and lasted for as long as the hyperosmotic solu-
tion was present (for at least 1 hr). Furthermore, the
inhibition of inward current occurred at all potentials
tested and was reversible upon return to isosmotic
barium solution K (right panel). The mean decrease
in inward barium current was 66.4 = 8.6% (n = 6).
Figure 6B shows the current traces obtained from a
different bag cell neuron in which currents were
recorded in an isosmotic calcium solution M. As was
found for barium current, exchange with calcium-
containing hyperosmotic solution N (mannitol)
caused an inhibition of voltage-dependent inward
current (middle panel). The mean decrease was
66.1% (n =2). Again, the effect of this hyperosmotic
medium occurred at all potentials tested and was
reversible on return to isosmotic conditions (right
panel). In some but not all experiments, small
(0-20%) changes in leak currents were also mea-
sured after exposure to hyperosmotic media. These
changes, however, were not correlated with
changes in the calcium current. It appears, there-
fore, that hyperosmotic media can lead to the attenu-
ation of voltage-dependent inward current in bag cell
neurons regardless of whether the charge carrier is
barium or calcium.

These data suggest that inhibition of calcium
current contributes to the attenuation of action po-
tentials measured in isolated bag cell neurons and
may contribute to the termination of the afterdis-
charge observed in the intact ganglion. Furthermore,
blockade of inward calcium current and the expected
decrease in calcium influx provides a mechanism
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by which hyperosmotic media may inhibit calcium-
dependent exocytosis of neuroactive peptides in
these neurons.

EFFECTS OF HYPEROSMOTIC MEDIA ON
INTRACELLULAR CALCIUM LEVELS

Further evidence for the inhibition of calcium influx
by hyperosmotic media was derived from experi-
ments in which intracellular calcium levels were
measured using the calcium-chelating photosensi-
tive dye, fura-2. Following microinjection of fura-2
(free acid) into isolated bag cell neurons in primary
culture, cells were depolarized either by current in-
jection or by exposure to elevated external pot-
assium concentrations.

Figure 7 (left top panel) illustrates the basal level
of calcium as imaged using fura-2 in a bag cell neuron
prior to stimulation. Following a train of depolariz-
ing current pulses (200 pA, 75 msec duration, 4 Hz)
a marked increase in intracellular calcium was ob-
served primarily in the neurites (Ieft bottom panel).
These results are similar to those described by Fink
et al. (1988), and, in the present experiments, were
detected in 30 neurites from four cells. The mean
resting intracellular calcium level was 297 + 26 nMm,
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Fig. 4. (A) Intracellular recording from an
isolated bag cell neuron penetrated with a
microelectrode. The bag cell neuron was
depolarized from a resting membrane
potential of —90 to approximately 0 mV by
elevation of external potassium (final
concentration of KCl = 100 mM). (B)
Depolarization of a different bag cell neuron
from a resting potential of —87 to greater

20 mV

15 sec than 0 mV by elevation of external potassium

in hyperosmotic ASW solution B (mannitol).

C. Wash

Fig. 5. Intracellular recording from an
isolated bag cell neuron. Action potentials
were triggered with depolarizing current (500
pA) before and after exchange of isosmotic
ASW solution A (A, Control) with
hyperosmotic ASW solution B (B, Mannitol).
Attenuation of action potentials by

L hyperosmotic medium was reversible upon
50 msec return to isosmotic conditions (C, Wash).

10mv

and the mean intracellular calcium level at the
end of the train of depolarizing current pulses was
3951 = 391 nMm (n = 30).

The ability of depolarizing current to trigger a
rise in intracellular calcium was then examined in
the presence of hyperosmotic media (Fig. 7, middle
panels). In these experiments, the mean resting level
of intracellular calcium in hyperosmotic ASW solu-
tion B (mannitol) was found to be 368 = 27 nMm (n =
30) (middle top panel). A train of depolarizing cur-
rent pulses in the presence of hyperosmotic ASW
also caused an elevation in intracellular calcium lev-
els (1723 = 154 nM, n = 30) (middle bottom panel).

Although a one-way between group ANOVA
revealed that calcium levels increase significantly
following trains of action potentials (P < 0.001), a
post-hoc Tukey test clearly demonstrated that the
increase in hyperosmotic medium was significantly
smaller than in isosmotic medium (P < 0.01). No
significant difference was found between the basal
levels of calcium in the isosmotic and hyperosmotic
media.

Calcium entry was also triggered by exposure of
the cells to high potassium. As shown in Fig. 8,
exchange of isosmotic ASW for isosmotic high po-
tassium solution F caused a significant increase in
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Fig. 6. (A) Single microelectrode voltage-clamp traces recorded in an isolated bag cell neuron in isosmotic barium solution K. The
neuron was depolarized from a holding potential of —60 to 0 mV for 250 msec and then returned to —60 mV (left panel). Following
exchange with hyperosmotic barium solution ‘L, the inward barium current was attenuated (middle panel). The inhibition of barium
current by hyperosmotic medium was reversible upon return to isosmotic conditions (right panel). (B) A different bag cell neuron in
isosmotic calcium solution M was depolarized as in A (left panel). Following exchange with hyperosmotic calcium solution N, inward
calcium current was attenuated (middle panel). The inhibition of calcium current was reversible on return to isosmotic conditions (right
panel). (¢) I-V relation of the peak inward current before (filled circle) and after (open circle) exchange with hyperosmotic barium
solution L as described in A (D) I-V relation before (filled circle) and after (open circle) exchange with hyperosmotic calcium solution

N as described in B.

intracellular calcium levels in the bag cell neurites
(left bottom panel). In 19 neurites from four cells,
the mean resting intracellular calcium level was
215 = 30 nM, and within 30 sec after exposure to
elevated potassium rose to 2015 = 185 nm (n =
19). The mean resting intracellular calcium level in
hyperosmotic ASW solution B (mannitol) was
238 = 28 nM (n = 19) (middie top panel). However,
depolarization with hyperosmotic high potassium
solution H (mannitol) induced an increase to only
757 = 77 nM (n = 19) (middle bottom panel). As with
electrical stimulation, a one-way between group
ANOV A showed that depolarization with potassium
significantly elevates calcium levels (P < 0.001).
Post hoc Tukey tests revealed, however, that the
increase in hyperosmotic medium is significantly
smaller than in the isosmotic medium (P < 0.01).

Again, hyperosmotic medium was not found to sig-
nificantly influence basal levels of calcium.

Finally, no apparent rise in intracellular calcium
levels was detected in a cell that was exposed to an
elevated potassium concentration in 0 Ca?* ASW
containing EGTA (solution J, data not shown). This
is consistent with the total suppression of ELH re-
lease from clusters of bag cell neurons under these
conditions.

Discussion

Manipulations of extracellular osmolality have been
used to define processes that may contribute to exci-
tation-secretion coupling. We now present evidence
that in a set of peptidergic neurons, hyperosmotic
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media attenuates secretion triggered by either action
potentials or potassium-evoked depolarization.
These media were also found to decrease both cal-
cium current measured under voltage clamp, and
calcium accumulation during repetitive depolariza-
tions. The present study demonstrates, therefore,
that, as has been found for voltage-dependent po-
tassium channels (Zimmerberg et al., 1990) and
anion channels (Zimmerberg & Parsegian, 1986),
voltage-dependent calcium channels are sensitive to
elevations in osmolality.

In squid giant axon, voltage-dependent delayed
rectifier potassium channels undergo a reversible
decrease in conductance when exposed to solutions
of increased osmolality (Zimmerberg et al., 1990).
These solutions did not alter the voltage dependence
or ion selectivity of the channels; nor could changes
in conductance be attributed to changes in the con-
ductivity of the hyperosmotic solutions. Similar re-
sults were obtained in solutions made hyperosmotic
with several agents, suggesting that these agents did
not act as specific channel blockers. The authors
suggested, therefore, that osmotic stress was re-
sponsible for the observed effects.

The most likely explanation for our results with
the bag cell neurons is that, as with the squid po-
tassium channels, hyperosmotic solutions directly
influence the conductance of the voltage-dependent
calcium channels. There are, however, some alter-
native explanations that cannot be ruled out at this
time. For example, the changes in calcium current
could be secondary to activation of second messen-
ger systems. It has been proposed that cell shrinkage

RECOVERY
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Fig. 7. Effects of electrical stimulation on the
intracellular calcium concentration in isolated
neurons injected with fura-2. The pictures
represent digitized images of the ratio of
fluorescence at 340 and 380 nm, converted to
approximate calcium concentrations (see
Materials and Methods). The top left panel
shows resting calcium concentration in an
isolated bag cell neuron in isosmotic ASW.
The bottom left panel shows the elevation in
intracellular calcium concentration following a
train of ten depolarizing pulses. The middle
top panel shows the resting calcium level
following exchange with hyperosmotic ASW
solution B (mannitol). The middle bottom
panel shows attenuation of response to
depolarizing pulses in hyperosmotic ASW.
The top right panel shows resting calcium
distribution upon return to isosmotic ASW.
The right bottom panel shows recovery of
ability of depolarizing pulses to elevate
calcium concentrations under isosmotic
conditions.

may lead to activation of protein kinase C in lympho-
cytes (Grinstein et al., 1985); and protein kinase C
has been shown to modulate calcium currents in a
variety of systems, including bag cell neurons
(Strong et al., 1987). However, this mechanism
seems unlikely in the present study given that pro-
tein kinase C activation is known to enhance, rather
than inhibit, calcium current in bag cell neurons
(Strong et al., 1987).

A second potential mechanism by which hyper-
osmotic media could inhibit calcium current is by
creating a relative rise in intracellular calcium con-
centration secondary to a decrease in cell volume.
Such a rise in calcium levels could, in turn, lead to
calcium-dependent inactivation of calcium current.
O’Sullivan and Burgoyne (1988) reported a rise in
basal intracellular calcium levels in adrenal medul-
lary chromaffin cells upon exposure to hyperosmotic
medium. The mechanism by which intracellular cal-
cium levels were elevated in the chromaffin cells
was believed to be secondary to a hyperosmolality-
induced increase in intracellular pH which, in turn,
elevated calcium levels. In the present study with
fura-2, however, we found no statistically significant
increases in resting intracellular calcium levels in
bag cell neurons upon exposure to hyperosmotic
media. In addition, little inactivation of calcium
influx occurs during trains of action potentials or
voltage-clamp pulses in isosmotic media (Kacz-
marek & Strumwasser, 1984), during which time
calcium levels rise to about 4 uMm (Fig. 7). Thus, it is
very unlikely that changes in basal levels of calcium
contribute to the attenuation of calcium-dependent
influx and secretion.
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Fig. 8. Effect of elevated potassium on the intraceliular calcium concentration of isolated bag cell neurons loaded with fura-2. The top left
panel shows resting intracellular calcium distribution as measured using digitized images of the ratio of fluorescence at 340 and 380 nm
excitation. Ratios have been converted to approximate calcium concentrations. The left bottom pane!l shows the increase in intracellular
calcium levels following exchange of ASW with isosmotic high potassium solution F. The middle top panel shows resting calcium distribu-
tion in hyperosmotic ASW solution B (mannitol). The middle bottom panel shows the attenuation of potassium-induced elevation of
calcium concentrations upon exchange with hyperosmotic high potassium solution H (mannitol). The top right panel shows the resting
calcium concentration upon return to isosmotic ASW. The right bottom panel shows the recovery of ability of potassium-induced depolar-
ization to trigger rise in intracellular calcium following return to isosmotic conditions.

In summary, the present experiments demon-
strate that hyperosmotic media attenuate voltage-
dependent calcium currents in bag cell neurons. It
is possible that similar effects on vertebrate calcium
channels contribute to the neurological changes that
can accompany clinical hyperosmotic states such as
hyperosmotic hyperglycemic nonketotic coma (Ar-
ieff Caroll; 1972, 1974). These data also emphasize
the importance of assessing calcium influx when us-
ing secretagogues in a hyperosmotic milieu.

This work was supported by NIH Grant NS-18492 to L.K.
Kaczmarek.
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