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Summary

Many marine dinoflagellates emit bright discrete flashes
of light nearly instantaneously in response to either
laminar or turbulent flows as well as to direct mechanical
stimulation. The flash involves a unique pH-dependent
luciferase and a proton-mediated action potential
across the vacuole membrane. The mechanotransduction
process initiating this action potential is unknown. The
present study investigated the role of CH in the
mechanotransduction process regulating bioluminescence
in the dinoflagellate Lingulodinium polyedrum Calcium
ionophores and digitonin stimulated luminescence in a
Ca?*-dependent manner in the absence of mechanical
stimulation. Mechanically sensitive luminescence was
strongly inhibited by the intracellular CaZ2* chelator
BAPTA-AM [1,2-bis(o-aminophenoxy)ethaneN,N,N’,N'-
tetraacetic acid acetoxymethyl ester]; there was only a

partial and irreversible dependence on extracellular
Ca?*. Ruthenium Red, a blocker of intracellular C&*
release channels, inhibited mechanically sensitive
luminescence. Luminescence was also stimulated by
increasing K*, even in the absence of extracellular CGg;
K* stimulation was inhibited both by BAPTA-AM and
Ruthenium Red. These results support the hypothesis that
Ca?* mediates stimulated bioluminescence and also
indicate the involvement of intracellular Cé&* stores.
Rapid coupling between mechanical stimulation and
mobilization of intracellular Ca2?* stores might occur
through a mechanism similar to excitation-contraction
coupling in skeletal muscle.

Key words: Iluminescence, calcium, dinoflagellate,
mechanotransduction, shekingulodinium polyedrum.

flow,

Introduction

Flow-induced intracellular signaling is well known in  Bioluminescent dinoflagellates have long provided dramatic
adherent cells. In mammalian endothelial cells, several signakamples of suspended cells that are remarkably sensitive to
transduction pathways are known to be activated by flowfjuid motion. In response to stirring, bubbling or direct
including increases in €4 opening of cation-permeable mechanical stimulation, luminescent species produce very
channels and K channels, production of nitric oxide, and bright flashes of light, emitting between’photons cetl and
activation of heterotrimeric G proteins, phospholipase C10%photons cett! (depending on species) within a 100 ms
tyrosine kinases and the serine/threonine mitogen-activatatlration (Eckert, 1965; Latz et al., 1987; Latz and Lee, 1995).
protein kinase (MAPK) (Papadaki and Eskin, 1997). Much les$he luminescent response is believed to serve an anti-predation
is known about flow-induced signaling in suspended cells. Thieinction (Esaias and Curl, 1972; Fleisher and Case, 1995;
forces imparted to a cell suspended in flowing fluid aréMensinger and Case, 1992). Luminescence is also stimulated
different from those imparted by flow past attached cellsby both laminar and turbulent flow (Latz et al., 1994; Latz and
Unlike attached cells, suspended cells are advected with tiRohr, 1999), and the shear sensitivity of the luminescent
flow and, in a fully developed steady laminar flow, are rotatedesponse is in the same range as the shear sensitivity of
or flipped at rates of up tordx shear rate (Karp-Boss and intracellular signaling events in attached mammalian cells
Jumars, 1998). While it has been speculated that cells must @@xhibiting a shear threshold of 108,swhich is equal to a
attached in order to detect laminar fluid motion (Ishida et alshear stress of 0.1 N# Papadaki and Eskin, 1997). Because
1997), there is considerable evidence that suspended cells &ne luminescent flash of a dinoflagellate is so readily observed
able to sense flow. Erythrocytes exhibit shear-inducett Caunder a variety of flow conditions, it is of interest to know what
uptake in laminar flow (Larsen et al., 1981). Likewise,cellular processes it is reporting.
suspended diatoms exhibit increases in intracellul&" @a The dinoflagellate flash is governed by a flash-triggering
response to fluid forces (Falciatore et al., 2000), although thaction potential (FTP) (Eckert, 1965; Widder and Case, 1981).
magnitude or type (laminar or turbulent) of fluid forcesThe FTP is unique both in that it occurs across the vacuole
required to produce a response was not determined. membrane rather than the plasma membrane (Eckert and
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Sibaoka, 1968) and in that it is believed to be mediated bthe cell to flash. The following predictions would support these
protons (Nawata and Sibaoka, 1979). The flux of protons fromypotheses. First, specifically facilitating the entry of'Gato
the acidic vacuole into the cytoplasm activates a unique pHhe cell would trigger the production of flashes similar to those
dependent luciferase (Fogel and Hastings, 1972; Wilsoproduced in response to flow or mechanical stimuli. Second, if
and Hastings, 1998) that is packaged with the luciferin irCa&* acts on a CH-specific biochemical sensor — such as
cytoplasmic invaginations of the vacuole membrane, termedalmodulin — then chelation of intracellularavould inhibit
scintillons (Fogel et al., 1972; Nicolas et al., 1987). In somenechanical triggering of luminescence. By contrast, if the
species, such akingulodinium polyedruma further pH- entering C&" acts as a voltage carrier, then chelation of
dependent component is the luciferin-binding protein (LBP)jntracellular C&* would have either no effect or would
which prevents oxidation of luciferin under neutral to basieenhance mechanical stimulation of luminescence by removing
conditions but dissociates from the luciferin under acididhe inactivation of C#-inactivated C& channels (Hille,
conditions (Fogel and Hastings, 1971; Wilson and Hastingd,992). Third, luminescence produced by moderate levels of
1998). steady laminar flow would be strongly and reversibly

There is little understanding of the mechanotransductiodependent on extracellular €aThe possible involvement of
pathway that initiates the FTP; it is unknown how directCe* release from intracellular stores was also tested using
mechanical stimulation or fluid forces, which may act at thggharmacological treatments targeting these stores.
cell surface, lead to a depolarization of the vacuole membrane.
Based on four pieces of evidence from experiments conducted
mostly withL. polyedrum Hamman and Seliger (1972; 1982) Methods
proposed that the signal transduction involved an influx &f Ca Cell culture
across the plasma membrane. First, increasing [Ca] (total Lingulodinium polyedrum(Stein) Dodge strain LP1-04
concentration of calcium, bound and free) in the externg]CCMP1932), originally isolated from Scripps Pier in La Jolla,
medium (to=30 mmol 1) strongly stimulates luminescence, CA, USA in May 1998, was kindly provided by A. Shankle.
although other cations, such as KCI, /0Hand LaC$, are also  Axenic monocultures were prepared following standard
stimulatory. Second, upon testing cells grown in differing [Cajprotocols (Droop, 1967) and grown in F/4 seawater medium
(in the range of 1-10 mmat), the maximum luminescence minus silicate (i.e. one quarter of the added nutrients of full-
intensity in response to mechanical stimulation is stronglgtrength F medium; Guillard and Ryther, 1962) at 20+0.5°C in
dependent on extracellular Ca, as is growth. Third, EGTA, an environmental chamber on a 12h:12hL:Dcycle. Cell
specific chelator of G4, inhibits mechanical stimulation of abundance and condition (motility, presence or absence of
luminescence when added shortly before testing. Finally, higpellicle cysts) were monitored by counting samples under
concentrations of Lag(1 mmol Y, CoCb (6.5mmoltl) and a dissecting microscope. Experiments were performed
MnClz (10mmoltY), which have been reported to block using cultures in the exponential phase of growth
metazoan C& channels at lower concentrations (Hille, 1992),(1000-6000 cells mif).
inhibit mechanical stimulation of luminescence.

These earlier results (Hamman and Seliger, 1972; 1982) do Luminescence measurements
not yet conclusively indicate the involvement of plasma Luminescence measurements were made within spherical
membrane Cd channels and increases in intracellula#'@a  integrating-light-collecting chambers with an inner diameter of
the mechanical stimulation of flash production. First, highl1.25cm. There was a 3.75 cm diameter detector port, a 3.1cm
concentrations of extracellular Ca®@tere needed to stimulate diameter port for the sample (large enough to accommodate
luminescence, and other cations were potent stimuli as wethe Couette flow chambers; see below) and a 0.63 cm diameter
KCl and NHiCl were reported to stimulate luminescence afport for the flow-chamber drive shaft. The total area exposed
concentrations below the minimum required for stimulation byto ports was kept at <5% of the inner surface area of the
CaCb. Thus, the observed stimulation of luminescence mighintegrating sphere for effective light integration. A baffle
merely result from the disturbance of ion balance across twoetween the sample and the detector port ensured that all light
electrically active membranes; the plasma membrane and thes collected by multiple reflection off the inner surface for
vacuole membrane. Second, in separate experimentsg La@iffective light integration from the sample. The entire inner
and EGTA were each reported both to stimulate and to inhibgurface was coated with highly reflective polyurethane enamel
luminescence at similar concentrations. Finally, only a longwhite paint (Sherwin-Williams, Cleveland, Ohio, USA).
term requirement for extracellular Ca over the growth phase Light emission was measured using photon-counting
for mechanical stimulation of luminescence was shown. photomultiplier detectors (PMTs) (RCA no. 8575v2). The

The present study investigates the role of*da flow-  photomultiplier discriminator produced square wave (TTL)
sensitive luminescence bf polyedrumthe most well-studied pulses in proportion to the number of photons detected. Pulses
of the luminescent dinoflagellates. Two hypotheses weraere counted in 50 ms or 25ms time bins using Ortec (Oak
tested: (1) flow activates plasma membrané*@armeable Ridge, TN, USA) ACE-MCS multichannel scalars (MCS)
channels and (2) the increase irfCacts on intracellular G&  mounted in an IBM-compatible PC. In experiments with
sensors to depolarize the vacuole membrane, thereby triggeri@guette flow, a pulse from the servomotor controller triggered
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the start of an MCS record (4000 bins). To determine the lineavater and stored frozen at —20°C. 20 mmbl B mmol 1,
dynamic range of the detectors, an A310 Accupulser puls@.5mmoltland 0.1 mmoH! stocks of ammoniated ruthenium
train generator (World Precision Instruments, New Havengxychloride (Ruthenium Red) were prepared pg©Hand used
CT, USA) was used to control the voltage and time of pulsewithin 24 h. To prepare working stock solutions of BAPTA-
of light generated by a light-emitting diode (LED) inserted inAM, 5mmol -1 BAPTA-AM was diluted in the ratio of 1:5 in
front of the PMTs. The relationship between voltage andhot HHO and immediately diluted in the ratios of 1:100
detector signal was linear when the LED light was attenuated Opmol -1 BAPTA-AM) or 1:200 (5umol -1 BAPTA-AM)
sufficiently. Preliminary tests with night-phase cells lof in HbFSW. Preliminary experiments indicated that BAPTA-
polyedrunmstimulated under different conditions were made toAM solutions would precipitate and lose activity within
determine the combination of neutral density filter (1.0-2.015-30 min unless prepared in Qu2-filtered HbFSW. In all
and aperture (3.1-1.25cm) required to decrease the amountsafbsequent experiments, cell suspensions were prepared with
light illuminating the photocathode to prevent saturation oD.2um-filtered HbFSW, and BAPTA-AM was diluted with
the detector. The detectors were frequently cross-calibratei2um-filtered HbFSW. All reagents were obtained from
for quantum emission against a Quantalum 2000 calibrateBigma/Aldrich (St Louis, MO, USA) unless otherwise stated.
photometer (Zefaco, Gaithesbury, MD, USA) using ¥ C
phosphor. Chemical treatments

On each day of testing, measurements of background (mostly Chemical treatments to be tested for the ability to stimulate
dark noise from the photocathode) were recorded before ahmgiminescence were prepared as @ 3x working stocks.
after testing of samples and were subtracted from the recortttnomycin was diluted to 2 working concentration in
of luminescence. Measured parameters from each record wai#bFSW, keeping DMSO at 1%. The control solutions for
obtained using custom data analysis software and included tl@omycin in dose-response tests were HbFSW and 1% DMSO
integrated luminescence in the total record and the integratéa HbFSW. For tests on the role of extracellular>Cn
luminescence and maximum luminescent intensity recorded stimulation by ionomycin, 1 mmat} ionomycin stock was
user-defined sections of the record. For measurements diluted to 1Qumoll-1in either Ca-free ASW orxa ASW.
spontaneous glow, MCS data records were converted into tekhe control solutions used in these tests were 1% DMSO in
files and imported into DeltaGraph (SPSS, Inc., RichmondZa-free ASW and 2a ASW. For stimulation by K KCI
CA, USA), where the median luminescence per time birsaline or NaCl was diluted in HbFSW. The concentration of
was calculated. Unlike the mean luminescence, mediaHbFSW in the added solution was always 66.7% or 83.3%,
luminescence will not be influenced by rare flash events arikeping [Cf] constant.
represents a measure of the low-intensity spontaneous glowAt the end of the day-phask, polyedrumwas diluted to

emission produced by night-phasepolyedrum 200 cells mtlor 500 cells mtlin either HbFSW, ASW or Ca-
_ free ASW, as indicated. 7ml glass scintillation vials were
Solutions filled with 0.5 ml of diluted cell suspension and placed in the

Hepes-buffered filtered seawater (HbFSW) contained glasstark at the beginning of the night phase. Testing occurred
fiber (GF/F) filtered seawater buffered to pH7.8 withbetween 3hand 7h into the night phase. Samples were placed
5mmol ! Hepes and autoclaved. Artificial seawater (ASW)in the integrating sphere chamber, and 0.5ml or 1.0ml of
contained: 449mmott NaCl, 25.5mmoH! MgSCQu, stimulating solution was injected into the sample through a
22.9mmoltl MgClz, 9.2mmolt! CaCh, 9.0mmoltl KCI,  light-proof septum. The injection was either done by hand or,
2mmol !t NaHCG;, 5mmolt! Hepes, pH 8.0. In Ca-free in some of the experiments involving stimulation by, K
ASW, CaCp was replaced with excess Mg@Clin some using a syringe pump (Harvard Apparatus, Holliston, MA,
experiments, Ca-free ASW was prepared with 1 mmioll USA) with a volume flow rate of 10 mlmih Mechanical
EGTA to chelate any residual €apresent. In those stimulation was minimized by using bent injection needles to
experiments, 1 mmott EGTA was also included in the Ca- inject the solution against the side of the vial. Tests using
replete ASW used in control samplesxCd ASW was dyes demonstrated that the force of the injection was
prepared by doubling the normal amount of GaCkexchange sufficient to mix the injected solution with the cell
for MgCl2 and increasing the concentration of Hepes tessuspension. Measured parameters included the integrated
25mmol L KCI saline contained 600mmoH KCI and  luminescence in the first 12s and over a 200's period during
5mmol 1 Hepes, pH 7.8. NaCl saline contained 600 mmioll and after treatment addition.

NaCl and 5mmoH! Hepes, pH 7.8. Stocks of ionomycin free  Treatment with Ruthenium Red and ryanodine began either
acid and ryanodine were prepared in dimethyl sulfoxidet the end of the day phase (by diluting 2090ocks into
(DMSO) at concentrations of 5mmotior 1mmolt! and HbFSW or cell suspensions diluted in HboFSW) or, in some
stored at —20°C. 5mmof} stock solutions of 1,2-bis{  experiments, during the night phase. Treatment with BAPTA-
aminophenoxy)ethanid;N,N',N'-tetraacetic acid acetoxymethyl AM always began 3-6h into the night phase. After the
ester (BAPTA-AM) (Calbiochem, San Diego, CA, USA) weretreatment period, samples were either subjected to stirring or
prepared in DMSO containing 10% Pluronic F-127 (SigmaCouette flow for assessing mechanical sensitivity (see below)
Aldrich, St Louis, MO, USA) with gentle heating under hot tapor tested for sensitivity to chemical stimuli.
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Preparation of low-Ca and Ca-free cell suspensions Couette flow allowed testing of samples using quantified
Even mild centrifugation triggered the formation of pellicle laminar shear. In simple Couette flow, fluid contained in the
cysts, so low-Ca and Ca-free cell suspensions were preparédpP between two concentric cylinders is sheared by rotating
by gentle filtration. 50 ml volumes of cell culture were placedthe outer cylinder while keeping the inner cylinder still, thus
under a 1@m or 20um Nitex filter and gently diluted by ensuring a stable flow field (Taylor, 1936; van Duuren, 1968).
addition of 200-250ml of Ca-free ASW (with or without AlS0, non-swimming cells or cells that swim weakly can be
EGTA, as indicated). 200-250 ml of fluid that passed througBently kept in suspension by rotating the outer cylinder prior
the filter (free of cells) was then slowly removed, leaving thd0 testing at a rate slow enough that the shear stress in
cells behind. This process was repeated a total of 3—4 time§te gap is well below the threshold for stimulation of
after the final volume of cells was returned to 50 ml, sample$/minescence. Several small-volume Couette devices were
were taken for cell counting, and the cell suspension wa@onstructed with a polished cast acrylic outer cylinder (inner
diluted in Ca-free ASW to the desired final cell concentrationfadius: 12.7mm) and a white delrin inner cylinder (outer
When cells were resuspended in Ca-free ASW without EGTAadius: 12.07 mm), yielding a gap width of 0.635mm. The
the cell suspensions were considered to be low-Ca rather thegation of the outer cylinder was driven by a servomotor
Ca-free, owing to a small amount of Ca carried over with théSilverMax QCI 17-3-E; QuickSilver Controls, Inc., Covina,
cells. When 1 mmotf EGTA was present, the remaining free CA, USA) controlled by an IBM-compatible PC through pre-

Ca* was chelated, and cell suspensions were considered to $&t commands in the program QuickControl (QuickSilver
Ca-free. Controls, Inc.). The time scale for diffusion of momentum

across the gag, can be estimated from=h2v-1, whereh is

Flow fields for mechanical stimulation of suspended cells the gap width and is the kinematic viscosity of seawater

Both stirring and Couette flow were used to subjec{1.04&10%m2s1 at 20°C). For the present chamber
populations of suspended cells to flow stimuli. It was possibleonfiguration,t1=0.4 s, which is much greater than the 30 ms
to process large sample numbers using stirring to scredime scale for production of a dinoflagellate flash in response
different treatments for effects on mechanical sensitivity. Alsoto abrupt mechanical stimulation (Eckert, 1965; Widder and
while it was not possible to load the Couette flow chamber€ase, 1981). Therefore, the luminescent response should
(see below) without causing substantial mechanical stimulatiopegin before the flow becomes fully developed. Rapid
to the samples to be tested, the insertion of the stirrer into tleeceleration of the outer cylinder would lead to transient
scintillation vials did not cause visible luminescence and, thushear stresses that are much greater than the final steady shear
no pre-stimulation of luminescence occurred prior to testingstress near the outer wall as momentum diffused across the
Use of the stirrer therefore allowed mechanical stimulation tgap. To avoid the development of transient shear stresses
be tested almost immediately after treatment addition whesignificantly higher than the final shear stress, the outer
necessary. Unfortunately, stirring does not provide a defineclylinder was accelerated to the final test velocity over 1 s (i.e.
flow field so that the nature and level of the flow stimulus islower than the rate of diffusion of momentum across the
not known. gap).

A curved metal rod operating at 2500 revsThistirred the The time-dependent shear stress was calculated as follows.
contents of a 7ml glass scintillation vial containing theThe assumption was made that the inner and outer cylinder
sample to be tested. The vial, screwed into the stirrer/motavalls represented infinite parallel plates, where the outer one
mount, was placed inside the light-collection chamber. Thaccelerated at a constant rate and the inner one stayed still,
timing of the start of the motor was controlled manually,because it was not possible to solve the corresponding
approximately 13s into each record of light emissionequations in cylindrical coordinates. During the phase of the
Measured parameters for stirring assays are shown flow when the outer cylinder is accelerating, the velogigs
Table 1. a function of positiorx from the inner cylinder towards the

Table 1.Response parameters used to characterize mechanically sensitive bioluminescence in this study

Parameter Units Description
Stirring
TMSL photons ceti! Total mechanically sensitive luminescence integrated over 200 s of continuous stirring
1st6s MSL photons cefl Mechanically sensitive luminescence integrated over the first 6 s of response, when most emission
occurred
Max | photons cetilsl  Maximum intensity of mechanically sensitive luminescence
Couette flow
Spontaneous photonscdkl Luminescence intensity measured for 8 s before the start of flow stimulation
Warm-up photons ceft Mean integrated luminescence measured over two 12 s periods during sub-threshold warm-up phase
Test photons cett Integrated luminescence over the first 12s of the test phase (final shear stress=B@3NG&N n?)

Time to 50% cum s Time to 50% cumulative luminescence (integrated over test period)
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outer cylinder and timeé[u(x,f)] was modeled by solving the Assay for total luminescent capacity

partial differential equation: The total luminescent capacity (TLC), i.e. the chemical
d & capacity of cells to produce light, was assayed by acidification
u -, U to directly activate luciferase and release luciferin (Fogel and

N \V} ,
dt dx? Hastings, 1972; Sullivan and Swift, 1995). After stimulation

with the boundary conditiongx=01)=0 (at the inner cylindery PY Stirring or chemical addition, a 0.5-1ml volume of

andu(x=6.35<10-4m )=Usinat (at the outer cylinder), where 1 mol -} acetic acid, pH 4.7, was _slo_wly added to ;amples to
is the kinematic viscosity of seawater (1.84G-5m2s at gradually lower the pH to <5 while integrated luminescence

20°C), andUinal is the final tangential velocity of the outer Was measured over 200s. TLC represents the sum of the

cylinder wall after 1s. Estimated maximum shear strés( integrated luminescence over the record during which

the gap during flow development was calculated from th&minescence was stimulated (by stirring or treatment
numerically generated velocity profiles during start-up: addition) and the record during which luminescence was
activated by acidification.

du(x,t)
SXO=u—g Measurement of total Ca
Samples of low-Ca and Ca-free cell suspensions were
wherey is the dynamic viscosity of seawater (1.87@3Pas  centrifuged for 10—15min at >5@00 remove cells. The total
at 20C). Shear levels were assumed to decay to final steagiga] in the supernatant was measured using an Optima 3000
state mean shear level (calculatef@gmal/6.35<104m) atthe DV induced coupled plasma-atomic emission spectrometer

end of start-up. The actual mean shear sti@gpi¢ slightly  (ICP-AES; PerkinElmer, Shelton, CT, USA).
over-estimated by the assumption of flow between infinite

parallel plates. At steady state, t§g in Couette flow with Statistical analysis

only the outer cylinder rotating is actually equalpi@uwoR; All values represent meanssb. Statistical tests included
Ro)/(Ro>-Ri?), whereuy is the rotation rate in rads andRi  Student'st-test or analysis of variance (ANOVA) followed by
and Ro are the radii of the inner and outer cylinders,Fisher's PLSD post-hoc test for pairwise comparisons
respectively (van Duuren, 1968). The over-estimate is only 8%statview, SAS Institute, Inc.). Statistical significance was
and so will be ignored here. based on aP value of 0.05. Results from experiments
The typical flow profile involved a programmed 8s delayperformed on separate days were pooled. For testing of ratios,
between the start of the PMT record and the servomotor. TRgllues were arcsine/squareroot-transformed. For testing
outer cylinder was first accelerated to a final velocity ofof maximum Iuminescent intensity normalized to total
0.05revss! (equivalent to a shear stress of 0.0065®)m |uminescent capacity, values were In-transformed.
over 1s, and the velocity was held constant for 49s (timealculations of e-folding times were based on least-squares
—50s to 0's). This warm-up rotation period served to mix anyegressions of 6s integrated mechanically sensitive
non-swimming cells from off the wall of the outer cylinder |yminescenceersustime.
and to lubricate the chamber bearings with seawater to
promote smooth acceleration. The steady shear stress of
0.0065 N n12 during the warm-up period was well below the Results
response threshold for this species (Latz et al., 1994; Latz and Stimulation of luminescence by ionophores and digitonin
Rohr, 1999). The outer cylinder was then accelerated over 1sTo test whether an increase in the concentration of free
to the test velocity (either 3.2revds0.43Nnt2 or  cytosolic C&* ([Ca2*]i) triggers luminescence in the absence
4.8revss!=0.65Nnt2, as indicated), which was maintained of mechanical stimulation, night-phase samples lof
for 19s. Finally, the outer cylinder was accelerated over 1polyedrum were treated with the calcium ionophore
to a final velocity of 8revs$ (shear stress=1.1NT). ionomycin, which rapidly and selectively transports2Ca
Luminescence parameters measured during the flow protocatross biological membranes (Liu and Hermann, 1978).
are shown in Table 1 and included: (1) rate of spontaneousnomycin at=5umoll-1very rapidly triggered the production
emission prior to flow, (2) mean integrated luminescencef sustained luminescent flashes (Fig. 1A,B). The major effect
over two 12s periods during the sub-threshold warm-upf increasing [ionomycin] aboveBnol -1 was a more rapid
phase, (3) integrated luminescence over the first 12 s of tleimulation of luminescence. The percentage of the 200s
test phase when shear stress was either 0.43Nan integrated luminescence that occurred during the first 12s
0.65NnT2, (4) time to reach 50% cumulative luminescenceduring and after ionomycin addition was 41+4% fom3ol I-1
during the test phase, representing the median response tin@omycin (N=4) compared with 72+5% for 10noll-!
and (5) the total shear-stimulated luminescence integratédnomycin (N=3) and 86+4% for 2Emol I-Lionomycin N=3).
over the entire flow protocol. Because total shear-stimulate@ihe calcium ionophore A23187 also stimulated luminescence
luminescence generally paralleled the luminescence duringith a similar dose- and time-dependence (data not shown).
the first 12s of the test phase, only the latter parameter Addition of HbFSW or 1% DMSO/HbFSW both resulted in
reported in this study. similar values of brief mechanically induced stimulation that
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did not persist past the time of injection; 200s integratedliminescence from the 1% DMSO control was not significantly
luminescence was 8.1+XB0"photonscef! (N=3) and different from that of HoFSWt£-0.75;P=0.50).

6.5+1.9<10” photons cetil (N=3), respectively. Integrated  To examine the role of G&in ionomycin stimulation, Ca-
free cell suspensions were tested witlnm®l -1 ionomycin
7x10°8 A _ prepared in Ca-free ASW or ix€a ASW (to raise the final
o] leog; [Ca] to normal levels upon addition to the samplegimbl I-1
§ i ® ionomycin added with Ca rapidly stimulated sustained
g 5x10° — production of flashes. When added without Ca, ionomycin
E 3 4x108; T stimulation was less and occurred over longer time scales
s2 i . (Fig. 1C,D). The slow stimulation in the absence of
E % 3x10°8 1 extracellular C&" might result from release of €afrom
S5 X 10F intracellular stores. .
£ . @ Digitonin is a detergent that generally increases plasma
- 1x10° o membrane permeability without known selectivity among ions.
0 F‘I!H - At 25umollt  and Sumoll-}, digitonin stimulated
(') ,'5 1|0 15 '20 '25 luminescence with a similar dependence on extracellufr Ca
lonomycin (1mol ) as ionomycin (data not shown). This suggests that the
2.0x1010— B triggering mechanism for luminescence is more sensitive to
: C&* than to disruption in the balance of other ions across the
r&‘ 15&010; plasma membrgne. Stimulation by (280l -1 ionomycin or
< : 12.5umol 1 digitonin was much less dependent on
E 1 extracellular C&* (data not shown). High concentrations of
S 1.0x10%0— digitonin or ionomycin might cause direct release of'@Gam
% i intracellular stores, or disruption of ionic balance across the
S 51— plasma membrane might stimulate flashing through some other
jS i mechanism.
] After prolonged treatment with either ionomycin or
0 digitonin, cells lost motility and formed pellicle cysts, which
0 20 40 60 80 100 120 140 160 1800 is a response to stressful conditions (Lewis and Hallett, 1997).
0 Time (s) lonomycin treatment also induces encystment in the
2,010 C dinoflagellate Alexandrium tamarens€¢Tsim et al., 1997).
- ? Pellicle cysts are formed through ecdysis, a process in which
I 1.5x1010— a new plasma membrane is formed and the old plasma
S : membrane is discarded as thecal vesicles are exocytosed
% 1 %1010 (Netzel and Durr, 1984). Exocytosis is triggered by a rise in
> [Ca2*]i (Dodge and Rahamimoff, 1967; Littleton et al., 1994;
2]
c
E 50407 Fig. 1. Stimulation of luminescence by ionomycin. (A) Integrated
luminescence over a total of 200s (filled circles) and over the first

0 20 40 60 80 100 120 140 160 180C20

12s (open circles) during and after addition of different
concentrations of ionomycin or control solution to night-phase cells

Time (s) of Lingulodinium polyedrumin Hepes-buffered filtered seawater
2.5x108 — D (HbFSW;N=3—4 for each stimulus tested). Values are meass.+
§ (B-D) Calcium dependence of Iluminescence stimulation by
] 2.0x108— ionomycin when added to night-phase cells in Ca-free artificial
e seawater (ASW; total [Ca] = <40nol I-X and chelated by 1 mmofy
é 8 1 5x108 EGTA). (B) lonomycin treatment at a final concentration of
=Ry 5umol -1 plus ZCa to return extracellular €ato normal levels.
3 g 1.0x108 — The bar below the-axis marks the approximate time of injection.
e < ' (C) As in (B), but ionomycin was added without2CaThere was
= - decreased stimulation and the time course of stimulation was slower.
E 5.0x10" (D) Integrated luminescence produced by ionomycin or a control
solution when added to Ca-free cells with or without simultaneous
0 replacement of G4 (N=11 for all stimuli except for 0.5% DMSO

With Ca 'Without Ca  With Ca 'Without C

0.5% DMSO

5 umol "L ionomycin

Stimulus

without Ca, for whichN=>5). Integrated luminescence over a total of
200s (filled bars) and over the first 12 s (open bars) is shown. Values
are means £.D.
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Thomas and Elferink, 1998), so this effect of ionomycin wasre sometimes produced by the servomotor when operating at
expected. low speed. The threshold shear stress required for stimulation
was 0.05Nm? which is similar to the previously reported
Stimulation of luminescence by stirring and by Couette flowthreshold for a different strain of this species in a larger Couette
Most of the luminescent response to stirring occurred withiflow chamber (Latz et al., 1994). Further characterization

the first 200ms (Fig. 2A). Continuous stirring for 180 sof the luminescent response of different strainis. giolyedrum
typically stimulated 60—-80% of the TLC, while nearly 90% ofto developing Couette flow and other developing flow fields,
the mechanically sensitive luminescence was released withand a more complete description of the developing Couette
the first 6.

The strain ofL. polyedrumused in this study responded

mostly during the developing phase of Couette flow, when th 5><108‘: A o o
outer cylinder was being accelerated (Fig. 2B,C). The minime & ] °
K . . . S 4x108 - [ ]
response that occurred during the warm-up rotation period i & ~ ]
untreated samples was attributed to low-level vibrations the & = 3x108 2
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00— Fig. 3. Effects of fumoll-! BAPTA-AM treatment. (A) Effect of

05 0 05 1 15 2 25 stirring of samples tested at different times after treatment. BAPTA-
AM treatment (open circles) decreased mechanically sensitive
luminescence (integrated over 6s stirring; 1st6sMSL) compared
Fig. 2. Flow-stimulated luminescence limgulodinium polyedrum  with control-treated samples (filled circles). The curve represents an
(A) Stimulation by stirring, which started at approximately 13.4s.exponential decay model fit to the data3.0x108e0-0933 (r2=0.93),

(B) Computed maximum shear stress for Couette flow during anwherey is the 6s integrated MSL, ands the treatment time in min.
after 1s acceleration of the outer cylinder to final velocities ol(B) Spontaneous glow emission of BAPTA-AM-treated (open
0.8-6.4 revs$ (final shear stress=0.11-0.86N4n (C) Typical  circles) and control-treated (filled circles) samples. (C) Response of
responses of night-phase cells to the developing Couette flows shoBAPTA-AM-treated and control-treated samples to developing
in (B). Couette flow.

Time (s)
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flow field used here, are described elsewhere (von Dassow attdated samples run in parallel always displayed strong

Latz, 2002). recovery of shear-sensitive luminescence over the same time
_ period.
Effects of the intracellular G4 chelator BAPTA-AM Other experiments investigated the effect of BAPTA-AM

The intracellular C# chelator BAPTA-AM is membrane- treatment on other luminescent or physiological parameters.
permeant; once in the cytosol, the AM ester is cleaved bgddition of BAPTA-AM did not stimulate more luminescence
intracellular esterases to release the membrane impermedinan the addition of control solutions and, after treatment
Ca*-specific chelator BAPTA (Kao, 1994). Treatment with for 35-45min, TLC (assayed by addition of acetic acid to
5umol - BAPTA-AM caused an exponential loss of directly activate the luciferase; Fogel and Hastings, 1972;
mechanical sensitivity with time when assayed by stirring (eSullivan and Swift, 1995) of BAPTA-AM-treated samples
folding time=10.7min) (Fig. 3A). After 32min (three e- (3.3+0.5<1®photonsceftl, N=4) was not significantly
folding times), integrated luminescence stimulated in the firsdifferent (=—0.74, P=0.49) from that of control samples
6s of stirring (1st 6s MSL) in BAPTA-AM-treated samples (3.5+0.5<1(®photonscettl, N=4) (Fig. 4A). lonomycin-
(0.1+0.0%10®photonscett; N=43) was significantly stimulated luminescence integrated over 200s in BAPTA-
different ¢(=—16.8, P<0.001) from that of the controls AM-treated samples (4.9+0<I0®photonscetil, N=4) was
(2.7£1.0x10®photons cettl; N=31). Integrated luminescence modestly increased compared with control samples
of 0.6+0.3<10®photons ceft! (N=43) over the entire 200s of (3.7+0.6<1Bphotonscettl, N=4) (=2.57; P=0.042)
stirring (TMSL) in BAPTA-AM-treated samples was also
significantly different {=-16.8, P<0.001) from the controls
(3.6+1.0x10®photons cettl, N=31). Mechanically sensitive 49 A

luminescence of samples treated with BAPTA-AM was alsc
compared visually with paired control samples stimulatec 3
together by a gentle shake. Control samples produced vist
flashes, while BAPTA-AM-treated samples produced nc
visible light. 27

After 32 min, the total spontaneous luminescence, includin Q
spontaneous flashes and low-intensity glow, of BAPTA-AM- B 14
treated samples (1.2+&¥0*photons cettls1; N=19) was not 5
significantly different {=0.078, P=0.94) from the controls =
(1.1+1.%10*photons cettilsl; N=16). However, BAPTA- S 0 During D st6sMSL | TLC
AM treatment increased spontaneous glow emission (Fig. 3B T ireamert addiion
After 32min, the spontaneous glow of BAPTA-AM-treated o
samples was 8.0+6x103photonscettls, while that of @ 61B
control samples was 1.4+k®803photons cetils? (t=3.76, =
P<0.01). The increase in spontaneous glow due to BAPTA %
AM treatment may have been offset by a decrease in tr 8 47
production of spontaneous flashes. g

=

To test the effect of BAPTA-AM treatment on the response
to Couette flow during the night phase, small aliquots 2
containing 500 cells were loaded into flow chambers
containing either fimol -1 BAPTA-AM or a control solution.

Prior to testing, samples were allowed to recover fron 0 - |
handling for a minimum of 40 min in the dark. As described ir 1st12 s ISL TISL
the methods, following warm-up, cells were accelerated ove Resporse paraméer

1sto afinal shear stress of 0.65 R treld for 20 s and, in most

cases, then accelerated to a final shear stress of 2BNdn Fig. 4. Effects of fimollt BAPTA-AM treatment on other
held for 20's. A total of four BAPTA-AM-treated samples wereluminescent parameters. (A) Integrated luminescence stimulated by
tested in experiments performed on separate days and, in ey@ddition of BAPTA-AM (open bars) or control (filled bars) solutions,
case, the BAPTA-AM samples were completely unresponsivand mechanically sensitive luminescence (1st6sMSL) and total

. . . luminescent capacity (TLC) of the same samples 40-50 min later
to the flow protocol (Fig. 3C). Integrated luminescence in the
. . N=4 f h . Val +Only 1 MSL
first 12s, when the final shear stress was 0.6%Nwas ( or each treatment). Values are mearot Only 1st6sMS

® 1 was significantly different between treatmerits-(0.3,P<0.0001).
2.2+2.0<10°photons ceft* in BAPTA-AM-treated samples (B) Response to Bmol -1 ionomycin after 40-50 min of BAPTA-

and 8.9+0.8107 photons ceft! in control samples; these values am or control treatment. Total ionomycin-sensitive luminescence
were significantly differentt€-5.9, P=0.0011). Loading of (T|SL) integrated over 200s and the first 12s of integrated
samples into the flow chamber probably resulted in depleticionomycin-sensitive luminescence (1st12sISL) were meashiret! (
of mechanically sensitive luminescence. However, the controfor each treatment). Values are mearsot
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Table 2.Response to changes in extracellula?Cassayed by Couette flow

Time to 50%

Test Warm-up Spontaneous cumulative luminescence
Condition (photonx10’cellY)  (photonsx1®cell)  (photonsx10*cells?) (s) N
Without EGTA
Low Ca 1.50+107 1.66+1.07 7.25+9.59 1.012+0.657 9
Ca-replete 3.94+1.66 0.88+0.89 1.66+1.75 0.928+0.375 8
P 0.0024 0.13 0.11 0.75
With 1 mmol F1EGTA
Ca-free 1.0240.48 1.00+1.27 7.88+6.91 0.533+0.254 6
Ca-replete 1.95+1.34 0.28+0.38 0.03+0.25 0.275+0.370 6
P 0.14 0.21 0.029 0.0023

Couette flow protocol and response parameters are described in the Materials and methods.
Test shear stress was 0.43 N'm
P signifies the level of statistical significance basett@sts, whileN is the number of replicates.

(Fig. 4B); similar results were obtained for digitonin treatmentsuggest that BAPTA-AM treatment affects mechanically
(data not shown). Presumably, the rise of[Gaverwhelmed sensitive luminescence via the pathway leading from the
buffering by intracellular BAPTA. The modest increasemechanoreceptor to elements regulating vacuole membrane
in 200s-integrated ionomycin-sensitive luminescence irpotential.

BAPTA-AM-treated samples may be due to protection of

luminescent capacity from mechanical stimulation during Effects of decreasing extracellular €a

handling. The time to 50% cumulative luminescence of Owing to the motility ofL. polyedrumits tendency to form
BAPTA-AM-treated samples (23.7+1.1b8{=4) was greater pellicle cysts upon rigorous handling (e.g. centrifugation or
than control samples (18.4+0.8\%54) (t=7.9;P=0.0002). The prolonged mechanical stress) and the circadian rhythm of
delay in the response of BAPTA-AM-treated samplesmechanically sensitive luminescence, it is difficult to remove
compared with control samples might be partly attributed te@xtracellular C&" from the medium surroundirlg polyedrum

the time required for the ionomycin-induced increase offflca without adversely affecting cell physiology or exhausting
to overwhelm buffering by cytosolic BAPTA and partly luminescent capacity.. polyedrumdoes not grow in ASW
attributed to the lack of mechanical stimulation upon injectiormade with<1 mmoltl CaCk (Hamman and Seliger, 1982),

in BAPTA-AM-treated samples. Treatment withuBoll-2  although it grows well in Ca-replete ASW (P. von Dassow and
BAPTA-AM did not induce ecdysis and there was no trendM. |. Latz, unpublished results). Therefore, experiments were
observed for an effect on cell motility. Overall, these resultperformed in which low-Ca cell suspensions were prepared at

Table 3.Response to changes in extracellulaPCassayed by stirring

TLC
Condition (photons<1 (8 cell-Y) TMSL/TLC 1st 6s MSL/TLC Max I/TLC N
Without EGTA
Low-Ca 2.13+0.39 0.19+0.68 0.08+0.05 0.22+0.16 7
Low-Ca/replaced Ca 2.22+0.29 0.18+(206 0.10+0.0% 0.32+0.1% 4
Ca-replete 2.74+0.75 0.47+044 0.41+0.1% 1.26+x0.5% 10
P 0.10 <0.0001 <0.0001 <0.0001
With 1 mmol F1EGTA
Ca-free 2.384+0.71 0.21+0.15 0.05+0¢04 0.18+£0.12 7
Ca-free/replaced Ca 2.13+0.52 0.05+(:04 0.01+0.0%¢ 0.07+0.06-c 4
Ca-replete 2.98+0.60 0.31+0.12 0.24+®.09 1.02+0.18 4
P 0.19 0.013 0.003 0.0006

Total mechanically sensitive luminescence integrated over 200 s of continuous stirring (TMSL), mechanically sensitive loenthasegn
the first 6 s of stirring (1st 6 s MSL) and the maximum intensity (Max |) were normalized to total luminescent capacity (TLC).

Statistical comparisons were performed within each conditgnificantly different from low-CaPsignificantly different from Ca-free;
Ssignificantly different from Ca-replet®. signifies the level of statistical significance based on analysis of variance (ANOVA),Nuiilthe
number of replicates.
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the end of the day phase and allowed to recover in Ca-fré-5h of the night phase prior to testing. Parallel experiments
ASW or Ca-replete ASW inside the test chambers for the firsttere conducted with samples prepared for testing by Couette

Proportion of pigmented cells Max I/TLC Relative integrated reponse
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flow and by stirring. Based on ICP-AES analysis of samples
prepared in Ca-free ASW, the final extracellular [Ca] after
testing was 20.0+125mol I-1in the Couette flow experiments
and 3.8+3.3imol I-1in the stirring experiments; thus, these are
considered to be low-Ca rather than Ca-free conditions. A
separate set of experiments was performed using samples
prepared in Ca-free ASW that contained the*@&pecific
chelator EGTA at a concentration of 1mmdllIn these
experiments, the final [Ca] was 19.9+f@rfol -1 in Couette-
flow samples and 14.3+2u8noll-1 in stirred samples. The
presence of 1 mmot} EGTA effectively eliminated remaining
free C&", so these are considered to be Ca-free conditions.
1 mmol F1 EGTA was also included in the corresponding Ca-
replete condition for these experiments, as a control for other
possible effects of EGTA, as it was not sufficient to chelate
the majority of extracellular [G4] in Ca-replete ASW
([Ca]=9.2 mmoltl).

Under both low-Ca and Ca-free conditions, the response to
the test shear stress of 0.43 Nifior the Couette flow protocol
was about half that of the corresponding Ca-replete condition
(without or with EGTA, respectively), although the difference
was only significant between low-Ca and Ca-replete conditions
(without EGTA) (Table 2). Curiously, the amount of
luminescence stimulated during the warm-up phase of the flow
protocol, when the shear stress (0.0065%®) was well below
the known threshold for this species, was modestly increased
under both low-Ca and Ca-free conditions compared with the
corresponding Ca-replete condition, although this increase was
not significant (Table 2). The increased luminescence during
the warm-up period for low-Ca or Ca-free conditions was due
to an increase in spontaneous luminescence and also a decrease
in cell motility, which caused cells to settle on the outer
cylinder wall where they were subject to stimulation by
vibrations transmitted from the motor to the outer cylinder at
very low speeds.

Stirring  experiments tested the reversibility of the
dependence of stimulated luminescence on extracellufdy Ca

Fig. 5. Effects of Ruthenium Red. (A, B) Effects of Ruthenium Red
on luminescence parameters assayed by stirring. Values are means +
s.D. (A) Effect of Ruthenium Red on relative luminescent response.
Total luminescent capacity (TLC) was normalized to the mean of the
control samples run on each date of testing (open squares).
Mechanically sensitive luminescence was integrated over the first 6s
(1st6sMSL; filled circles) and over a total of 200s (TMSL; filled
diamonds) while stirring and normalized to TLC of each sample
(N=3-10 for each treatment). (B) Effect of Ruthenium Red on
maximum intensity of mechanically sensitive luminescence (Max 1)
normalized to TLC for each sample. (C) Effects of Ruthenium Red
on motility and ecdysis. Cells not swimming in suspension (on
bottom; filled circles) and empty theca (open circles) are expressed
as proportions of pigmented celld=3-9). Values are meanssb.

(D) Effect of Ruthenium Red on the response to developing Couette
flow. Results are representative of five independent samples tested
for each Qumol -, 5umol -1 or 50umol I-1 treatment.
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because Ca could be replaced by gently adding«Ca Because of the apparent reduction in TLC, mechanically
ASW to low-Ca or Ca-free cell suspensions. TLC was nosensitive luminescent parameters were normalized to TLC for
significantly decreased in low-Ca or Ca-free conditionsstatistical analysis. There was a significant effect on TMSL for
compared with the corresponding Ca-replete conditiorz50umol -1 Ruthenium Red (one-way ANOVAF=15.5,
(Table 3). Mechanically sensitive luminescence, assayed §<0.0001; Fisher's PLSDpost-hoc for 50umolll and
three parameters normalized to the TLC of each sampl@00umoll-1Ruthenium Red compared with conti@:0.0003
decreased under both low-Ca and Ca-free conditions (Table 3nd <0.0001, respectively). Ruthenium Red had a significant
However, approximately 40—67% of luminescent capacity wasffect on 1st6sMSL normalized to TLE£99.8,P<0.0001)
mechanically sensitive even under Ca-free conditions. Thand maximum intensity of luminescence (MaxH:94.6,
partial dependence on extracellula”Caas not immediately P<0.0001). The difference was significant fabumoll-1
reversible; in fact, replacement of Tadecreased all three Ruthenium Red (Fisher's PLSIpost-hoc test, P<0.05).
parameters of mechanically sensitive luminescence in Ca-fréeuthenium Red acted slowly, and effects on luminescence
samples (Table 3). This decrease was probably not due ¥eere not observed untid4h after treatment addition.
stimulation of mechanically sensitive luminescence durindnhibition was observed both when treatment was added at the
replacement of G4, as previous experiments showed thatend of the day phase and when treatment was added 3h into
adding Ca to Ca-free cell suspensions did not stimulathe night phase (data not shown), indicating that Ruthenium
luminescence (Fig. 1D) and the final TLC was not significanthyRed was probably not acting by affecting circadian regulated
decreased after €areplacement (Table 3). The effect off€a changes in mechanical sensitivity. The effects of Ruthenium
replacement on mechanical sensitivity was opposite to that féted on the response to Couette flow (Fig. 5D) were similar to
ionomycin in Ca-free cell suspensions, where replacement tifie effects on the response to stirring, although the effect on
Ca&* caused an immediate recovery of sensitivity, as discusseppontaneous luminescence was not determineduimag-1,
above. 25umol - and 5Qumol -1 ryanodine had no effect on any
Mechanically sensitive luminescence of low-Ca and Ca-freparameter of mechanically sensitive luminescence when
cell suspensions was also compared visually with pairedssayed by stirring (data not shown).
samples of the corresponding Ca-replete condition during
stimulation together by a gentle shake. Unlike the results Stimulation by increasing [K
observed with BAPTA-AM treatment, both low-Ca and Ca- Increasing [K] in the medium was a rapid and potent trigger
free cell suspensions produced visible flashes when stimulateflluminescent flashing (Fig. 6). Because much of the response
mechanically and were usually not noticeably different fromto K* occurred during the injection of the solution into the

the corresponding Ca-replete condition. sample, especially at high fK the response was characterized
relative to the [K] in the added solution rather than the final
Effect of inhibitors affecting intracellular Ga stores [K*] in the sample. With this in mind, the B&or stimulation

Ruthenium Red and ryanodine block release ¢f@am by [K*] was=25-30 mmolt! (Fig. 6B).
intracellular stores in metazoan tissues (Zucchi and Ronca-To examine the role of cytosolic €ain K*-sensitive
Testoni, 1997). At=5umoll-1, Ruthenium Red decreased luminescence, night-phase cell suspensions were first treated
mechanical sensitivity of luminescence (Fig. 5A,B).for 40-50min with Fumoll-l BAPTA-AM and then
Ruthenium Red significantly affected TLC (Fig. 5A522.1, stimulated by high or low [K solutions. Treatment with
P<0.0001) and motility (Fig. 5C;F=58.5; P<0.0001). BAPTA-AM almost completely abolished *Ksensitive
However, samples treated with Ruthenium Red were inhibitetiminescence (Fig. 7A). Results of a two-way ANOVA
from undergoing ecdysis, as seen from the lack of empty thechowed that the effect of BAPTA-AM treatment was
(Fig. 5C; F=11.4, P<0.0001). The effect on motility was significant =193, P<0.0001), the effect of [ was
significant at=5umol -1 Ruthenium Red, and the effect on significant F=31, P<0.0001) and the interaction between
empty theca was significant abOumol -1 Ruthenium Red BAPTA-AM treatment and [K] was also significant{=24.8,
(Fisher's PLSDpost-hoctest, P<0.05). Empty theca were P<0.0001). Inhibition by BAPTA-AM was significant at all
attributed to ecdysis rather than mortality, as the concentratidavels of KCI tested (Fisher's PLSpbst-hoctest, P<0.001).
of pigmented cells remained the same during the experimertlowever, while BAPTA-AM-treated samples responded
Despite the decrease in TLC, 84+7% of the luminescennuch less than control-treated samples, there was evidence
capacity stimulated by ionomycin after treatment withthat BAPTA-AM samples were still affected by increasing
50pumol -1 Ruthenium RedN=3) was similar to 82+5% of the [K*]. When KCI saline (diluted in HbFSW) was added to
luminescent capacity stimulated in controd=4) ({=0.48, BAPTA-AM-treated samples, the glow intensity was
P=0.65). Likewise, solutions of high [ stimulated substantially increased although no flashes occurred. This
Ruthenium-Red-treated and  control-treated  samplesffect was not seen when NacCl saline (diluted in HbFSW) was
equivalently (see below). Ruthenium Red, which stains celladded (data not shown). Integrated luminescence of BAPTA-
red, may attenuate some of the light emission from cellAM-treated samples in response to high][lwas greater than
resulting in an apparent decrease in luminescent capacity of response to low [K (Fisher's PLSD post-hoc test,
Ruthenium-Red-treated cells. P<0.05).
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Fig. 6. Stimulation of luminescence by increasindg][KA) Sample

records of luminescence stimulated by addition of solutionsFig. 7. The role of C& in K*-sensitive luminescence. Results are
containing high (31mmoath) or low (6mmolt?) [K*]. The box  expressed as 200s integrated luminescent response to stimulation
beneath thex-axis marks the time of injection (controlled by a by addition of indicated volume of low (7Bnoll-Y) or high
syringe pump). (B) Dose-dependence of stimulation by. K (108umoll-1) [K*] solutions. (A) K stimulation following
Integrated luminescence (over 200s total) stimulated by addition 40-50 min treatment with jEmoll- BAPTA-AM (open bar) or
[K*] solutions normalized to total luminescent capacity*-(K control solution (filled bar) N=5-6 for each treatment/stimulus
SL/TLC) for each sample testet<4—-7). Data are expressed as combination tested). (B) Kstimulation of Ca-free cell suspensions
means *s.0. and are a function of [{ in the test solution added with (filled bar) or without (open bar) simultaneous replacement of
rather than the final [K, because much of the stimulation occurs C&* in stimulating solutionN=5 for each stimulus tested). n.d.=not
before mixing of solution can be completed, especially at high [K determined. Values are means.t

(N=4-7 for each stimulus tested).

The dependence of *Ksensitive luminescence on K*-induced luminescence might rely, in part, on intracellular
extracellular C#&* was tested by measuring the response of Caca* stores.
free cell suspensions (prepared at the end of the day phase) td@o further examine the possible role of intracellulak*Ca
K* stimulation. Low [K] and high [K] solutions were stores in K-sensitive luminescence, samples treated for 4-6h
prepared in Ca-free ASW or irk€a ASW, both containing with 50umoll~? Ruthenium Red were stimulated with
1mmol F1EGTA, and added to Ca-free suspensions during theolutions containing a range of {K(Fig. 8). Results of a two-
night phase (Fig. 7B). Results of a two-way ANOVA showedway ANOVA showed that the effect of Ruthenium Red
that the effect of extracellular [€4 on 200s integrated treatment was significanF£20.2, P<0.0001), the effect of
luminescence was significaf=<22.3,P=0.0002), the effect of [K*] was significant F=102, P<0.0001), and the interaction
[K*] on 2005 integrated luminescence was signifidan180, between Ruthenium Red treatment and][ias significant
P<0.0001), and the interaction between extracellula”{lCa (F=6.30, P=0.001). The response of samples treated with
and [K] was also significantH=28.5,P<0.0001). Integrated Ruthenium Red to moderately increased][Was less than that
luminescence over 200 s stimulated by high] K the absence of controls (when normalized to TLC; Fisher's PLB&st-hoc
of extracellular [C&" was slightly less than half that in the test, split by [K], P<0.01), but the response of Ruthenium-
presence of extracellular [€% (Fisher's PLSDpost-hoctest,  Red-treated samples to the highest][Was slightly increased
split by [K*]; P<0.0001) but was still much greater thanrelative to control samples (Fisher's PL®DBst-hoctest, split
stimulation by low [K] (P=0.0006). These results suggest thatby [K*], P=0.033).
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membrane might be sensitive to general disruption of ionic

1.0+
- § balance across the plasma membrane. However, the results
0.8 L) clearly support the hypothesis that an increase in cytosdlic Ca
O resulting from C&" entry is a potent stimulus for flash
£ 0.6 production.
% ] Treatment with BAPTA-AM, which accumulates in the cell
+ 047 as the C#-specific chelator BAPTA after cleavage by
i cytoplasmic esterase activity, strongly inhibited mechanical
0'2_: E stimulation of luminescence. BAPTA-AM did not affect the
0o ‘§| S luminescent chemistry itself, as samples treated with BAPTA-

AM and control-treated samples produced equivalent amounts
of light when acidified to directly activate the luciferase. Also,
[K*] (mmol 1) BAPTA-AM treatment did not appear to decrease the ability
of the vacuole membrane to produce the FTP, because
The integrated response to*{Kover 200s was normalized to total BAPTA'-AM-tr_eateq Sa}mples C.OUId pro_duqe vigorous flashing
luminescent capacity (KSL/TLC) for each sample to compensate UPON stimulation with ionomycin or dlgltonlq. Thus, the target
for modest decrease of apparent TLC after Ruthenium Red treatmeé?t BAPTA-AM  treatment appears to lie between the
(N=4-10 for each treatment/stimulus combination tested). Values af@eéchanosensor and generation of the FTP.

0 20 40 60 80 100 120

Fig. 8. Inhibition of K-sensitive luminescence by Ruthenium Red.

means #s.p. Treatment for >4h with 50mol - Ruthenium Red An increase in cytosolic €& can occur via several
inhibited stimulation by added solutions containing low to moderatenechanisms. In mechanosensory cells such as hair célfs, Ca
[K*] but not high [KT]. entry through stretch-activated cation channels in the plasma

membrane is considered to be the source of increasé[Ca
upon mechanical stimulation (Lumpkin and Hudspeth, 1995).
Discussion In contrast, mechanically induced [Ch increases in plants
Electrophysiological studies of the flash-triggering actionappear to result from release of intracellula#'Gaores (Haley
potential and the pH sensitivity of the dinoflagellate Iuficeraset al., 1995).
both support the current model whereby the dinoflagellate flash Removing extracellular Gafrom suspended. polyedrum
is mediated by a unique proton-mediated action potentiglroved to be surprisingly difficult. Cells lost motility and
across the vacuole membrane (Eckert and Sibaoka, 196@)derwent ecdysis after brief and gentle centrifugation. The
Fogel and Hastings, 1972; Lee et al.,, 1993; Nawata angfocess of rinsing cells to replace the extracellular medium
Sibaoka, 1979). To initiate an action potential across thwith Ca&*-free ASW was also stressful to. polyedrum
vacuole membrane, mechanical stimulation must lead to Recovery of motility after this treatment was dependent on
depolarization of this membrane with respect to the cytosokxtracellular C&, and mechanical sensitivity of rinsed cells
Mechanical forces could be directly transferred to the celvas much lower than that of non-rinsed cells, regardless of
interior to open mechanically gated channels in the vacuoMhether extracellular Gawas present. Luminescent capacity
membrane. Alternatively, mechanotransduction could occur én the night phase following the rinsing procedure was slightly
the plasma membrane and be coupled to the vacuole membratesreased in samples resuspended in Ca-free rather than Ca-
through entry of C& or production of second messengers.replete ASW. However, the mechanical sensitivity of rinsed
Increases in [Cd]; are well known to mediate a wide variety cells appeared to be much lower under both Ca-free and Ca-
of downstream effectors, including intracellular channels sucheplete conditions. These observations highlight the difficulty
as those mediating €ainduced C&' release (CICR; Melzer in conducting certain apparently simple experiments using an
et al., 1995). [C&]; increases in response to fluid forces orextremely mechanically sensitive cell type.
other forms of mechanical stimulation have been demonstratedThere was a partial and irreversible dependence of
in a variety of cell types, including hair cells (Lenzi andmechanically sensitive luminescence on extracellula#*.Ca
Roberts, 1994; Lumpkin and Hudspeth, 1995), endothelidRemoval of extracellular Gadecreased the response elicited
cells (Papadaki and Eskin, 1997), plant cells (Haley et alhy stirring (an unquantifiable but high stimulus) and Couette
1995) and planktonic diatoms (Falciatore et al., 2000). flow (moderate, defined fluid forces) compared with that of
In the present study, low to moderate concentrations afontrol samples prepared in the same manner but us#fg Ca
calcium ionophores rapidly stimulated luminescent flashingeplete ASW. However, even when extracellular2'Ca
with a strong dependence on extracellular’*CaAt low  was decreased to very low levels and chelation by EGTA
concentrations, digitonin also stimulated flash production thdowered free C& to essentially zero, a substantial level
was dependent on extracellular’CaAt higher concentrations, of mechanically sensitive luminescence remained. The
stimulation of flashing by both ionophores and digitonin wasrreversibility of the observed dependence of mechanically
not strongly dependent on extracellular?CaThis may be sensitive luminescence on extracellular?Ceontrasts with
explained in part from the ability of these reagents to releagbe rapidly reversible dependence of ionomycin-sensitive
Ca&* from intracellular stores. Alternatively, the vacuole luminescence on extracellular&£and is inconsistent with the
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hypothesis that influx of extracellular €ais required for in [Ca*] have had very limited success. Three difficulties were
mechanical stimulation of flash production. Thereforeencountered. First, while. polyedrumcells take up AM
mechanical sensitivity appears to be, at most, only partiallfacetoxymethyl ester) forms of &asensitive dyes, the dye
dependent on the influx of extracellular’Gaand intracellular  tends to be compartmentalized and/or expelled from the cells
Ca* stores may be important. upon attempts to rinse the cells to remove extracellular dye.

The possible involvement of intracellular £atores was  Second, a good system for observing a dilute cell suspension
also supported by the strong inhibition by Ruthenium Redynder still and flow conditions has not yet been developed.
which inhibits release of G& from intracellular stores in Finally, C&#*-sensitive dyes are also pH sensitive (Eberhard
metazoan tissues such as skeletal muscle (Zucchi and Ronead Erne, 1991; Lattanzio and Bartschat, 1991); the FTP
Testoni, 1997). The slow time course of inhibition is consistentesults in a transient acidification of the cytoplasm that can
with it acting on a site inside the cell. Ruthenium Red alsaramatically decrease the €dluorescent signal. Attempts to
caused a loss of motility and a modest decrease in TLGimply stir a stained cell suspension using magnetic stir bars
however, the majority of the effect on mechanical sensitivityn a standard spectrofluorometer often yielded a transient
appears to be due to a decoupling of the mechanosensor frapparent increase in fluorescence at the start of stirring. The
the effector system, because Ruthenium-Red-treated sampkgsme response was also seen in subsamples of stained
still responded to ionomycin. Ryanodine had no apparent effestispensions that were tested with the addition of ionophore or
on the response to stirring at concentrations as high akgitonin. Similar changes were rarely seen in control,
50umol I-1. However, ryanodine does not affect intracellularunstained samples prepared and tested in parallel. However,
Ca* dynamics in the ciliat®aramecium tetraureligPlattner  because of the difficulty in repeating these experiments and in
and Klauke, 2001) and even muscle cells of certain animals areling out artifacts (such as from resuspension of non-
insensitive to ryanodine, although they still appear to utilizeswimming cells or light-scattering effects due to the formation
intracellular C&" stores in excitation-contraction coupling of a vortex as stirring begins), these results must be considered
(Lin and Spencer, 2001). preliminary.

As reported by Hamman and Seliger (1982), increasifig [K  The results of this study are consistent with the hypothesis
is a more potent stimulus than increasing?fCahen added that the mechanosensor initiates the flash-triggering action
to the extracellular medium. In this study, increasing][K potential through a rise in cytosolic €a The partial
stimulated flash production very rapidly with angg@f about ~ dependence on extracellularZand the inhibitory effect of
25 mmol i1, which is in the range of reported total intracellularRuthenium Red both suggest that mechanically sensitive
[K] in night-phase_. polyedrum(Sweeney, 1974). Stimulation luminescence also involves activation of intracellula?*Ca
by [K*] requires an increase in [E&, as stimulation by K stores. The lack of strong dependence on extracellul&r Ca
was very strongly inhibited by pre-treatment with BAPTA- might also be explained if the site of antry was in the
AM. At present, it is not clear whether stimulation by K pusule, a tubular or sac-like invagination of the plasma
results from depolarization of the plasma membrane (whicmembrane beneath the thecal vesicles found in dinoflagellates
may result in C& entry through voltage-gated channels) or(Dodge and Greuet, 1987; Schmitter, 1971). Washing with Ca-
from inhibiton of the K-dependent sodium—calcium free ASW might not have completely removedCiaom this
exchanger, an important Ca-extrusion mechanism found iorganelle. There is currently no evidence that the pusule is
many cell types (Blaustein and Lederer, 1999). Thénvolved in mechanotransduction, but the possibility should be
observation that K stimulated an increase in low-intensity considered because the pusule appears to be a unique cellular
spontaneous glow without stimulating flashes in BAPTA-AM-location where the plasma and vacuole membranes are closely
treated samples has two possible explanations. First, the Kassociated (Dodge and Greuet, 1987).
induced rise in [CH]; may still be sufficient to trigger a flux  Alternatively, mechanotransduction in dinoflagellates may
of H* across the vacuole membrane that is strong enough tavolve second-messenger-mediated release of intracellular
modestly increase the activity of the luciferase but is no€a* stores or it may utilize some form of direct coupling
sufficient to cross the threshold for triggering of the flashbetween plasma membrane stimulation and intracellulér Ca
triggering vacuolar action potential. It might also be that theelease. In skeletal muscle, the dihydropyridine receptor (a
K*-induced rise in [C#]; replaced H from intracellular Ca&* channel) in the plasma membrane is physically coupled
BAPTA accumulated in the cell, and the resulting drop into C&* release through the ryanodine receptor in the
cytoplasmic pH moderately increased the activity of thesarcoplasmic reticulum membrane (Franzini-Armstrong, 1999;
luciferase. K stimulation could occur in the absence ofLamb, 2000; Melzer et al., 1995). A similar mechanism has
extracellular free Cd. Stimulation by moderately increased been proposed to explain mechanically induced excitation-
[K*] was inhibited by Ruthenium Red, but stimulation by highcontraction coupling in the ciliat&/orticella (Katoh and
[K*] was not. This suggests that, at low concentratiorts, KKikuyama, 1997; Katoh and Naitoh, 1994). Likewise,
stimulation involves the release of intracellulafCstores but  chemically induced trichocyst discharge in the cilif@e
that, at higher concentrations,*#duced C&" entry is tetraureliais mediated by a rise in [€5i, caused first by a
sufficient when intracellular Carelease is inhibited. rapid C&* release from alveolar (cortical) vesicles (sites of

Current attempts to demonstrate a mechanically induced rige¢* storage; Erxleben et al., 1997) and then by an influx of
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extracellular C&" (Plattner and Klauke, 2001). In this well- Fogel, M. and Hastings, J. W.(1971). A substrate-binding protein in the
studied system, the initial release of2€drom alveolar Gonyaulaxbioluminescence reactiosrch. Biochem. Biophyd42 310-

vesicles is thotht to be mediated by Some_ direct COUp“ng %gel,. M. and Hastings, J. W.(1972). Bioluminescence: mechanism and
a plasma membrane receptor, although direct ultrastructuralmode of control of scintillon activityProc. Natl. Acad. Sci. US89, 690-
homologs to the dihydropyridine receptor/ryanodine receptor 693.

Fagel, M., Schmitter, R. E. and Hastings, J. W(1972). On the physical
complexes of vertebrate skeletal muscle have not been fourladentity of scintillons: bioluminescent particles Gonyaulax polyedral.

in P. tetraurelia (Plattner and Klauke, 2001). The alveolar cell Sci.11, 305-317.
vesicles enclosing the thecal plates in dinoflagellates are |ike|yanzini-Armstr0ng, C. (1999). The sarcoplasmic reticulum and the control

. . of muscle contractiorFASEB J13 Suppl. 2 S266-S270.
to be homOIOgous to the alveolar vesicles of ciliates, as the%%lillard, R. R. L. and Ryther, J. H. (1962). Studies of marine planktonic

two groups are both members of the Alveolates (Kumar and diatoms. 1Cyclotella nanaHustedt, andetonula confervace@leve.Can.
Rzhetsky, 1996); thus, the thecal vesicles might serve as sited- Microbiol. 8, 229-239.

+ . . Haley, A., Russell, A. J., Wood, N., Allan, A. C., Knight, M.,
of C& storage in dinoflagellates. If the mechanosensory Campbell, A. K. and Trewavas, A. J.(1995). Effects of mechanical

elements involved in dinoflagellate mechanotransduction signaling on plant cell cytosolic calciurRroc. Natl. Acad. Sci. US82,
reside on the cell surface, the signal must be rapidly transduced124-4128.

: P . amman, J. P. and Seliger, H. H(1972). The mechanical triggering of
past tightly joined alveolar vesicles to reach the VaCUOIg bioluminescence in marine dinoflagellates: chemical bas@ell. Physiol.

membrane. Perhaps these vesicles might actually serve t®o, 397-408.
mediate this communication. A mechanism involving directiamman, J. P. and Seliger, H. H(1982). The chemical mimicking of the

: : mechanical stimulation, photoinhibition, and recovery from photoinhibition
COUpImg between the plasma membrane antt @dease in of bioluminescence in the marine dinoflagellaBmnyaulax polyedrald.

dinoflagellates might explain the sensitivity to stimulation by cell. Physiol.111, 315-319.
K*and the partial dependence of mechanical ostnulation Hille, B. (1992).lonic Channels of Excitable Membrané&underland, MA,

USA: Sinauer Associates.
on extracellular CH. Ishida, T., Takahashi, M., Corson, M. A. and Berk, B. C(1997). Fluid

shear stress-mediated signal transduction: how do endothelial cells
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