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PHARMACOLOGICAL INVESTIGATION OF THE BIOLUMINESCENCE SIGNALING
PATHWAY OF THE DINOFLAGELLATE LINGULODINIUM POLYEDRUM: EVIDENCE FOR

THE ROLE OF STRETCH-ACTIVATED ION CHANNELS1

Kelly Jin, Jason C. Klima, Grant Deane, Malcolm Dale Stokes, and Michael I. Latz2

Scripps Institution of Oceanography, University of California San Diego, La Jolla, California 92093, USA

Dinoflagellate bioluminescence serves as a whole-
cell reporter of mechanical stress, which activates a
signaling pathway that appears to involve the opening
of voltage-sensitive ion channels and release of
calcium from intracellular stores. However, little else
is known about the initial signaling events that
facilitate the transduction of mechanical stimuli. In
the present study using the red tide dinoflagel-
late Lingulodinium polyedrum (Stein) Dodge, two
forms of dinoflagellate bioluminescence, mechanically
stimulated and spontaneous flashes, were used as
reporter systems to pharmacological treatments that
targeted various predicted signaling events at the
plasma membrane level of the signaling pathway.
Pretreatment with 200 lM Gadolinium III (Gd3+), a
nonspecific blocker of stretch-activated and some
voltage-gated ion channels, resulted in strong
inhibition of both forms of bioluminescence.
Pretreatment with 50 lM nifedipine, an inhibitor of
L-type voltage-gated Ca2+ channels that inhibits
mechanically stimulated bioluminescence, did not
inhibit spontaneous bioluminescence. Treatment
with 1 mM benzyl alcohol, a membrane fluidizer, was
very effective in stimulating bioluminescence. Benzyl
alcohol-stimulated bioluminescence was inhibited by
Gd3+ but not by nifedipine, suggesting that its role is
through stretch activation via a change in plasma
membrane fluidity. These results are consistent with the
presence of stretch-activated and voltage-gated ion
channels in the bioluminescence mechanotransduction
signaling pathway, with spontaneous flashing associated
with a stretch-activated component at the plasma
membrane.

Key index words: bioluminescence; dinoflagellate;
Lingulodinium polyedrum; mechanotransduction;
spontaneous flashing; stretch-activated channel

Bioluminescence, the emission of light by an
organism as a result of the oxidation of a luciferin
substrate, is widespread through the living kingdom
(Haddock et al. 2010). Common sources of biolumi-
nescence in coastal regions are dinoflagellates,

flagellate protists that in some cases form red tides
resulting in spectacular displays of bioluminescence
(Harrison 1976, Rohr et al. 1998).
Dinoflagellate bioluminescence is regulated by a

mechanosensitive signaling pathway that results in
the oxidization of the light-emitting substrate lucif-
erin. The luciferin substrate and pH-dependent
luciferase enzyme (Hastings and Dunlap 1986,
Schultz et al. 2005) reside in scintillons, vesicles
assembled in the Golgi apparatus that project into
the vacuole space (Fogel and Hastings 1972,
Johnson et al. 1985, Nicolas et al. 1991). In some
species, including Lingulodinium polyedrum, luciferin
is bound by a pH-dependent luciferin-binding pro-
tein (Fogel and Hastings 1971, Wilson and Hastings
1998). Upstream signaling events trigger the depo-
larization of the vacuole membrane resulting in a
propagating action potential (Eckert 1965a, Widder
and Case 1981). This depolarization is thought to
open voltage-gated proton channels, which are pres-
ent in dinoflagellates (Smith et al. 2011), resulting
in the flux of protons from the acidic vacuole into
the scintillons (Nawata and Sibaoka 1979). The
resulting acidification of the vacuole activates the
luciferase and dissociates luciferin from its binding
protein, allowing for the oxidization of luciferin
resulting in light production (Fogel and Hastings
1972, Wilson and Hastings 1998, Schultz et al.
2005). The entire mechanotransduction signaling
pathway leading to light emission is extremely rapid,
with a delay from stimulus to the beginning of light
emission of only 15–20 ms (Eckert 1965b, Eckert
and Sibaoka 1968, Widder and Case 1981, Latz et al.
2008).
The red tide species L. polyedrum (Lewis and

Hallett 1997) is a representative system for investi-
gating the signaling pathway of dinoflagellate biolu-
minescence. L. polyedrum produces two measurable
forms of bioluminescence that can be used as
reporter systems. The first is mechanically stimu-
lated bioluminescence, a probabilistic response to
mechanical stress (Deane and Stokes 2005, Maldo-
nado and Latz 2007). The mechanosensitivity of di-
noflagellates such as L. polyedrum is tuned such that
their response threshold is not triggered by back-
ground ocean flows but is sensitive enough to be
stimulated by predator contact (Latz and Rohr
1999, Latz et al. 2004). A mechanically stimulated
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flash of L. polyedrum is ~100 ms in duration and con-
tains ~108 photons (Latz and Lee 1995). Some dino-
flagellates including L. polyedrum produce a second
form of bioluminescence in the form of spontane-
ous flashes and glow, which occur in the absence of
any mechanical stimuli. Spontaneous biolumines-
cence is expressed as an endogenous circadian
rhythm (Hastings and Sweeney 1958, Krasnow et al.
1980, Latz and Lee 1995) with independent oscilla-
tors for flashing and glowing (Krasnow et al. 1980,
van der Heyde et al. 1992).

Despite a thorough characterization of the final
luciferase-governed reaction that produces light, the
signaling events preceding this final step are poorly
understood. The L. polyedrum bioluminescence sig-
naling pathway shares some features of excitation-
contraction coupling (von Dassow and Latz 2002). It
involves an increase in [Ca2+]cyt, based on biolumi-
nescence stimulation by treatment with calcium ion-
ophores and inhibition by the Ca2+ chelator BAPTA-
AM. The primary source of Ca2+ is through release
from intracellular stores, based on the partial depen-
dence on the concentration of extracellular Ca2+

and inhibition by Ruthenium Red. Nifedipine and
verapamil, selective antagonists of L-type Ca2+ chan-
nels, affect bioluminescence, suggesting the involve-
ment of this class of voltage-sensing channel in the
plasma membrane. However, both stimulatory and
inhibitory effects suggest multiple sites of action that
need to be resolved (von Dassow 2003).

Changes in membrane fluidity, a measure of the
molecular order and mobility within the lipid
bilayer, can alter the activity of integral membrane
proteins including those involved in sensory trans-
duction (Los and Murata 2004). Unlike long-term
changes in membrane fluidity due to lipid composi-
tion, e.g., homeoviscous adaptation, the cell mem-
brane behaves as a simple Newtonian fluid in which
mechanical stress can alter the viscous property of
the membrane at short timescales to activate signal-
ing pathways without a change in membrane com-
position (Gordon et al. 1980, Espinosa et al. 2011,
Zhang et al. 2011). According to Kramers’ reaction
rate theory (Hanggi et al. 1990), reaction rate is
proportional to membrane fluidity, so an increase
in fluidity lowers the overall reaction barrier. In
mammalian endothelial cells, mechanical stress
causes an increase in membrane fluidity (Berthiaume
and Frangos 1994, Haidekker et al. 2000 Butler et al.
2001) that leads to the activation of heterotrimeric
GTP-binding proteins (G proteins) to initiate
mechanotransduction (Gudi et al. 1998, Chachisvilis
et al. 2006). A similar system is hypothesized to medi-
ate mechanotransduction in L. polyedrum. Mechanical
stress increases plasma membrane fluidity in L. polye-
drum in a dose-dependent manner (Mallipattu et al.
2002); bioluminescence is stimulated by propranolol,
a nonselective beta-blocker that also increases mem-
brane fluidity (Hoffmann and Hardeland 1985, Weit-
man et al. 1989), which may be the mechanism by

which it stimulates bioluminescence (Hardeland
1980). Finally, mechanically stimulated biolumines-
cence of L. polyedrum is inhibited by the G protein
inhibitor GDPßS (Chen et al. 2007), indicating a role
for G proteins in mechanotransduction in the dino-
flagellate bioluminescence signaling pathway.
Dinoflagellates such as L. polyedrum also produce

spontaneous bioluminescence in the form of glow-
ing and flashing that follow circadian rhythms
(Sweeney and Hastings 1958), although apparently
due to different mechanisms. A peak in spontane-
ous glowing by L. polyedrum at the end of the dark
phase is thought to be due to the breakdown of
scintillons, as only about 10% are present during
the light phase (Fritz et al. 1990). However, low lev-
els of glowing persist throughout the dark phase
and are most likely due to another mechanism.
Pharmacological treatments that act on the vacuole
membrane, perhaps via a mechanism that involves
proton release, affect light emission (Balzer and
Hardeland 1991, Burkhardt and Hardeland 1996,
Hardeland et al. 1996, Burkhardt et al. 1997), indi-
cating that spontaneous glowing may be due to the
leakage of protons from the vacuole into the scintil-
lon.
Spontaneous flashing appears to be a stochastic

process that is not due to cell collisions (Hastings
and Krasnow 1981, Krasnow et al. 1981, Latz and
Lee 1995) and occurs at a maximum rate of 0.002–
0.03 flashes � min�1 � cell�1, depending on species
(Krasnow et al. 1980, Latz and Lee 1995). Sponta-
neous flashes of L. polyedrum are similar to its
mechanically stimulated flashes in terms of inten-
sity, rise time, decay time, and duration (Krasnow
et al. 1981, Latz and Lee 1995). Therefore, the
mechanism of spontaneous flash activation appears
to be different from that of spontaneous glowing,
and mechanically stimulated and spontaneous
flashes may be shaped by a similar regulatory mech-
anism.
The present study continued with a pharmacolog-

ical approach (von Dassow and Latz 2002, von
Dassow 2003) to further characterize components of
the dinoflagellate bioluminescence signaling path-
way of L. polyedrum using treatments involving mea-
surements of spontaneous, mechanically stimulated,
and chemically activated luminescence. One goal of
the study was to determine the origin of spontane-
ous flashing, testing the hypothesis that spontane-
ous flashes reflect the stochastic activation of
plasma membrane proteins but involve the same
Ca2+ signaling events as for the response to mechan-
ical stimulation. A second goal was to further char-
acterize the involvement of plasma membrane
proteins in the signaling pathway. Results provide
evidence for the involvement of a stretch-activated
component and suggest that spontaneous flashes
are due to stochastic activation of plasma membrane
proteins with a similar downstream signaling path-
way as for the response to mechanical stimulation.
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MATERIALS AND METHODS

Cell culture and preparation. Cultures of L. polyedrum (Stein)
Dodge, 1989 strain CCMP1937 (formerly known as Gonyaulax
polyedra Stein), used previously (von Dassow and Latz 2002,
von Dassow 2003), were grown in f/2 medium in an environ-
mental chamber maintained at 20.0 � 0.5°C on a 12:12 h
light-dark cycle. Cell concentration was estimated on each
day of testing by replicate counts of subsamples of known vol-
ume under a dissecting microscope. Experiments were per-
formed on cultures within the exponential phase of growth
with cell concentrations within the range of 1,000–8,000
cells � mL�1.

Subsamples of culture were prepared at the end of the
light phase when cells are mechanically unexcitable (Biggley
et al. 1969). Samples were placed in 7 mL glass scintillation
vials. All samples were measured at 20.0 � 0.5°C, 4–7 h into
the dark phase when maximal levels of bioluminescence are
present (Biggley et al. 1969, Latz and Lee 1995).

Experiments were typically set up using a 2 9 2 factorial
design, with a pretreatment factor (inhibitor or control con-
dition) and a treatment factor (activator or control condi-
tion). Each experiment consisted of four replicate samples
for each combination of treatments (i.e., control pretreat-
ment and control treatment, control pretreatment and acti-
vating treatment, inhibiting pretreatment and control
treatment, and inhibiting pretreatment and activating treat-
ment). Each experiment was independently replicated, for a
total of eight replicate samples per combination of treat-
ments.

Media and chemicals. Filtered seawater (FSW) was prepared
with GF/F filtered full-strength seawater collected from
Scripps Pier at University of California San Diego. Gadolin-
ium (III) chloride (Gd3+), benzyl alcohol, BAPTA-AM, and
nifedipine were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). Potassium chloride (KCl) and dimethyl sulfoxide
(DMSO) were purchased from Fisher Scientific (Pittsburgh,
PA, USA). Stock solutions of Nifedipine and BAPTA-AM were
prepared in DMSO and immediately diluted volume/volume
in FSW. All gadolinium (III) chloride, benzyl alcohol, and
KCl solutions were prepared in FSW. All working solutions
were made fresh daily. Concentrations represent the final
concentration after addition of the chemical.

Bioluminescence measurements. Bioluminescence was mea-
sured in a 15 cm diameter light-integrating chamber (Lab-
sphere Inc., North Sutton, NH, USA) using a photon-
counting photomultiplier detector (Electron Tubes model
P30232, ET Enterprises Ltd., Uxbridge, UK) fitted with a Uni-
blitz electronic shutter (Vincent Associates, Falmouth, MA,
USA). A baffle blocked direct view of the sample vial by the
detector, assuring an integrated light measurement due to
highly reflective white inner surface of the chamber. In some
cases, the light signal was attenuated to 10% transmission
with a 1.0 neutral density filter (Kodak Wratten #96, Eastman
Kodak Co., Rochester, NY, USA) to avoid saturation of the
detector. Light readings were acquired based on 10 ms inte-
grations. Appropriate chemical pretreatments were adminis-
tered to each sample 40 min before testing, with the time
selected based on prior work (von Dassow and Latz 2002, von
Dassow 2003) and preliminary tests to optimize treatment
effectiveness and minimize toxicity, and allow recovery from
any pre-stimulation of bioluminescence. Chemical pretreat-
ments, including controls, consisted of 0.1 mL volumes that
were slowly administered via syringe pump (Harvard Appara-
tus model PHD 2000, Holliston, MA, USA) to the bottom
corner of each vial to minimize prestimulation of biolumines-
cence. Spontaneous and injection-treated bioluminescence
was recorded for 5 min. Stirring-induced bioluminescence
was recorded for 1 min of continuous stirring. All

experiments were carried out in a dim light environment to
avoid photoinhibition of bioluminescence (Hamman and
Seliger 1982).

For measurements of spontaneous bioluminescence, sam-
ples were gently fixed in a holder and placed in the light-inte-
grating chamber (Fig. 1a). Spontaneous flashes and glow
were measured with the photomultiplier detector over 5 min
without disturbance.

Chemical treatments, including KCl and benzyl alcohol, and
the appropriate controls, consisted of 0.1 mL volumes that
were administered using a syringe pump (Harvard Apparatus)
at an infusion rate of 1 mL � min�1 (Fig. 1b) to minimize
mechanical stimulation by the introduced liquid. Biolumines-
cence was then measured for 5 min. Bioluminescence mechan-
ically stimulated by the addition of the fluid (usually the first
6 s) was not included in the final data analysis.

For mechanical stimulation of bioluminescence, samples
were gently placed in a custom-designed holder that included
a motorized stirrer (Fig. 1c). Stirring-induced biolumines-
cence was then measured over 1 min of continuous constant
stirring at ~5,000 rpm.

Assay for total luminescent capacity. Following biolumines-
cence measurements as previously described, residual light
capacity of cells was assayed via cell acidification (Sweeney
1969). This treatment bypasses the signaling pathway and
activates the chemiluminescent reaction by dissociating lucif-
erin from its binding protein and activating luciferase, which
is inactive at physiological pH, to oxidize any remaining lucif-
erin (Fogel and Hastings 1972, Wilson and Hastings 1998). A
Sirius luminometer (Berthold Detection Systems GmbH,
Pforzheim, Germany) was used to simultaneously inject
250 lL of 1 M acetic acid and measure light emission over
60 s, with the results expressed in relative light units
(RLU � s�1 � cell�1). The sum of mechanical or chemical
stimulation plus the luminometer acidification was the total
stimulated luminescence (TSL), representing the luminescent
capacity of the cells. TSL was used to assess the toxicity of
pharmacological treatments, especially during preliminary

a

b

c

FIG. 1. Schematic description of bioluminescence measure-
ments. Bioluminescence was measured in a light-collecting cham-
ber by a photon-counting photomultiplier. A barrier placed in
front of the photomultiplier allowed for an integrated view of
light produced in the chamber. (a) For measurements of sponta-
neous bioluminescence, the sample vial was attached to a holder
that was mounted to the top of the chamber. (b) For chemically
stimulated bioluminescence measurements, a syringe needle con-
nected by tubing to an automated syringe pump was inserted into
the vial holder to allow for a controlled rate of injection
(1 mL � min�1). (c) For stirring-induced bioluminescence mea-
surements, a motorized stirrer mixed the contents of the vial to
produce mechanical stimulation.
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tests to optimize the drug concentration, where a decrease in
TSL suggests toxicity of the treatment (von Dassow and Latz
2002, von Dassow 2003). Unless otherwise stated, there was
no significant effect of the treatments on TSL based on statis-
tical analysis.

Separate vials of pretreated cells not tested for biolumines-
cence were observed under the microscope for swimming
behavior and cyst formation, as additional indicators of toxic-
ity (von Dassow and Latz 2002, von Dassow 2003). Any differ-
ences from control cells are reported in the text.

Bioluminescence analysis. Only the portion of each record
following treatment addition was analyzed to ignore any emis-
sion resulting from mechanical stimulation associated with
the fluid addition. Average luminescence was calculated as
photons � s�1 � cell�1 based on the measured cell concentra-
tion. Despite the low rate of spontaneous flashing on a per
cell basis, tests involving thousands of cells allowed for the
measurement of numerous spontaneous flash events, provid-
ing statistical robustness that is required for quantitative anal-
ysis of stochastic flash dynamics. Records of spontaneous
flashing were processed using custom software programmed
in MATLAB version 7 (Mathworks, Natick, MA, USA) to
obtain the following parameters based on individual flash
analysis: flash rate (flashes � min�1 � cell�1); flash intensity
(photons � s�1), based on the maximum intensity for each
flash; e-folding time (ms), the period of initial exponential
decay from maximum intensity to 1/e of maximum; and
decay time (ms), the time from maximum intensity to 90%
decay from maximum. Results were organized in spreadsheets
(Microsoft Excel, Redmond, WA, USA) prior to statistical
analysis.

Statistical analysis. Unless otherwise stated, all values are
expressed as mean � SD. Statistical analyses were performed
using JMP 9 software (SAS Institute Inc., Cary, NC, USA).
Simple comparisons used Student’s t-test. Analysis of variance
for the 2 9 2 factorial experimental design was done with a
mixed model using the REML (REsidual Maximum
Likelihood) method, with the pretreatment and treatment
conditions as fixed effects and experiment date as a random
effect. Statistical significance was based on P < 0.05.

RESULTS

BAPTA-AM inhibits spontaneous flashing. BAPTA-
AM, which upon cell entry is cleaved by esterases to
the active form 1,2-bis-(o-aminophenoxy)-N,N,N′N′-
tetraacetic acid (BAPTA) to chelate free cytosolic
Ca2+, inhibits mechanically stimulated and
KCl-stimulated bioluminescence in L. polyedrum (von
Dassow and Latz 2002), suggesting that changes in
intracellular calcium pools are required for activa-
tion of the vacuolar membrane action potential.
The effect of BAPTA-AM on spontaneous biolumi-
nescence was tested to determine if the origin of
spontaneous flashing occurred at the vacuole mem-
brane or further upstream in the signaling pathway.
BAPTA-AM pretreatment strongly inhibited spon-

taneous bioluminescence (Fig. 2, a and b). Average
spontaneous bioluminescence over 300 s duration of
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FIG. 2. Effect of BAPTA-AM pretreatment on spontaneous bioluminescence of Lingulodinium polyedrum. Representative records of spon-
taneous bioluminescence (as in Fig. 1a) in cells pretreated with (a) 0.04% DMSO as the control, or (b) 2 lM BAPTA-AM in 0.04% DMSO.
(c) Effect of BAPTA-AM on average luminescence in spontaneous bioluminescence measured over 300 s. Average bioluminescence for
BAPTA-AM pretreatment was 69% lower and significantly different (P < 0.001) than the DMSO control. (d) Effect of BAPTA-AM on spon-
taneous flash rate. The spontaneous flash rate for BAPTA-AM treated cells was 95% lower and significantly different (P < 0.0001) than the
DMSO control. (e) Effect of BAPTA-AM on average flash intensity. Spontaneous flash intensity for BAPTA-AM pretreatment was 59%
lower and significantly different (P = 0.043) than the DMSO control. Values in (c–e) represent the average � SD of five replicates.
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the 0.04% DMSO pretreatment was 2.2 � 0.6 pho-
tons � s�1 � cell�1, while that of the 2 lM BAPTA-AM
pretreatment was 0.7 � 0.1 photons � s�1 � cell�1;
this 68% decrease represented a significant differ-
ence (t8 = 5.42, P = 0.0003; Fig. 2c). Average sponta-
neous luminescence is determined by the rate of
spontaneous flashing and flash intensity, as sponta-
neous glowing is minimal at this period of the dark
cycle (Biggley et al. 1969, Latz and Lee 1995). The
decrease in average spontaneous luminescence was
primarily due to a 95% inhibition of spontaneous
flashing, from a flash rate of 9.5 � 2.5 9 10�3

flashes � cell�1 � min�1 for the DMSO control pre-
treatment to 4.9 � 5.5 9 10�4 flashes � cell�1 � min�1

for the BAPTA-AM pretreatment, representing a sig-
nificant difference (t8 = 7.78, P < 0.0001; Fig. 2d).
The flash intensity of those few spontaneous flashes
that were produced for the BAPTA-AM pretreatment
was 2.3 9 105 photons � s�1, compared to 3.8 9 105

photons � s�1 for the DMSO control pretreatment;
this 39% decrease represented a significant differ-
ence (t8 = 2.41, P = 0.0213; Fig. 2e). There was no
significant difference in decay kinetics between
spontaneous flashes for the DMSO control and BAP-
TA-AM pretreatments (for e-folding time t8 = 1.32,
P = 0.8854; for decay time t8 = 1.46, P = 0.9059).
TSL for the BAPTA-AM pretreated cells was 1.19
higher and significantly different (t8 = 3.10,
P = 0.0146) from that for the DMSO-pretreated con-
trol, indicating not only that BAPTA-AM did not
have a toxic effect on cells, but that BAPTA-AM-pre-
treated cells contained more residual biolumines-
cence as a result of the inhibition of spontaneous
emission (data not shown).
Nifedipine has no effect on spontaneous bioluminescence

but inhibits mechanically stimulated and KCl-stimulated
bioluminescence. Nifedipine, a dihydropyridine cal-
cium channel blocker that is used as an inhibitor of
L-type voltage-gated Ca2+ channels, inhibits flow-stim-
ulated and K+-induced bioluminescence of L. polye-
drum at a concentration of 50 lM (von Dassow
2003). Pretreatment with 50 lM nifedipine had no
significant effect on spontaneous bioluminescence
(data not shown). The average luminescence of the
0.1% DMSO control pretreatment was 0.87 � 0.46
photons � s�1 � cell�1, while that of the nifedipine
pretreatment was 0.79 � 0.321.7 pho-
tons � s�1 � cell�1 (t14 = 0.38, P = 0.6470). The spon-
taneous flash rate of the 0.1% DMSO control was
1.2 � 0.6 9 10�3 flashes � cell�1 � min�1, and the
spontaneous flash rate for nifedipine-pretreated cells
was 1.2 � 1.2 9 10�3 flashes � cell�1 � min�1, indi-
cating that nifedipine pretreatment had no signifi-
cant effect on spontaneous flash rate (t14 = 0.02,
P = 0.4910) compared to DMSO controls. The aver-
age spontaneous flash intensity was 2.9 � 0.3 9 105

photons � s�1 for the 0.1% DMSO control and
2.7 � 0.8 9 105 photons � s�1 for nifedipine-pre-
treated cells, indicating that nifedipine pretreatment
also had no significant effect on average flash inten-

sity (t14 = 0.47, P = 0.6782). There was, however, a
significant difference in e-folding time (t14 = 5.81,
P < 0.0001) and decay time (t14 = 6.09, P < 0.0001)
between nifedipine pretreated and DMSO control
cells; nifedipine pretreatment caused a 10% decrease
in both e-folding and decay times (data not shown).
TSL values for both the DMSO control pretreatment
and nifedipine pretreatment were not significantly
different (t14 = 0.32, P = 0.6253), indicating that the
50 lM nifedipine pretreatment did not have a toxic
effect on the cells (data not shown).
On the other hand, nifedipine inhibited mechani-

cally stimulated bioluminescence, confirming the
findings of von Dassow (2003). Pretreatment by
50 lM nifedipine inhibited stirring-induced biolumi-
nescence compared to the 0.1% DMSO control pre-
treatment (Fig. 3a). Overall, there was an average
luminescence of 495.4 � 103.3 photons � s�1 � cell�1

for the 0.1% DMSO pretreatment, while the 50 lM
nifedipine pretreatment condition had an average
luminescence of 192.5 � 171.5 photons � s�1 � cell�1

(Fig. 3b). This 61% inhibition of stirring-induced
bioluminescence represented a significant effect of
nifedipine pretreatment on mechanical stimulation
by stirring (t14 = 16.02, P = 0.0018) and was similar
to the 67% inhibition of stirring-induced lumines-
cence obtained by von Dassow (2003).
Treatment with 30 mM KCl stimulated biolumi-

nescence (Fig. 3, c and d), confirming earlier work
(von Dassow and Latz 2002, von Dassow 2003). The
time from stimulation to maximum response inten-
sity was 5.6 � 0.7 s (N = 8 records). Overall, the
average luminescence for KCl treatment was
29.1 � 15.6 photons � s�1 � cell�1, compared to
1.3 � 0.7 photons � s�1 � cell�1 for the FSW control
treatment (Fig. 3e), indicating a significant effect of
the KCl treatment on bioluminescence (F1,44 =
71.32, P < 0.0001). Pretreatment with 50 lM nifedi-
pine inhibited K+ stimulation of bioluminescence by
87% compared to the DMSO control pretreatment,
based on an average luminescence of 17.7 � 6.1
photons � s�1 � cell�1 for the nifedipine pretreat-
ment and 29.1 � 15.6 photons � s�1 � cell�1 for the
DMSO pretreatment. The interaction between nifed-
ipine pretreatment and KCl treatment was signifi-
cant (F1,42 = 5.51, P = 0.0237). There was no
significant effect of 50 lM nifedipine pretreatment
on the control FSW treatment (Tukey-Kramer HSD:
P = 0.9999); average luminescence was 1.1 � 0.4
photons � s�1 � cell�1 for the DMSO control pre-
treatment and 1.3 � 0.7 photons � s�1 � cell�1 for
the nifedipine pretreatment. There were no statisti-
cal differences among TSL values for all conditions
(F1,40 = 0.53, P = 0.4723), indicating that nifedipine
pretreatment did not have a toxic effect on the cells
(data not shown). Microscope observations of the
swimming of pretreated but untested cells showed
no effect of the nifedipine pretreatment on cell
motility (data not shown), unlike the earlier work of
von Dassow (2003).
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Gd3+ strongly inhibits stirring-induced and spontaneous
bioluminescence. Gadolinium III (Gd3+) is widely
used as a nonspecific inhibitor of stretch-activated
channels (Yang and Sachs 1989, Berrier et al. 1992,
Hajduczok et al. 1994), although it can act on
some voltage-sensitive channels (Biagi and Enyeart
1990, Lansman 1990, Lacampagne et al. 1994,
Caldwell et al. 1998). The inhibition of mechani-
cally stimulated bioluminescence in L. polyedrum by
Gd3+ (von Dassow 2003) suggests that the signaling
pathway possesses a stretch-activated as well as a

nifedipine-sensitive, voltage-activated component
(Table 1).
In the present study, pretreatment with 200 lm

Gd3+ strongly inhibited stirring-induced biolumines-
cence in L. polyedrum, confirming earlier work (von
Dassow 2003). Stirring-stimulated average lumines-
cence over 60 s of the FSW control pretreatment
was 472.6 � 37.0 photons � s�1 � cell�1, while
that of the Gd3+ pretreatment was 19.8 � 6.4
photons � s�1 � cell�1; this 96% decrease repre-
sented a significant difference (t14 = 37.15,
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FIG. 3. Effect of nifedipine pretreatment on stirring and KCl-induced bioluminescence of Lingulodinium polyedrum. (a) Representative
record of initial bioluminescence stimulated by stirring (as in Fig. 1c) in cells pretreated with 0.1% DMSO as a control or 50 lM nifedi-
pine in 0.1% DMSO. Arrows below the x-axis indicate the initiation of stirring. (b) Summary of the effect of 50 lM nifedipine on 60 s
Average luminescence stimulated by stirring. Values represent the average � SD of 10–15 replicates. Stirring-induced bioluminescence by
nifedipine pretreated cells was 61% lower and significantly different (P = 0.0018) than the DMSO control. (c) Representative record of
30 mM KCl-stimulated bioluminescence (as in Fig. 1b) in cells pretreated with 0.1% DMSO as the control. (d) Similar record for KCl
treatment following 50 lM nifedipine pretreatment. (e) Summary of the effect of 50 lM nifedipine pretreatment on average lumines-
cence in cells treated with FSW (closed bars) or 30 mM KCl (open bars). Values represent the average � SD of eight replicates. KCl-stimu-
lated bioluminescence by nifedipine pretreated cells was 39% lower and significantly different (P = 0.0083) than the DMSO control.
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P < 0.0001; Fig. 4, a and b). TSL for the Gd3+-pre-
treated cells was higher and significantly different
(t14 = 2.64, P = 0.0098) than TSL for the FSW con-

trol pretreatment, indicating first that Gd3+ did not
have a toxic effect on cells (data not shown), and
also that Gd3+-pretreated cells contained more
residual bioluminescence as a result of the inhibi-
tion of spontaneous bioluminescence as explained
below.
Gd3+ also inhibited spontaneous bioluminescence.

The average spontaneous luminescence over 300 s
of the FSW control pretreatment was
5.5 � 0.5 9 10�1 photons � s�1 � cell�1, while that
of the Gd3+ pretreatment was 3.3 � 0.6 9 10�1 pho-
tons � s�1 � cell�1; this 40% decrease represented a
significant difference (t14 = 7.81, P < 0.0001;
Fig. 4c). This inhibition was due to a decrease in
spontaneous flash rate by Gd3+ (Fig. 4d). The spon-
taneous flash rate of the FSW control pretreatment
was 7.3 � 2.0 9 10�4 flashes � cell�1 � min�1, while
that of the Gd3+ pretreatment was 2.3 � 1.1 9 10�4

flashes � cell�1 � min�1; this 69% decrease repre-
sented a significant decrease (t-test, t14 = 6.50,
P < 0.0001). There was no significant effect of Gd3+

pretreatment on spontaneous flash intensity
(t14 = 0.12, P = 0.9043; Fig. 4e); a 10% increase in
flash e-folding time from 32.3 � 2.1 ms for the FSW
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FIG. 4. Effect of Gd3+ pretreatment on mechanically stimulated and spontaneous bioluminescence of Lingulodinium polyedrum. (a) Rep-
resentative records of initial bioluminescence stimulated by stirring (as in Fig. 1c) in cells pretreated with FSW as the control or 200 lM
Gd3+. Arrow below the x-axis indicates the initiation of stirring. (b) Summary of the effect of Gd3+ pretreatment on average stirring-
induced luminescence over 60 s. Average bioluminescence for the Gd3+ pretreatment was 96% lower and significantly different
(P < 0.0001) than the FSW control. (c) Summary of the effect of Gd3+ pretreatment on average spontaneous bioluminescence (as in
Fig. 1a) measured over 300 s. Average spontaneous bioluminescence for Gd3+ pretreatment was 69% lower and significantly different
(P < 0.0001) than the FSW control. (d) Summary of the effect of Gd3+ pretreatment on spontaneous flash rate. The spontaneous flash
rate for Gd3+ pretreatment was 69% lower and significantly different (P < 0.0001) than the FSW control. (e) Summary of the effect of
Gd3+ pretreatment on average flash intensity. There was no significant effect of Gd3+ pretreatment on average spontaneous flash intensity
compared to the FSW control (P = 0.9043). Values in (b, c–e) represent the average � SD of eight replicates.

TABLE 1. Pharmacological treatments used in this study.

Treatment Concentration Action

Known/predicted
effect on

bioluminescence

Nifedipine 50 lM L-type Ca2+

channel
blocker

Inhibitsa

KCl 30 mM Depolarizes
plasma
membrane

Activatesa,b

BAPTA-AM 2 lM Chelates free
cytosolic Ca2+

Inhibitsa

Gadolinium
III chloride
(Gd3+)

200 lM Inhibits
stretch-
sensitive
channels

Inhibitsb

Benzyl
alcohol

1 mM Increases
membrane
fluidity

Activates

avon Dassow and Latz 2002.
bvon Dassow 2003.

DINOFLAGELLATE BIOLUMINESCENCE 739



control to 35.9 � 8.4 ms for the Gd3+ pretreatment
was not a statistically significant difference
(t14 = 1.41, P = 0.2542) although a 10% increase in
decay time from 50.8 � 1.6 ms for the FSW control
to 58.6 � 8.3 ms for the Gd3+ pretreatment repre-
sented a significant difference (t14 = 6.95,
P = 0.0195). Gd3+ pretreatment caused loss of motil-
ity in most cells (data not shown), suggesting that it
interferes with Ca2+ influx associated with flagellar
motility (Yoshimura 1996), but it did not cause cyst
formation.
Gd3+ but not nifedipine inhibits benzyl alcohol activa-

tion of bioluminescence. To further explore the effect
of membrane fluidity on stretch-sensitive channels,
cells were treated with benzyl alcohol, a widely used
membrane fluidizer at concentrations of 7–30 mM
to increase membrane fluidity (Gordon et al. 1980,
Blixt et al. 1993, Haidekker et al. 2000, Balogh et al.
2005, Toyoda et al. 2009, Zhang et al. 2011) and
results in G protein activation (Gudi et al. 1998,
Chachisvilis et al. 2006).

Addition of benzyl alcohol caused immediate stim-
ulation of bioluminescence (Fig. 5, a and b), with a
response proportional to benzyl alcohol concentra-
tion (data not shown). The average luminescence
over 300 s for the FSW control treatment was
0.9 � 0.2 photons � s�1 � cell�1, while that for the
1 mM benzyl alcohol treatment was 15.1 � 10.7 pho-
tons � s�1 � cell�1 (Fig. 5c); this 179 increase repre-
sented a highly significant difference (t14 = 3.76,
P = 0.0021). The time from initial stimulation to
maximum response intensity for a 1 mM benzyl alco-
hol treatment was 9.0 � 0.7 s (N = 8), a value 1.6
times greater than that for KCl stimulation, repre-
senting a significant difference (t14 = 3.46,
P = 0.0038; data not shown).

Pretreatment with 200 lM Gd3+ blocked the
action of 1 mM benzyl alcohol (Fig. 6, a and b).
Overall, the Gd3+ pretreatment inhibited benzyl alco-
hol-stimulated bioluminescence by 95% compared
to the FSW control pretreatment, with an average
luminescence over 300 s of only 0.7 � 0.6 pho-
tons � s�1 � cell�1 for the Gd3+ pretreatment com-
pared to 15.1 � 10.7 photons � s�1 � cell�1 for the
FSW control pretreatment (Fig. 6c); this represented
a significant interaction (F1,27 = 15.01, P = 0.0006).
TSL for the Gd3+-pretreated cells was 1.19 higher
and significantly different than TSL for the control
pretreatment (F1,25 = 20.87, P < 0.0001), indicating
that Gd3+-pretreated cells contained more residual
bioluminescence as a result of inhibition and indi-
cating that Gd3+ did not have a toxic effect on cells
(data not shown).

There was no significant interaction of 50 lM
nifedipine pretreatment with benzyl alcohol-stimu-
lated bioluminescence (F1,27 = 0.14, P = 0.7100;
Fig. 6d); the integrated luminescence over 300 s
after 1 mM benzyl alcohol addition was 11.1 � 9.9
photons � s�1 � cell�1 for the nifedipine pretreat-
ment and 9.3 � 3.3 photons � s�1 � cell�1 for the

DMSO control pretreatment. TSL for the nifedipine
and DMSO pretreatments were not significantly dif-
ferent (F1,27 = 0.32, P = 0.5756), indicating that
nifedipine did not have a toxic effect on cells (data
not shown).
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FIG. 5. Stimulation of bioluminescence of Lingulodinium polye-
drum by benzyl alcohol. (a) Representative record of biolumines-
cence in cells treated with the FSW control (as in Fig. 1b). (b)
Similar record for cells treated with 1 mM benzyl alcohol.
(c) Summary of average luminescence in cells treated with FSW
as the control or 1 mM benzyl alcohol. Stimulation of biolumi-
nescence by benzyl alcohol was 16.6 9 higher and significantly
different (P < 0.0001) than the FSW control.
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DISCUSSION

The present results support the role of stretch-acti-
vated components in the mechanosensitive dinofla-
gellate bioluminescence signaling pathway. This
conclusion is based on: (i) the dramatic inhibition
of both mechanically stimulated and spontaneous
bioluminescence by Gd3+, a nonspecific inhibitor of
stretch-activated channels; (ii) stimulation of biolu-
minescence by benzyl alcohol, a membrane fluidizer;
(iii) inhibition of benzyl alcohol stimulation by Gd3+

pretreatment; and (iv) lack of inhibition of benzyl
alcohol stimulation by nifedipine. Thus, a hypotheti-
cal model of the dinoflagellate bioluminescence sig-
naling pathway involves both stretch-activated and
voltage-gated elements (Fig. 7). Evidence for a volt-
age-gated component (von Dassow and Latz 2002,
von Dassow 2003) includes stimulation by KCl, which
has previously been thought to depolarize the
plasma membrane of L. polyedrum based on measure-
ments using a fluorescent cyanine dye (Adamich
et al. 1976); and the inhibition of mechanically stim-
ulated and KCl-stimulated bioluminescence by
nifedipine, an L-type Ca2+ channel blocker. Further
study is needed to confirm the specificity of the

nifedipine treatment and to verify that the plasma
membrane of L. polyedrum has a K+ conductance that
is sensitive to KCl treatment. However, the control
treatments carried out alongside the stimulation
treatments presented in this study confirm the biolu-
minescence responses seen as a result of KCl and
benzyl alcohol treatments are not artifacts of
mechanical stimulation, but are in fact the result of
a biochemical interaction of the chemical treatment
with the cell.
Gd3+ pretreatment strongly inhibited benzyl alco-

hol-induced bioluminescence. Benzyl alcohol is
thought to act on the plasma membrane because
the action of Gd3+ is upstream of the increase in
[Ca2+]cyt, based on the lack of inhibition by Gd3+

pretreatment on the stimulation of bioluminescence
by the calcium ionophore ionomycin (von Dassow
2003), which allows influx of extracellular Ca2+ to
increase [Ca2+]cyt. The longer time to maximum
response for benzyl alcohol treatment compared to
that for KCl is expected if benzyl alcohol associates
with the plasma membrane to increase membrane
fluidity; according to Chachisvilis et al. (2006) parti-
tioning of benzyl alcohol within the membrane is
complete within 10 s. On the other hand, if KCl is
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FIG. 6. Effect of Gd3+ and nifedipine pretreatments on bioluminescence stimulation of Lingulodinium polyedrum by benzyl alcohol. Rep-
resentative records of 1 mM benzyl alcohol-stimulated bioluminescence in cells pretreated with (a) FSW as the control or (b) 200 lM
Gd3+. (c) Summary of average luminescence in cells pretreated with FSW as the control or 200 lM Gd3+ and then treated with FSW
(closed bars) or 1 mM benzyl alcohol (open bars; as in Fig. 1b). The Gd3+ pretreatment inhibited benzyl alcohol stimulation by 95% com-
pared to the FSW control pretreatment; this difference was significantly different (P < 0.0001). Values represent the average � SD of eight
replicates. (d) Summary of average luminescence in cells pretreated with 0.1% DMSO as the control or 50 lM nifedipine and then treated
with FSW as the control (closed bars) or 1 mM benzyl alcohol (open bars). There was no significant effect of nifedipine pretreatment on
benzyl alcohol-induced bioluminescence (P = 0.9044). Values in (b and c) represent the average � SD of eight replicates.
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acting directly on ion channels, then its effect
should be immediate.

Both membrane thinning and changes in local
membrane curvature may shift the equilibrium state
of mechanosensitive, transmembrane proteins
(Hamill and Martinac 2001). The mechanical defor-
mation of the plasma membrane lipid bilayer in
response to mechanical stress, resulting in both
thinning and changes in shape, is a function of
membrane fluidity and surface tension. While both
mechanical stress and treatment with benzyl alcohol
act to increase membrane fluidity and thin the lipid
bilayer, benzyl alcohol decreases surface tension
whereas fluid shear stress increases it, which may
result in differences in surface curvature. Although
differences in surface curvature cannot be ruled
out, the increase in sensitivity to fluid shear stress
with the addition of benzyl alcohol observed here,
as well as previously described for shear sensitive
mammalian endothelial cells (Gudi et al. 1998, Ha-
idekker et al. 2000), suggests that for these shear
stress dependent systems (Davies 1995, Maldonado
and Latz 2007) the primary mechanotransduction
mechanism associated with the plasma membrane is
more sensitive to reductions in wall thickness and
fluidity than changes to surface tension.

The present results provide insights into the origin
of L. polyedrum spontaneous flashing, a stochastic
process occurring in the absence of apparent stimu-
lation (Hastings and Sweeney 1958, Krasnow et al.
1980, Latz and Lee 1995). Further study is needed to

identify the origin of spontaneous activity, but we
hypothesize that it originates from the plasma mem-
brane and not the scintillon or vacuole membranes
(Deane and Stokes 2005). This hypothesis is sup-
ported by the strong inhibition of spontaneous flash-
ing by pretreatment with BAPTA-AM, a chelator of
free intracellular Ca2+, indicating that spontaneous
flashes involve an increase in [Ca2+]cyt as do mechan-
ically stimulated flashes (von Dassow and Latz 2002).
Many types of animal cells exhibit fluctuations in
plasma membrane potential due to the opening and
closing of ion channels, leading to spontaneous activ-
ity that is important in oscillatory rhythms, circadian
rhythms, and complex brain function (Moss et al.
2004, Lundkvist and Block 2005, Ermentrout et al.
2008). In unicellular eukaryotes, these fluctuations
can be associated with behavioral changes. For exam-
ple, the ciliated protist Paramecium exhibits spontane-
ous changes in swimming direction associated with
fluctuations in membrane potential that cause a
reversal in ciliary beating (Naitoh 1974, Moolenaar
et al. 1976, Majima 1980, Machemer 1989,) that can
open voltage-gated Ca2+ channels in the ciliary mem-
brane (Ogura and Takahashi 1976, Dunlap 1977)
and cause a release of Ca2+ from intracellular stores
(Plattner et al. 2006) and increase [Ca2+]cyt (Nak-
aoka et al. 2009). While the stochastic opening of
voltage-gated channels is one possibility, an alterna-
tive source of spontaneous flashing could be G pro-
teins, which are known to exhibit spontaneous
activation (Okabe et al. 1991). The similar

FIG. 7. Hypothetical model of the bioluminescence signaling pathway in Lingulodinium polyedrum. Flow chart diagrams hypothesized ser-
ies of signaling events. Solid lined-arrows indicate direct interaction; dotted lined-arrows indicate indirect or unclear interaction. Drug and
chemical treatments from the present and relevant previous studies are cited and indicated in bold lettering. Treatments with arrows indi-
cate stimulation; treatments with bars indicate inhibition.
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waveforms of spontaneous and mechanically stimu-
lated flashes (Latz and Lee 1995) suggest that a com-
mon mechanism is responsible for shaping flashes.
Because the pH-stimulated flash of isolated scintil-
lons of L. polyedrum is similar to that of the in vivo
flash (Fogel and Hastings 1972, Hastings 1989), flash
kinetics will be determined by the all-or-none charac-
teristics of the vacuole membrane action potential as
mediated through proton flux through voltage-gated
channels, which are present in dinoflagellates (Smith
et al. 2011). On the other hand, the flash rate will be
determined by plasma membrane activation.

The pharmacological treatments used in this
study have been widely used in cell signaling studies.
However, it is also important to note that mechano-
sensitivity and voltage sensitivity are not mutually
exclusive properties. Mechanically gated channels
can also be sensitive to changes in voltage (Brauchi
et al. 2004, Nilius et al. 2005, Doerner et al. 2011),
while many voltage-gated channels can also change
their structural conformation as a result of mem-
brane stress in the same way as mechanosensitive
channels (Laitko et al. 2006, Morris and Juranka
2007). The issue is whether the voltage sensitive or
mechanosensitive properties are physiologically rele-
vant (Sachs 2010). While the pharmacological
approach taken by this study is useful in characteriz-
ing potential components of the signaling system,
further study is needed to characterize the specific-
ity of the treatments. Furthermore, the identifica-
tion of the signaling proteins requires a molecular
approach. Unfortunately, the dinoflagellate genome
possesses unique characteristics that have to date
challenged genome sequencing attempts. It consists
of ~215,000 megabase pairs – close to 1009 that of
human cells, most likely due to genome replication,
and resides in hundreds of condensed chromo-
somes (Dodge 1985, Rizzo 1991). However, dinofla-
gellate EST databases and soon-to-be-available
dinoflagellate transcriptomes are tools for identify-
ing and sequencing the genes of potential signaling
molecules (Hackett et al. 2005).

The current results are consistent with the dino-
flagellate bioluminescence signaling pathway involv-
ing a nifedipine-sensitive pathway that involves an
ion channel that causes depolarization of the
plasma membrane, and a gadolinium-sensitive path-
way involving a stretch-activated channel that we
hypothesize to be the origin of spontaneous flashing
(Fig. 7). This rapid signaling pathway is thought to
involve G protein activation based on previous phar-
macological evidence in L. polyedrum (Chen et al.
2007). Another rapid G protein mediated signaling
pathway with similar signaling motifs is the visual
transduction pathway of Drosophila. In this pathway,
hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2) by G protein activated phospholipase C leads
to a change in membrane fluidity that opens
stretch-activated transient receptor potential (TRP)
channels (Hardie and Franze 2012) at rapid

timescales similar to that of the dinoflagellate me-
chanotransduction system. Future studies should
include more specific pharmacological treatments,
electrophysiological measurements of ion channel
electrical currents, and molecular investigation of
channel proteins to further characterize the func-
tional relationships of the signaling events of dino-
flagellate bioluminescence.

We thank S. Sandin, C. Edwards, M. Brito, R. Morrison, and
C. P. Jimenez for advice with statistical analysis, R. Fung for
assistance in MATLAB programming, and the constructive
comments of two anonymous reviewers. Supported in part by
the UC San Diego Academic Senate and the Office of Naval
Research (award number N00014-09-10495 to M. I. L.). J. C.
K. was supported in part by a summer internship through the
Marine Physical Laboratory of the Scripps Institution of Ocea-
nography.

Adamich, M., Laris, P. C. & Sweeney, B. M. 1976. In vivo evidence
for a circadian rhythm in membranes of Gonyaulax. Nature
261:583–5.

Balogh, G., Horv�ath, I., Nagy, E., Hoyk, Z., Benk~o, S., Bensaude,
O. & V�ıgh, L. 2005. The hyperfluidization of mammalian cell
membranes acts as a signal to initiate the heat shock protein
reponse. FEBS J. 272:6077–86.

Balzer, I. & Hardeland, R. 1991. Stimulation of bioluminescence
by 5-methoxylated indoleamines in the dinoflagellate,
Gonyaulax polyedra. Comp. Biochem. Physiol. 98C:395–7.

Berrier, C., Coulombe, A., Szabo, I., Zoratti, M. & Ghazi, A. 1992.
Gadolinium ion inhibits loss of metabolites induced by
osmotic shock and large stretch-activated channels in bacte-
ria. Eur. J. Biochem. 206:559–65.

Berthiaume, F. & Frangos, J. A. 1994. Fluid flow increases mem-
brane permeability to merocyanine 540 in human endothe-
lial cells. Biochem. Biophys. Acta 1191:209–18.

Biagi, B. A. & Enyeart, J. J. 1990. Gadolinium blocks low-thresh-
old andhigh-threshold calcium currents in pituitary cells.
Am. J. Physiol. 259:C515–20.

Biggley, W. H., Swift, E., Buchanan, R. J. & Seliger, H. H. 1969.
Stimulable and spontaneous bioluminescence in the marine
dinoflagellates, Pyrodinium bahamense, Gonyaulax polyedra, and
Pyrocystis lunula. J. Gen. Physiol. 54:96–122.

Blixt, Y., Varga, M. J. & Everitt, E. 1993. Enhancement of intracellu-
lar uncoating of adenovirus in hela-cells in the presence of ben-
zyl alcohol as a membrane fluidizer. Arch. Virol. 129:265–77.

Brauchi, S., Orio, P. & Latorre, R. 2004. Clues to understanding
cold sensation: thermodynamics and electrophysiological
analysis of the cold receptor TRPM8. Proc. Natl. Acad. Sci.
USA 101:15494–9.

Burkhardt, S. & Hardeland, R. 1996. Circadian rhythmicity of
tryptophan hydroxylase in the marine dinoflagellate Gonyau-
lax polyedra Stein and the role of tryptophan hydroxylation in
bioluminescence. Comp. Biochem. Physiol. 115B:411–6.

Burkhardt, S., Meyer, T. J., Hardeland, R., Poeggeler, B., Fuhrberg,
B. & Balzer, I. 1997. Requirement of indoleamines and a
V-type proton ATPase for the expression of the circadian glow
rhythm in Gonyaulax polyedra. Biol. Rhythm Res. 28:151–9.

Butler, P. J., Norwich, G., Weinbaum, S. & Chien, S. 2001. Shear
stress induces a time- and position-dependent increase in
endothelial cell membrane fluidity. Am. J. Physiol. Cell Physiol.
280:C962–9.

Caldwell, R. A., Clemo, H. F. & Baumgarten, C. M. 1998. Using
gadolinium to identify stretch-activated channels: technical
considerations. Am. J. Physiol. Cell Physiol. 275:C619–21.

Chachisvilis, M., Zhang, Y.-L. & Frangos, J. A. 2006. G protein-
coupled receptors sense fluid shear stress in endothelial
cells. Proc. Natl. Acad. Sci. USA 103:15463–8.

Chen, A. K., Latz, M. I., Sobolewski, P. & Frangos, J. A. 2007.
Evidence for the role of G-proteins in flow stimulation of

DINOFLAGELLATE BIOLUMINESCENCE 743



dinoflagellate bioluminescence. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 292:R2020–7.

von Dassow, P. 2003. Regulation of bioluminescence in the dino-
flagellate Lingulodinium polyedrum. PhD thesis, University of
California, San Diego, 281 pp.

von Dassow, P. & Latz, M. I. 2002. The role of Ca2+ in stimulated
bioluminescence of the dinoflagellate Lingulodinium polye-
drum. J. Exp. Biol. 205:2971–86.

Davies, P. F. 1995. Flow-mediated endothelial mechanotransduc-
tion. J. Fluid Mech. 21:385–425.

Deane, G. B. & Stokes, M. D. 2005. A quantitative model for flow-
induced bioluminescence in dinoflagellates. J. Theoret. Biol.
237:147–69.

Dodge, J. D. 1985. The chromosomes of dinoflagellates. Int. Rev.
Cytol. 94:5–19.

Doerner, J. F., Hatt, H. & Ramsey, I. S. 2011. Voltage- and tem-
perature-dependent activation of TRPV3 channels is potenti-
ated by receptor-mediated PI(4,5)P(2) hydrolysis. J. Gen.
Physiol. 137:271–88.

Dunlap, K. 1977. Localization of calcium channels in Paramecium
caudatum. J. Physiol. 271:119–33.

Eckert, R. 1965a. Bioelectric control of bioluminescence in the
dinoflagellate Noctiluca. I. Specific nature of triggering
events. Science 147:1140–2.

Eckert, R. 1965b. Bioelectric control of bioluminescence in the
dinoflagellate Noctiluca. II. Asynchronous flash initiation by a
propagated triggering potential. Science 147:1142–5.

Eckert, R. & Sibaoka, T. 1968. The flash-triggering action poten-
tial of the luminescent dinoflagellate Noctiluca. J. Gen. Physiol.
52:258–82.

Ermentrout, G. B., Galan, R. F. & Urban, N. N. 2008. Reliability,
synchrony and noise. Trends Neurosci. 31:428–34.

Espinosa, G., L�opez-Montero, I., Monroy, F. & Langevin, D. 2011.
Shear rheology of lipid monolayers and insights on mem-
brane fluidity. Proc. Natl. Acad. Sci. U. S. A. 108:6008–13.

Fogel, M. & Hastings, J. W. 1971. A substrate-binding protein in
the Gonyaulax bioluminescence reaction. Arch. Biochem.
142:310–21.

Fogel, M. & Hastings, J. W. 1972. Bioluminescence: mechanism
and model of control of scintillon activity. Proc. Natl. Acad.
Sci. USA 69:690–3.

Fritz, L., Morse, D. & Hastings, J. W. 1990. The circadian biolumi-
nescence rhythm of Gonyaulax is related to daily variations in
the number of light-emitting organelles. J. Cell Sci. 95:321–8.

Gordon, L. M., Sauerheber, R. D., Esgate, J. A., Dipple, I.,
Marchmont, R. J. & D., H. M., 1980. The increase in bilayer
fluidity of rat liver plasma membranes achieved by the local
anesthetic benzyl alcohol affects the activity of intrinsic mem-
brane enzymes. J. Biol. Chem. 255:4519–27.

Gudi, S., Nolan, J. P. & Frangos, J. A. 1998. Modulation of
GTPase activity of G proteins by fluid shear stress and phos-
pholipid composition. Proc. Natl. Acad. Sci. USA 95:2515–9.

Hackett, J. D., Scheetz, T. E., Yoon, H. S., Soares, M. B., Bonaldo,
M. F., Casavant, T. L. & Bhattacharya, D. 2005. Insights into
a dinoflagellate genome through expressed sequence tag
analysis. BMC Genomics 6:80.

Haddock, S. H. D., Moline, M. A. & Case, J. F. 2010. Biolumines-
cence in the sea. Annu. Rev. Mar. Sci. 2:443–93.

Haidekker, M. A., L’Heureux, N. & Frangos, J. A. 2000. Fluid
shear stress increases membrane fluidity in endothelial cells:
a study with DCVJ fluorescence. Am. J. Physiol. 278:H1401–6.

Hajduczok, G., Chapleau, M. W., Ferlic, R. J., Mao, H. Z. &
Abboud, F. M. 1994. Gadolinium inhibits mechanoelectrical
transduction in rabbit carotid baroreceptors - implication of
stretch-activated channels. J. Clin. Invest. 94:2392–6.

Hamill, O. P. & Martinac, B. 2001. Molecular basis of mechano-
transduction in living cells. Physiol. Rev. 81:685–740.

Hamman, J. P. & Seliger, H. H. 1982. The chemical mimicking of
the mechanical stimulation, photoinhibition, and recovery
from photoinhibition of bioluminescence in the marine
dinoflagellate, Gonyaulax polyedra. J. Cell. Physiol. 111:315–9.

Hanggi, P., Talkner, P. & Borkovec, M. 1990. Reaction-rate theory
– 50 years after Kramers. Rev. Mod. Phys. 62:251–341.

Hardeland, R. 1980. Effects of catecholamines on biolumines-
cence in Gonyaulax polyedra (Dinoflagellata). Comp. Biochem.
Physiol. 66C:53–8.

Hardeland, R., Fuhrberg, B., Ur�ıa, H., Behrmann, G., Meyer, T.
J., Burkhardt, S. & Poeggeler, B. 1996. Chronobiology of in-
doleamines in the dinoflagellate Gonyaulax polyedra: metabo-
lism and effects related to circadian rhythmicity and
photoperiodism. Braz. J. Med. Biol. Res. 29:119–23.

Hardie, R. C. & Franze, K. 2012. Photomechanical responses in
Drosophila photoreceptors. Science 338:260–3.

Harrison, W. G. 1976. Nitrate metabolism of the red tide dinoflagel-
late Gonyaulax polyedra Stein. J. Exp. Mar. Biol. Ecol. 21:199–209.

Hastings, J. W. 1989. Chemistry, clones, and circadian control of
the dinoflagellate bioluminescent system. J. Biolumin. Chemi-
lumin. 4:12–9.

Hastings, J. W. & Dunlap, J. C. 1986. Cell-free components in
dinoflagellate bioluminescence. The particulate activity;
scintillons; the soluble components: luciferase, luciferin, and
luceferin-binding protein. Meth. Enzymol. 133:307–27.

Hastings, J. W. & Krasnow, R. 1981. Temporal regulation in the
individual Gonyaulax cell. In Schweiger, H. G. [Ed.] Interna-
tional Cell Biology 1980–1981. Springer-Verlag, New York,
pp. 815–22.

Hastings, J. W. & Sweeney, B. M. 1958. A persistent diurnal
rhythm of luminescence in Gonyaulax polyedra. Biol. Bull.
115:440–58.

van der Heyde, F. & Wilkens, A. & Rensing, L. 1992. The effects
of temperature on the circadian rhythms of flashing and
glow in Gonyaulax polyedra: are the two rhythms controlled by
two oscillators? J. Biol. Rhythms 7:115–23.

Hoffmann, B. & Hardeland, R. 1985. Membrane fluidization by
propranolol, tetracaine and 1-aminoadamantane in the dino-
flagellate Goyaulax polyedra. Comp. Biochem. Physiol. 81C:39–43.

Johnson, C. H., Inoe, S., Flint, A. & Hastings, J. W. 1985. Com-
partmentalization of algal bioluminescence: autofluorescence
of bioluminescent particles in the dinoflagellate Gonyaulax as
studied with image-intensified video microscopy and flow
cytometry. J. Cell Biol. 100:1435–46.

Krasnow, R., Dunlap, J. C., Taylor, W., Hastings, J. W., Vetterling,
W. & Gooch, V. 1980. Circadian spontaneous bioluminescent
glow and flashing of Gonyaulax polyedra. J. Comp. Physiol. B.
138:19–26.

Krasnow, R., Dunlap, J., Taylor, W., Hastings, J. W., Vetterling, W.
& Haas, E. 1981. Measurements of Gonyaulax biolumines-
cence including that of single cells. In Nealson, K. H. [Ed.]
Bioluminescence Current Perspectives. Burgess Publishing, Minne-
apolis, pp. 52–63.

Lacampagne, A., Gannier, F., Argibay, J., Garnier, D. &
Leguennec, J. Y. 1994. The stretch-activated ion channel
blocker gadolinium also blocks L-type calcium channels in
isolated ventricular myocytes of the guinea-pig. Biochim. Bio-
phys. Acta Biomembr. 1191:205–8.

Laitko, U., Juranka, P. F. & Morris, C. E. 2006. Membrane stretch
slows the concerted step prior to opening in a Kv channel.
J. Gen. Physiol. 127:687–701.

Lansman, J. B. 1990. Blockage of current through single calcium
channels by trivalent lanthanide cations: Effect of ionic
radius on the rates of ion entry and exit. J. Gen. Physiol.
95:679–96.

Latz, M. I., Bovard, M., VanDelinder, V., Segre, E., Rohr, J. &
Groisman, A. 2008. Bioluminescent response of individual
dinoflagellate cells to hydrodynamic stress measured with
millisecond resolution in a microfluidic device. J. Exp. Biol.
211:2865–75.

Latz, M. I. & Lee, A. O. 1995. Spontaneous and stimulated biolu-
minescence in the dinoflagellate, Ceratocorys horrida (Peridini-
ales). J. Phycol. 31:120–32.

Latz, M. I., Nauen, J. C. & Rohr, J. 2004. Bioluminescence
response of four species of dinoflagellates to fully developed
pipe flow. J. Plankton Res. 26:1529–46.

Latz, M. I. & Rohr, J. 1999. Luminescent response of the red tide
dinoflagellate Lingulodinium polyedrum to laminar and turbu-
lent flow. Limnol. Oceanogr. 44:1423–35.

744 KELLY JIN ET AL.



Lewis, J. & Hallett, R. 1997. Lingulodinium polyedrum (Gonyaulax
polyedra) a blooming dinoflagellate. Oceanogr. Mar. Biol.
Annu. Rev. 35:97–161.

Los, D. A. & Murata, N. 2004. Membrane fluidity and its roles in
the perception of environmental signals. Biochim. Biophys.
Acta Biomembr. 1666:142–57.

Lundkvist, G. B. & Block, G. D. 2005. Role of neuronal mem-
brane events in circadian rhythm generation. Meth. Enzymol.
393:623–42.

Machemer, H. 1989. Cellular behavior modulated by ions: electro-
physiological implications. J. Protozool. 36:463–87.

Majima, T. 1980. Membrane potential fluctuation in Paramecium.
Biophys. Chem. 11:101–8.

Maldonado, E. M. & Latz, M. I. 2007. Shear-stress dependence of
dinoflagellate bioluminescence. Biol. Bull. 212:242–9.

Mallipattu, S. K., Haidekker, M. A., Von Dassow, P., Latz, M. I. &
Frangos, J. A. 2002. Evidence for shear-induced increase in
membrane fluidity in the dinoflagellate Lingulodinium polye-
drum. J. Comp. Physiol. A 188:409–16.

Moolenaar, W. H., de Goede, J. & Verveen, A. A. 1976. Mem-
brane noise in Paramecium. Nature 5549:344–6.

Morris, C. E. & Juranka, P. F. 2007. Lipid stress at play: mechano-
sensitivity of voltage-gated channels. Curr. Top. Membr.
59:297–337.

Moss, F., Ward, L. M. & Sannita, W. G. 2004. Stochastic resonance
and sensory information processing: a tutorial and review of
application. Clin. Neurophysiol. 115:267–81.

Naitoh, Y. 1974. Bioelectric basis of behavior in protozoa. Am.
Zool. 14:883–93.

Nakaoka, Y., Imaji, T., Hara, M. & Hashimoto, N. 2009. Spontane-
ous fluctuation of the resting membrane potential in Parame-
cium: amplification caused by intracellular Ca2+. J. Exp. Biol.
212:270–6.

Nawata, T. & Sibaoka, T. 1979. Coupling between action potential
and bioluminescence in Noctiluca: Effects of inorganic ions
and pH in vacuolar sap. J. Comp. Physiol. A 134:137–49.

Nicolas, M. T., Morse, D., Bassot, J.-M. & Hastings, J. W. 1991. Colo-
calization of luciferin binding protein and luciferase to the
scintillons of Gonyaulax polyedra revealed by double immunola-
beling after fast-freeze fixation. Protoplasma 160:159–66.

Nilius, B., Talavera, K., Owsianik, G., Prenen, J., Droogmans, G.
& Voets, T. 2005. Gating of TRP channels: a voltage connec-
tion? J. Physiol. Lond. 567:35–44.

Ogura, A. & Takahashi, K. 1976. Artificial deciliation causes loss
of calcium-dependent responses in Paramecium. Nature
5582:170–2.

Okabe, K., Yatani, A. & Brown, A. M. 1991. The nature and origin
of spontaneous noise in G-protein gated ion channels.
J. Gen. Physiol. 97:1279–93.

Plattner, H., Diehl, S., Husser, M. R. & Hentschel, J. 2006. Sub-
second calcium coupling between outside medium and
subplasmalemmal stores during overstimulation/depolarisa-
tion-induced ciliary beat reversal in Paramecium cells. Cell Cal-
cium 39:509–16.

Rizzo, P. J. 1991. The enigma of the dinoflagellate chromosome.
J. Protozool. 38:246–52.

Rohr, J., Latz, M. I., Fallon, S., Nauen, J. C. & Hendricks, E.
1998. Experimental approaches towards interpreting dol-
phin-stimulated bioluminescence. J. Exp. Biol. 201:1447–60.

Sachs, F. 2010. Stretch-activated ion channels: what are they? Phys-
iology 25:50–6.

Schultz, L. W., Liu, L. Y., Cegielski, M. & Hastings, J. W. 2005.
Crystal structure of a pH-regulated luciferase catalyzing the
bioluminescent oxidation of an open tetrapyrrole. Proc. Natl.
Acad. Sci. USA 102:1378–83.

Smith, S. M. E., Morgan, D., Musset, B., Cherny, V. V., Place, A.
R., Hastings, J. W. & DeCoursey, T. E. 2011. Voltage-gated
proton channel in a dinoflagellate. Proc. Natl. Acad. Sci. USA
108:18162–7.

Sweeney, B. M. 1969. Transducing mechanisms between circadian
clock and overt rhythms in Gonyaulax. Can. J. Bot. 47:
299–308.

Sweeney, B. M. & Hastings, J. W. 1958. Rhythmic cell division in
populations of Gonyaulax polyedra. J. Protozool. 5:217–24.

Toyoda, T., Hiramatsu, Y., Sasaki, T. & Nakaoka, Y. 2009.
Thermo-sensitive response based on the membrane fluidity
adaptation in Paramecium multimicronucleatum. J. Exp. Biol.
212:2767–72.

Weitman, S. D., Phelan, A. M., Lech, J. J. & Lange, D. G. 1989.
Propranolol-induced alternations in rat erythrocyte mem-
brane fluidity and apparent phase-transition temperatures.
Biochem. Pharmacol. 38:2949–55.

Widder, E. A. & Case, J. F. 1981. Bioluminescence excitation in a
dinoflagellate. In Nealson, K. H. [Ed.] Bioluminescence Current
Perspectives. Burgess Publishing Co., Minneapolis, Minnesota,
pp. 125–32.

Wilson, T. & Hastings, J. W. 1998. Bioluminescence. Annu. Rev.
Cell Dev. Biol. 14:197–230.

Yang, X. C. & Sachs, F. 1989. Block of stretch-activated ion chan-
nels in Xenopus oocytes by gadolinium and calcium-ions. Sci-
ence 243:1068–71.

Yoshimura, K. 1996. A novel type of mechanoreception by the fla-
gella of Chlamydomonas. J. Exp. Biol. 199:295–302.

Zhang, X. Y., Hurng, J., Rateri, D. L., Daugherty, A., Schmid-
Schonbein, G. W. & Shin, H. Y. 2011. Membrane cholesterol
modulates the fluid shear stress response of polymorphonu-
clear leukocytes via its effects on membrane fluidity. Am.
J. Physiol. Cell Physiol. 301:C451–60.

DINOFLAGELLATE BIOLUMINESCENCE 745




