These results suggest a mechanism of sig-
naling conserved between BRIl and XA21
that may be extrapolated to the large number
of LRR-RLKSs found in plant genomes. The
model would include ligand perception
through the extracellular/transmembrane do-
main, whereas the intracellular kinase domain
determines the downstream signaling response.
There are greater than 120 LRR-RLKs pre-
dicted in the Arabidopsis genome sequencing
project. The chimeric receptor approach, us-
ing the XA21 signaling outputs defined here,
should provide an assay system that is appli-
cable to the discovery of ligands for the
LRR-RLKs, as well as aid in the design of
novel signaling genes for controlling plant
development and disease resistance.
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Perception of Environmental
Signals by a Marine Diatom

Angela Falciatore,” Maurizio Ribera d'Alcala,? Peter Croot,?
Chris Bowler'

Diatoms are a key component of marine ecosystems and are extremely im-
portant for the biogeochemical cycling of silica and as contributors to global
fixed carbon. However, the answers to fundamental questions such as what
diatoms can sense in their environment, how they respond to external signals,
and what factors control their life strategies are largely unknown. We generated
transgenic diatom cells containing the calcium-sensitive photoprotein aequorin
to determine whether changes in calcium homeostasis are used to respond to
relevant environmental stimuli. Our results reveal sensing systems for detecting
and responding to fluid motion (shear stress), osmotic stress, and iron, a key
nutrient that controls diatom abundance in the ocean.

The predominance of diatoms in marine eco-
systems indicates that they possess sophisti-
cated strategies for responding to environ-
mental variation. However, little is known
about these strategies at the cellular level
because of the difficulties of monitoring key
internal physiological processes in these or-
ganisms. The recent availability of proce-
dures to generate transgenic diatoms (/-3)
has opened up a range of techniques that can
be used to address these questions.

We transformed the marine diatom Phae-
odactylum tricornutum (4) with a construct
containing the apoaequorin cDNA derived
from the jellyfish Aequorea victoria (5).
Transgenic cells displaying high levels of
aequorin were selected (4) and used to ana-
lyze diatom responses to a range of different
stimuli.

Transient changes in cytosolic calcium
concentrations ([Ca“]cy,), which are character-
istic of the activation of signal transduction (6),
could be observed in response to the sim-
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ple addition of seawater [artificial seawater
(ASW)] (Fig. 1A). A maximal increase in
[Ca**],,, from 500 nM to 2 M was observed
after 1 to 2 s, which quickly disappeared within
10 s. This response weakened with declining
stimulus strength (7). To exclude the possibility
that chemical signaling may have been in-
volved as a result of the addition of fresh me-
dium to the cells, we confirmed that condi-
tioned medium (medium in which the diatoms
had been growing) was able to generate the
same effects, as was the mechanical stimulation
of the cell suspension with a needle (Fig. 1A).
When these experiments were repeated with a
pH microelectrode in the suspension, no chang-
es in pH were detected after the treatments (8),
thus excluding the possibility that the observed
calcium responses were a consequence of ex-
ternal pH changes.

When organisms are exposed to a stimulus
for a long enough period, they typically lose
their ability to respond with their original sen-
sitivity. By this process of short-term adaptation
or desensitization, a cell reversibly adjusts its
sensitivity to the level of the stimulus. At the
molecular level, the best understood examples
of adaptation occur in bacterial chemotaxis (9)
and in photoperception in the retina (/0). To
determine whether diatoms possess such so-
phisticated sensing systems for responding to
fluid motion, we examined the effect of giving
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two successive stimuli to the same cells (Fig.
1B). If a second treatment immediately fol-
lowed the initial stimulus (for example, after 5
s), no difference in the response was observed.
However, when the time between the two treat-
ments was increased (from 30 s to 5 min), the
response was desensitized (Fig. 1B). This “re-
calcitrant period” lasted for approximately 5
min before the cells became progressively re-
sensitized once more (after 10 to 15 min). The
response to fluid motion is therefore rapid (sec-
onds) and highly controlled, and the time scale
for intracellular adjustments to changes in the
cell boundary layer appears to be on the order
of minutes. Furthermore, the observation that
diatom desensitization develops slowly (up to 5
min) is unlike typical desensitization processes
in higher eukaryotes, where no response is
commonly observed if the second stimulus is
applied shortly after the first.

We also analyzed diatom responses to
osmotic stress. Many organisms, such as bac-
teria and plants, have evolved mechanisms to
adjust their internal osmolarity in response to
osmotic stress, based on the intracellular ac-
cumulation of ions or other osmolytes (71,
12). Diatoms were given a hypo-osmotic
stress by treatment of ASW-grown cells with
diluted ASW (Fig. 2A). Again, the [Ca®"]_,
response was rapid and transient, and reflect-
ed quantitatively the amount of stress im-
posed on the cells (Fig. 2B). In general, the
response was stronger than the shear response
[for example, the [Ca®*],,, peak was around
4 uM in 80% ASW (Fig. 2A)]. To determine
whether this response was due to an osmotic
response or to the dilution of a particular ion,
diatoms were incubated in a sucrose solution
with an osmolarity equivalent to that of 100%
ASW (Fig. 2C). Reductions in osmolarity by
dilution of sucrose were found to provoke
responses identical to those seen with dilution
of ASW, thus confirming that this response
was due to an osmotic sensing mechanism.
The possibility that the responses to hypo-
osmotic stress were an artefact of cell lysis
was excluded by determining diatom uptake
of Evans blue (/3).

We tested desensitization to hypo-osmotic
shock by performing two treatments separat-
ed by different time intervals. In contrast to
shear, no desensitization was observed in re-
sponse to hypo-osmotic shock (Fig. 2D). This
result therefore indicated substantial differ-
ences between the signal transduction path-
ways for the two different stimuli, which
could correspond to distortion and dilution,
respectively, of the cell boundary layer.

Although reductions in osmolarity yielded
a quantitatively appropriate response that was
proportional to the reduction, a hyper-osmot-
ic shock produced no change in cytosolic
calcium above the shear signal (Fig. 2B).
However, it was possible to adapt the cells to
a particular osmolarity (for example, 1140
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mosmol), and the response to a reduction of
100 mosmol was identical to that observed in
cells adapted to 940 mosmol and then shifted
to 840 mosmol (/4). Tidal diatoms are likely
to be exposed regularly to both hypo- and
hyper-osmotic shocks, so one might suppose
that a different sensing mechanism (one that
does not rely on calcium) is used to detect
and quantify hyper-osmotic conditions.

In contrast with higher plant cells (15,
16), alterations in temperature did not result
in any changes in [Ca®*]_,, above the basal
shear response (Fig. 2A). This may reflect a
divergent importance of temperature changes
between terrestrial and marine ecosystems;
that is, temperature variability on land exhib-
its a much greater range and more rapid
variability than in the ocean.

External nutrient concentrations are key
regulators of phytoplankton growth. In the
marine environment, nutrients such as nitrate,
silicate, and phosphate are extremely impor-
tant, and strong evidence also implicates dis-
solved iron as being a limiting resource for
phytoplankton growth, particularly in high-
nutrient, low-chlorophyll (HNLC) regions of
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Fig. 1. Influence of fluid motion on cytosolic
calcium. (A) Approximately 10* cells suspended
in 50 pl of ASW were stimulated by the addi-
tion of 50 ul of fresh medium (ASW) or con-
ditioned medium, or by mechanical stimulation
performed with a needle. Treatments were per-
formed 3 s after the beginning of the trace. (B)
Adaptive responses to shear. Cells (10% in 50 pl
of fresh medium) were given two successive
stimuli of the same intensity. Times between
the two stimuli were 55, 155, 30 s, 1 min, 2
min, 5 min, 10 min, 15 min, and 30 min. The
graph shows the differences between the max-
imal [Ca?*] . obtained with the second treat-
ment (inj,) with respect to the [Ca®*]_, in
response to the first stimulus (inj,), normalized
with respect to the first response1[(inj2 = inj,)/
inj,]. Standard deviations are shown (n = 5
repetitions).
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Fig. 2. Influence of osmotic stress. (A) Diatom
responses to hypo-osmotic shock, fluid motion,
and low- and hi§h-temperature treatments. Di-
atom cells (10%) in 100 wl of fresh medium
(100% ASW) were stimulated with 25 pl of
distilled water to generate a hypo-osmotic
shock (80% ASW final); cells were also stimu-
lated with ice-cold and warm (37°C) media. (B)
Effect of osmolarity differences on hypo-os-
motic shock—induced cytosolic Ca®™ elevations.
Osmotic shocks were generated by injecting 50
wl of different dilutions of fresh media (ASW)
to 10* cells in 100% ASW. (C) The same os-
molarity differences were also generated by
injection of different concentrations of sucrose
solutions to the cells suspended in a sucrose
solution with an osmolarity equivalent to that
of 100% seawater. Arrows show the osmolarity
of 100% ASW and in the corresponding sucrose
solution (940 mosmol). The osmotic pressure of
solutions was measured with a micro-osmometer
(Roebling). (D) Diatom cells in 100 pl of fresh
medium were stimulated by two successive treat-
ments of distilled water that generated the same
hypo-osmotic shock (80% ASW, final salt con-
centration). Times between the two stimuli were
55,155,305, 1 min, 2 min, 5 min, 10 min, 15
min, and 30 min. The graph shows the differ-
ences between [Ca®*]_, peaks obtained with
the second treatment (injz) with respect to
the [Ca*]_, in response to the first stimulus
(inj,), normalized with respect to the first
response [(inj, — inj,)/inj,]. Standard devia-
tions are shown (n = 5 repetitions).
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the contemporary ocean (I7, 18). The “iron
hypothesis™ has recently been tested and sup-
ported. at least for short time scales, through
mesoscale iron fertilization experiments in
HNLC regions (79, 20). Conscquently, new
methods have been developed to determine
iron deficiency in phytoplankton, such as the
analysis of photochemical quantum etficien-
cy based on variable fluorescence measure-
ments (27) and the use of immunological
probes (22, 23). ‘

We measured [Ca®*],, changes in re-
sponse to varying nutrient concentrations. No
changes in cytoplasmic calcium in response
to nitrate, nitritc, ammonium, silicate, or
phosphate were observed in either nutrient-
replete (Fig. 3) or depleted (8) conditions.
However, a response to dissolved iron was
detected (Fig. 3), and in this case the calcium
signature was very different from that ob-
served atter shear or hypo-osmotic shock: the
response was not evident until about 5 min
after iron addition, and [Ca**],,, continued to
rise for a considerable time afterward. This
time course closely resembles that of iron
internalization rates in diatoms (24). although
it is not possible in these experiments to
know whether calcium has a direct effect on
iron uptake. However, aequorin has no spe-
cific affinity for Fe** and .Fe'* (23), thus
excluding the possibility that the observed
bioluminescence was an artefact due to iron-
stimulated aequorin light emission.

We grew diatoms in ASW containing iron
concentrations ranging from 10 nM to 10 pM
(26). In 10 nM FeCl,, cells were clearly
growth-limited (Fig. 4A) and in response to the
addition of 20 to 30 pM dissolved inorganic
iron (Fe") only these cells showed a response,
which was slow and weak (Fig. 4B). However,
after the addition of'a larger amount of iron (Fe’
= 48 to 60 pM), cells from all cultures respond-
ed, and it was possible to observe differences in
the timing and kinetics of the responses (Fig.
4C). These results indicate that diatoms control
iron metabolism using calcium-mediated regu-
latory mechanisms and that one component of

2.0 1

ury
o
1

[Ca*] uM
5
1

o
o
1

NOg, NOp2, NHy, SiOy4, PO4

Do —————r
0 30 60 90 120
Time (min)

o
o
L

Fig. 3. Diatom responses to nutrients. [Ca?*]
elevations in response to the addition of different
nutrients are shown. 10* cells in 50 pl of ASW
were treated with enriched ASW containing 1
mM NaNO,, 1 mM NaNO,, 1 mM NH,Cl, T mM
Na,SiO;, 1 mM NaH,PO,, or 10 uM FeCl,. The
initial calcium spike seen in all the traces corre-
sponds to the fluid motion response.

www.sciencemag.org SCIENCE VOL 288 30 JUNE 2000

REPORTS

this regulation prevents iron assimilation at
very low concentrations unless the cell is ex-
tremely starved. Less starved cells, on the other
hand, activate iron uptake only at higher iron
concentrations. Therefore, the relationship be-
tween bioavailable iron and cellular response is
not linear but depends on the history and phys-
iology of the cells. The complex kinetics shown
in Fig. 4 and the difterences in response be-
tween the most iron-starved culture and the
other three cultures may indicate that in the
iron-starved case. the available iron had been
completely exhausted from the solution [con-
sistent with the growth rate and iron demand of
this culture (Fig. 4A)] and that all the ligand
sites on the cell membrane were free of iron. If
$0. our results suggest a thermodynamic rather
than a Kinetic control of iron uptake (27). Mea-
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Fig. 4. [Ca®¥] , changes in response to FeCl,
addition. (A) Specific growth rate (per day) of
cells grown in ASW containing the iron concen-
trations indicated at the top of the panel (26).
Experiments were performed at day 4, when
the cells containing 10 nM FeCl, were clearly
iron-limited. Before the addition of iron, cells
were washed twice in ASW without FeCl; to
remove all detectable traces of iron and were
subsequently treated with enriched ASW con-
taining 5 uM FeCl, (B) and 10 M FeCl, (C),
respectively. The dissolved inorganic iron con-
tents (Fe’) of the growth media after these
additions are shown.

surement of the calcium response could there-
fore be a very sensitive tool for kinetic studics
and, more important, a good marker for iron
starvation, because the dramatic changes ob-
served may represent intracellular signals for
the reactivation of cell division, the stimulation
of photosynthesis. and the activation of mito-
chondrial ATP (adenosine triphosphate) pro-
duction that are known to occur under condi-
tions of favorable iron bioavailability (27, 28).

The historical paradigm that plankton are
passive and incapable of resisting physical forc-
es at any scale (29) has already been superseded
by evidence for the existence of active respons-
es controlling buoyancy. local fluid viscosity,
and life cycle (30-32). Our data indicate that
diatoms detect and respond to physicochemical
changes in their environment using sophisticat-
ed perception systems based on changes in
[Ca=*].., Such processes are likely to improve
algal adaptation to ubiquitous ocean processes
such as mixing and to changes in chemical (for
example, nutrient) gradients in time and space.
Based on the knowledge of calcium signaling in
other organisms, the physiological responses of
diatoms to environmental changes are likely to
be regulated by sense-process-respond chains
involving specific receptors and feedback
mechanisms. whose activity is determined by
the previous history of the cell. Therefore, the
frequent assumption (especially in modeling
efforts) that physiological responses of phyto-
plankton vary monotonically with resource
availability is not correct. This new perspective
should be considered in future studies and sim-
ulations of plankton dynamics.
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Cholinergic Synaptic Inhibition
of Inner Hair Cells in the
Neonatal Mammalian Cochlea

Elisabeth Glowatzki* and Paul A. Fuchs

Efferent feedback onto sensory organs provides a means to modulate input to
the central nervous system. In the developing mammalian cochlea, inner hair
cells are transiently innervated by efferent fibers, even before sensory function
begins. Here, we show that neonatal inner hair cells are inhibited by cholinergic
synaptic input before the onset of hearing. The synaptic currents, as well as the
inner hair cell's response to acetylcholine, are mediated by a nicotinic (a9-
containing) receptor and result in the activation of small-conductance calcium-

dependent potassium channels.

In the mature mammalian cochlea, inner hair
cells (IHCs) transduce acoustic signals into
receptor potentials and communicate to the
brain by synaptic contact with as many as 20
unbranched afferent fibers (/). In contrast,
outer hair cells (OHCs) have few afferent
contacts but are the principal target of cho-
linergic olivocochlear efferents. However, be-
fore the onset of hearing [about postnatal day
11 in rats (2)), a transient efferent innervation
is found on IHCs, even before olivocochlear
fibers contact the OHCs. These transient con-
tacts have been documented in several spe-
cies (3), suggesting that at least some of this
innervation might be cholinergic; however,
these synapses have never been shown to be
functional nor have IHCs been shown to be
sensitive to acetylcholine (ACh).

We used whole-cell recording of IHCs in
acutely excised apical turns of the rat organ of
Corti (postnatal days 7 to 13) (¢) to examine the
functional role of the transient synaptic contacts
on immature IHCs. Because efferent axons are
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cut in this preparation, we relied on spontane-
ous transmitter release. Spontaneous transient
currents were observed in 57 rat IHCs (~50%
of IHC:s tested) (Fig. 1). These occurred at rates
of 0.5 per minute up to 15 per second and
persisted for up to 10 min. At —80 mV, the
spontaneous currents were inward with an am-
plitude of 16 = 4 pA, rose rapidly (time to
peak, 5 = 2 ms), and fell more slowly (decay
time constant, 20 * 5 ms; 214 events analyzed
in eight IHCs) (Fig. 1A). At —30 mV, some-
what larger and longer lasting outward currents
were observed with an amplitude of 35 = 9 pA,
a time to peak of 19 = 3 ms, and a decay time
constant of 30 = 4 ms (122 events analyzed in
four THCs). At intermediate voltages, the wave-
form was biphasic with an inward peak fol-
lowed by a longer lasting outward current (Fig.
1B). The estimated reversal of the later outward
current was around —80 mV, suggesting that
this component was carried by potassium (equi-
librium potential £, at —82 mV).

We elevated extracellular potassium from
5.8 to 15 mM to depolarize synaptic termi-
nals (Fig. 2A) (5). This caused a steady in-
ward current in IHCs voltage-clamped to
—80 mV (as expected from the resting potas-
sium conductance with £, now at —58 mV).
In addition, both the frequency and amplitude
of the spontaneous currents were increased
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by this change. The increased frequency is
presumably due to increased transmitter re-
lease from depolarized efferent terminals.
The increase in amplitude arose in part from
the larger potassium driving force at —80
mV, but also possibly was affected by in-
creased multiquantal release as well.

Given the probable synaptic origin of the
spontaneous currents, we next examined their
pharmacology. The biphasic waveform of the
currents is reminiscent of ACh-evoked cur-
rents in hair cells of chicks and mammals (6).
There, an early inward cation current flows
through o9-containing ACh receptors. The
Ca?* influx through these channels then ac-
tivates Ca?*-dependent small-conductance
(SK) potassium channels and thereby induces
an outward current. Thus, we tested the abil-
ity of a-bungarotoxin (a-BTX) and strych-
nine, antagonists of the a9 receptor, to affect
the spontaneous currents. Spontaneous in-
ward currents were completely blocked by
300 nM a-BTX at —90 mV within 25 to 40 s
(n = 3) (Fig. 2B). Although we could not
demonstrate washout for a-BTX, the time
course of the block was similar to that for the
block of exogenously applied ACh (Fig. 3).
Within 1 s, 1 uM strychnine completely
blocked spontaneous currents (n = 4). Within
20 s, 100 nM strychnine blocked spontaneous
currents, and currents were recovered after
washout (n = 2) (Fig. 2C); in one experi-
ment, block and recovery was induced twice.
The SK channel blocker apamin reduced
spontaneous currents in four IHCs within 15
and 45 s. Outward spontaneous currents at
—30 mV were eliminated by 1 or 10 nM
apamin in two IHCs (Fig. 2D). Inward cur-
rents at —90 mV were reduced in amplitude
by 1 nM apamin in two IHCs. The residual
current at —90 mV is presumed to flow
through the ACh receptors, which are them-
selves cation channels and insensitive to
apamin.

We next determined how IHCs respond to
ACh. At —80 mV, 100 uM ACh caused
inward currents in 53 of 55 IHCs with am-
plitudes between 20 and 400 pA (Fig. 3A).
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