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ABSTRACT Capacitative Ca21 entry is a component of
the inositol-lipid signaling in which depletion of inositol
1,4,5-trisphosphate (InsP3)-sensitive Ca21 stores activates
Ca21 inf lux by a mechanism that is still unknown. This
pathway plays a central role in cellular signaling, which is
mediated by many hormones, neurotransmitters, and growth
factors. Studies of Drosophila photoreceptors provided the
first putative capacitative Ca21 entry mutant designated
transient receptor potential (trp) and a Drosophila gene en-
coding TRP-like protein (trpl). It is not clear how the Ca21
store depletion signal is relayed to the plasma membrane and
whether both TRP and TRPL participate in this process. We
report here that coexpressing Drosophila TRP and TRPL in
Xenopus oocytes synergistically enhances the endogenous
Ca21-activated Cl2 current and produces a divalent inward
current. Both of these currents are activated by Ca21 store
depletion. In the absence of Ca21, Mg21 is the main charge
carrier of the divalent current. This current is characterized
by lanthanum sensitivity and a voltage-dependent blocking
effect of Mg21, which is relieved at both hyperpolarizing
(inward rectification) and depolarizing (outward rectifica-
tion) potentials. The store-operated divalent current is neither
observed in native oocytes nor in oocytes expressing either
TRP or TRPL alone. The production of this current implicates
a cooperative action of TRP and TRPL in the depletion-
activated current.

Stimulation of many cell types by hormones, neurotransmit-
ters, and growth-factors activates the inositol-lipid pathway
leading to release of Ca21 from intracellular stores. This Ca21
release is followed by an influx of extracellular Ca21 via a
capacitative Ca21 entry (CCE) mechanism (1). It has been
suggested that activation of the surface membrane Ca21
channels is caused by the depletion of Ca21 in the internal
stores and not by the release per se (1–8). Although CCE has
been described in a large variety of cells and tissues (summa-
rized in refs. 5 and 9), its mechanism of activation and
molecular components is largely unknown. Visual transduction
in Drosophila, which is triggered by the inositol lipid signaling
(reviewed in refs. 10–13) has been suggested by Minke and
Selinger (14) as a powerful model system to study CCE. This
suggestion was based on the properties of a Drosophilamutant
designated transient receptor potential trp (15, 16). In the trp
mutant the photoreceptor potential declines to baseline during
prolonged intense illumination and renders the photoreceptor
cell inactive. The receptor potential recovers within 1 min in
the dark (17). Because lanthanum (La31), a known non-
specific blocker of Ca21 channels, mimics many aspects of the
trp phenotype in wild-type flies (18, 19), it has been suggested
that trp has defects in Ca21 entry into the photoreceptor cells

(14). This prediction has been strongly supported by subse-
quent experiments demonstrating that the high Ca21 perme-
ability of the light-activated channels (20, 21) is reduced by
about 10-fold in the trpmutant (22). Furthermore, f luorimetric
measurements of cellular Ca21 (23, 24) and measurements of
a reduction in extracellular Ca21 (25) have shown that Ca21
influx is reduced by about 3-fold in the trp mutant relative to
wild-type Drosophila, suggesting that TRP takes part in the
main route of Ca21 entry into the photoreceptor cells (10, 13,
14).
Molecular cloning of Drosophila trp (26, 27) and a related

Drosophila gene designated transient receptor potential-like,
trpl (28), revealed that their putative transmembrane domain
exhibits weak but significant similarity to the a-subunit of the
voltage-gated Ca21 channel (28). Recently, a trpl mutant
lacking TRPL has been isolated by Zuker and colleagues (29).
The trpl mutant has a receptor potential similar to wild type
and it reveals a strong phenotype only in a trp background.
Thus, the double mutant trpl;trp is almost totally unresponsive
to light (29). This study has suggested that TRP and TRPL are
capable of responding to light activation independently of each
other, but it does not exclude the possibility that TRP and
TRPL form a multimeric channel (29). Additional subunit
might exist but its function should depend on the presence of
TRP and TRPL. Molecular and physiological data on TRP led
a number of investigators to express the Drosophila TRP or
TRPL in insect Sf9 cells (30, 31) or human homologue genes
of trp (32, 33) in COS, Chinese hamster ovary, and Sf9 cells (9,
34). The heterologously expressed TRPL forms a constitu-
tively active non-selective cation conductance, which could be
enhanced by activation of the inositol lipid cascade (31, 35, 36).
Heterologous expression of Drosophila TRP forms a conduc-
tance, which is activated by Ca21 store depletion following
treatment with the microsomal Ca21ATPase inhibitor, thapsi-
gargin (30, 37, 38). Expression of Drosophila TRP in Xenopus
oocytes enhances the endogenous Ca21-activated Cl2 conduc-
tance following depletion of the inositol 1,4,5-trisphosphate
(InsP3)-sensitive Ca stores (37). Recently, six trp-related genes
of the mouse genome were identified in addition to new human
homologues of trp. The expressed human gene products en-
hanced Ca21 influx following Ca21 store depletion (9, 34).
Furthermore, expression in L cells of small portions of the
mouse trp genes, in antisense orientation, suppressed the
endogenous capacitative Ca21 entry (9).
Here we report that heterologous coexpression of Drosoph-

ila TRP and TRPL in Xenopus oocytes synergistically en-
hanced the endogenous Ca21-activated Cl2 current upon Ca21
stores depletion. In addition, the coexpressed TRP and TRPL
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produced a novel divalent cation current, which was activated
by store depletion but could not be similarly activated when
either TRP or TRPL were individually expressed. These
findings strongly suggest a cooperative action of TRP and
TRPL in the depletion-activated current.

MATERIALS AND METHODS

Analysis of Heterologous Expression of TRP and TRPL.The
trp (26, 27) and trpl (28) cDNAs were subcloned into
PGEMHE expression vector, which was constructed for ex-
pression in Xenopus oocytes (39, 40). Capped cRNA was
synthesized in vitro and tested by translation in a rabbit
reticulocyte lysate system before injection into oocytes. An
amount of 0.2 mgyml trp, 0.02 mgyml trpl, and 0.2 mgyml trp
in combination with 0.02 mgyml trpl cRNA, all in final volume
of 50 nl, were injected into oocytes. The efficiency of trans-
lation of the trp and trpl cRNAs in oocytes was tested by
Western blots on days 3–5 after injection. Aliquots equivalent
to three oocytes were used for Western blot analyses. Aliquots
equivalent to three Drosophila heads were used as markers for
TRP and TRPL proteins (Fig. 1). Monoclonal anti-TRP
antibody (mAb83F6) (41) and affinity-purified rabbit poly-
clonal anti-TRPL antibodies raised against the C-terminal
hexadeca peptide of TRPL and enhanced chemiluminescense
(Amersham) were used to visualized the TRP and TRPL
proteins (Fig. 1).
Fluorescent Measurements of Ca21 Changes. Fluorescent

confocal Ca21 measurements and electrophysiological studies
were carried out 3–5 days after injection of cRNAs into
oocytes. Oocytes were maintained and examined as described
(42). Non-injected (control) oocytes or oocytes injected with
cRNA encoding TRP, TRPL, and their combination
(TRP1TRPL) were loaded with 50 mM of fluo-3 and 50 mM
Fura Red (Molecular Probes). Control oocytes injected with
50 nl of cRNA buffer gave results indistinguishable from those

of non-injected oocytes. Fluorescent dyes were injected ap-
proximately 20 min before the measurements together with 10
mM inositol 1,4,5,-trisphosphate 3-deoxy-3-f luoro (InsP3-F)
(final concentration, Sigma). The oocytes were bathed in
Ca21-free ND96medium containing: 96 mMNaCl, 2 mMKCl,
5 mM Hepes, 10 mM MgCl2, 0.2 mM EGTA. Intracellular
Ca21 changes were measured before and during Ca21 appli-
cation and after washout of the Ca21-containing solution. In
the Ca21-containing solution, EGTA was replaced with 2 mM
CaCl2 and MgCl2 was reduced to 1 mM. Data acquisition was
performed using the Sarastro confocal laser scanning micro-
scope where the excitation light was 488 nm, the dichroic
mirror was LP595, and the emission filters were 640DF35 and
530DF30 (Omega Optical, Brattleboro, VT) for the Fura Red
and fluo-3 fluorescence, respectively. Scans included 512 3
512 pixels, with a pixel size of 2 mm using the Pl Fl 10y0.30
(Leitz) objective lens and a pinhole of 100 mm. Ratios were
calculated as F640yF530 fluorescence. All oocytes were also
tested electrophysiologically after the fluorescence measure-
ments and gave results similar to those presented in Fig. 3.
Electrophysiological Measurements Using Voltage-

Clamped Oocytes. For electrophysiology, oocytes were im-
paled with two glass microelectrodes, which were filled with 3
M KCl with a resistance of 0.5–2.0 MV. The cells were voltage
clamped using the standard two electrode-voltage-clamp tech-
nique. Drugs were added externally to the perfusate, while
InsP3-F (10 mM, final concentration) was injected into the
oocyte with a Drummond 10 ml microdispenser. The small
differences between the histograms of Fig. 3 c and d and the
summary histogram of Fig. 5 arise from differences in the
quality of the oocytes used in the various experiments. The
most significant results were obtained in oocyte groups show-
ing no deterioration with age and minimal leak currents.
Whole-Cell Recordings of Light-Induced Current (LIC) in

Drosophila.Current-voltage relationship of the leak-subtracted
peak LIC were plotted from responses to identical 100 ms light
flashes of orange light (OG 590, Schott edge filter). The LICs
were measured from Drosophila isolated ommatidia during
whole-cell voltage clamp recordings as described (22, 23). Bath
solution contained: 120 mM NaCl, 5 mM KCl, 10 mM TES
buffer (pH 7.15), 30 mM sucrose, 8 MgSO4, with no Ca21
added. The whole-cell recording pipette contained: 100 mM
CsCl, 15 mM TEA, 2 mM MgSO4, 10 mM TES buffer (pH
7.15), 4 mM MgATP, 0.4 mM Na2GTP.

RESULTS

Western Blot Analysis Showing Expression of TRP and
TRPL. Expression of TRP and TRPL proteins in Xenopus
oocytes microinjected with cRNA to their respective genes was
demonstrated by Western blot analysis using monoclonal
anti-TRP antibody (41) (Fig. 1a) or affinity-purified anti-
TRPL antibody (Fig. 1b). We have found that high levels of
TRPL expression largely reduced the survival time of the
oocytes and, therefore, the level of TRPL expression should be
carefully controlled. In contrast, the expression level of TRP
had no effect on the survival time of the oocytes. Accordingly,
we injected a 10-fold larger amount of cRNA encoding TRP
than TRPL. The significant reduction in expression of TRP or
TRPL in oocytes coexpressing TRP1TRPL is probably due to
competition on the protein synthesis system of the oocyte.
Fluorescent Measurements of Ca21 Changes Reveal En-

hanced Ca21 Permeability in TRP1TRPL-Expressing Oo-
cytes. Fluorescent Ca21 indicators were used to detect intra-
cellular Ca21 changes in oocytes expressing TRP, TRPL, or
both (TRP1TRPL, Fig. 2). CCE was induced by depletion of
the InsP3-sensitive Ca21 stores and measured as a change in
intracellular Ca21 following application of Ca21 to the external
medium. Confocal images of Fura Redyf luo-3 ratio difference
revealed an enhanced rise in cytoplasmic Ca21 in

FIG. 1. Heterologous expression of TRP and TRPL gives rise to
large amounts of TRP and TRPL proteins. Western blots show the
expression of TRP (a) and TRPL (b) in oocytes injected with cRNA
of trp, trpl, and trp1trpl, as indicated. Control (uninjected oocytes) and
extract of three wild-type Drosophila heads (Drosophila) show that the
equivalent molecular sizes of the Drosophila TRP and TRPL were
produced in the oocytes, which cannot be confused with endogenous
oocyte protein of similar structure and size. The data of this figure
were highly reproducible in oocytes from different frogs (n 5 8).
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TRP1TRPL-expressing oocytes (Fig. 2a). Spatial averages of
fluorescence ratios at different times are shown in Fig. 2b. The
oocytes expressing TRP1TRPL showed a 2- to 3-fold larger
increase in cytoplasmic Ca21 than did control oocytes or
oocytes individually expressing either TRP or TRPL, suggest-
ing a larger Ca21 permeability of the TRP1TRPL-expressing
oocytes (Fig. 2b). The Western blots (Fig. 1) indicate that the
large response of the TRP1TRPL system (Fig. 2) could not be
due to excessive expression of either TRP or TRPL.
Functional Coexpression of TRP1TRPL Produced Capac-

itative Ca21 Entry Currents. To analyze CCE oocytes were
bathed in Ca21-free medium and the InsP3-sensitive Ca21
stores were depleted of Ca21 either by treatment with thapsi-
gargin (1 mM) for '2 hr before the measurements, or by
intracellular injection of InsP3-F (10 mM). This procedure
totally eliminated intracellular calcium as verified by subse-
quent injection of InsP3-F (10 mM), which failed to induce any
response (n 5 8) (43, 44). An increase in cellular Ca21
produces a large native Ca21-activated Cl2 current (ICl,Ca),
which interferes with direct Ca21 current measurements (37,
44–46). Therefore, two independent procedures were used to
assess divalent cation permeability: (i) endogenous ICl,Ca was
used as a sensitive reporter for an increase in cellular Ca21
(Fig. 3a), (ii) a novel inward current carried mainly by Mg21,
(referred to as Drosophila store-operated current, IdSOC) was
measured in the absence of external and internal Ca21. A prior
injection of 2 mM EGTA (final concentration, n 5 7, see Fig.
3b) ensured that the internal Ca21 stores were totally depleted.
ICl,Ca was activated by a Ca21 pulse, followed by a voltage

step from holding voltage of 210 mV to 2120 mV in Ca21
store-depleted oocytes. The voltage step increased the driving
force for Ca21 influx. An instantaneous leak current followed
by a transient inward ICl,Ca current with well-described char-
acteristics was measured (44, 45). A relatively small ICl,Ca was
observed in non-injected (control) oocytes or in oocytes
expressing TRP (Fig. 3a, but see Fig. 5a). Oocytes expressing
TRPL revealed a dependence of ICl,Ca on the chemical agent
used for Ca21 store depletion (see below, Figs. 3 a and c and
5a). Oocytes expressing TRP1TRPL showed the largest ICl,Ca
(Figs. 3 a and c and 5a).
Properties of the Depletion-Activated Divalent Current. To

measure IdSOC in Ca21 store-depleted oocytes the holding
voltage (210 mV) was stepped to2120 mV in the presence of
10 mM external Mg21 and Ca21-free medium. The store-
depletion-activated IdSOC was observed only in oocytes ex-
pressing TRP1TRPL (Figs. 3 b and d and 5b). Lanthanum, an
efficient blocker of the trp-dependent conductance in Dro-
sophila photoreceptors (19, 22) completely and reversibly
blocked ICl,Ca and IdSOC (Fig. 3 c and d). IdSOC had a slow rise
time of '3 min (n 5 6); also, it did not decline during the
negative voltage step. These properties of IdSOC may arise from
a partial voltage-dependent blocking effect of Mg21 (see
below) that was slowly removed by the large hyperpolarizing
voltage step and from the absence of Ca21-mediated negative
feedback, respectively. Ca21-mediated negative feedback is
typical for InsP3 systems (5, 43).
The current-voltage relationship (I-V curve) of IdSOC (Fig. 4)

showed an increased inward current below 280 mV (inward
rectification) and outward current above 30 mV (outward
rectification). Similarly, theDrosophilaLIC shows an I-V curve
with inward and outward rectification (22, 41) (Fig. 4, Inset).
When Na1 was replaced with the impermeable cation N-
methyl-D-glucamine at 10 mM external Mg21 no significant
effect on the I-V curve was observed. This suggests that Mg21
is the main cationic charge carrier of IdSOC (Fig. 4). However,
Mg21 had an inhibitory effect on the amplitude of IdSOC
showing a decrease in inward current when external Mg21 was
increased. Thus, the dependence of IdSOC on external Mg21
concentration is complex and requires further study. There are
quantitative differences between the Drosophila LIC and

FIG. 2. Coexpression of TRP and TRPL largely enhances Ca21 influx
into Ca21 stores-depleted oocytes. (a) Confocal images of ratio changes
between resting and peak Ca21 levels during application of Ca21 con-
taining solution (2mM).Changes of ratios were coded as the green-to-red
gradient together with the z-axis magnitude. One pair of optical sections
across the oocyte of about 70 mm deep was analyzed to form each image.
The ‘‘ring’’ shape of the image is due to the melanin pigmentation, which
interferes with the fluorescence detection from the center of the oocyte.
(b) A plot of changes in fluorescence ratio as a function of time in the
oocytes shown in a. The ordinate plots the average ratio difference
(R̄o(640/530)2 R̄P(640/530)) where R̄ is the averaged fluorescence ratio of the
scan before (R̄o) or during and after (R̄P) Ca21 application. The ratio of
the pixels was averaged for a whole scan after threshold noise reduction.
The normalized average ratio difference of TRP1TRPL was 2.086 0.23
(n5 5) times the averaged control (n5 9), as comparedwith TRPL alone
at 0.82 6 0.10 (n 5 5) times the control. The TRP1TRPL group was
significantly different from the other oocyte groups (P , 0.01), whereas
the other oocyte groups were not significantly different (P . 0.05). The
initial Ca21 level was variable among oocytes; therefore, ratio differences
were used to demonstrate consistent results similar to those shown in Fig.
3 b and c. The magnitude of the ratio differences varied in different
experiments; therefore, the summary results were normalized. The time
of Ca21 application and removal is indicated by up- and down-pointing
arrows, respectively.
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IdSOC. The LIC of Drosophila is more sensitive to La31 (ref. 22,
and see legend of Fig. 3b) and has a larger Na1 permeability
than IdSOC of the oocytes expressing TRP1TRPL (22) (Fig. 4).
Without Ca21 store depletion at non-toxic TRPL expression

level (see below), neither ICl,Ca (44) nor IdSOC could be
observed (Fig. 3 c and d) even with elevated external concen-
tration of Ca21 (10 mM, n 5 9) or Mg21 (40 mM, n 5 8).
Oocytes injected with a 10-fold larger dose of trpl cRNA
showed a significant ICl,Ca or inward Mg21 current similar to
IdSOC; however, this current was activated by a negative voltage
step without depletion of the Ca 21 stores (n 5 21). The latter
effect is reminiscent of a property of the currents that have
been described in TRPL-expressing Sf9 cells, which show
constitutively active cationic channels (30, 31, 36), but poor
ability to conduct Mg21. However, these conditions were toxic
and most of the oocytes died within 4 days depending on the
expression level of TRPL.
The summary histogram in Fig. 5a shows that oocytes

expressing TRP or TRPL exhibited a dependence of I Cl,Ca on
the method of Ca21 store depletion. In the TRPL-expressing
oocytes, depletion using thapsigargin significantly reduced
ICl,Ca below the control level, whereas depletion using InsP 3-F
enhanced the ICl,Ca current above the level of the controls (Fig.
5a). In oocytes expressing TRP alone, thapsigargin treatment
exhibited a significant increase in I Cl,Ca over control oocytes
(37), which was not observed in InsP 3-F treated oocytes (Fig.
5a). The above differential effects are reminiscent of the
results reported for Sf9 cells expressing individually TRP or
TRPL (30, 31, 36). At present we do not have sufficient data
to explain the effects of either TRP or TRPL on I Cl,Ca or the
currents recorded in Sf9 cells. A possible explanation is that
the effects shown in Fig. 5a are apparently due to individual
interactions of TRP or TRPL with the endogenous CCE (8, 9).
Such individual interactions may also account for the enhance-

ment of the depletion-activated current described for Sf9 cells
or ICl,Ca recorded in oocytes expressing TRP alone (30, 37, 38).
Oocytes expressing TRP1TRPL revealed approximately
3-fold larger ICl,Ca than the controls regardless of the method
used to deplete the Ca21 stores (Fig. 5a). The summary
histogram in Fig. 5b shows that under our experimental
conditions the store-depletion activated IdSOC was observed
only in oocytes expressing TRP1TRPL.

DISCUSSION

The induction of the IdSOC response to Ca21 store depletion,
in oocytes coexpressing Drosophila TRP1TRPL, clearly
showed that these proteins are efficiently coupled to the
endogenous store-depletion signal. Depletion of internal
stores in Drosophila photoreceptors by thapsigargin fails to
induce inward current in the dark (47). However, application
of ionomycin together with Ca21 chelators, a procedure that
might be expected to deplete intracellular stores, leads to
production of inward current in Drosophila photoreceptors
suggesting that CCE does exist in Drosophila photoreceptors
(R. C. Hardie, personal communication).
The most significant result of coexpressing TRP1TRPL was

revealed by measuring IdSOC and its voltage-dependent Mg21
current showing inward and outward rectification (Fig. 4) in
thapsigargin-treated oocytes. Similarly, the LIC of Drosophila
has a permeability toMg21 (22), as well as a voltage-dependent
blocking effect of Mg21 (48). The creation of La31-sensitive
Mg21 current with inward rectification in the oocyte is thus
similar to a unique characteristic of the Drosophila photore-
ceptor cell.
Unlike IdSOC, capacitative Ca21 entry current in various

vertebrate cells is carried almost exclusively by Ca21 (3, 4,
49–51; but also see ref. 52). It therefore appears that the

FIG. 3. Functional coexpression of TRP1TRPL in Xenopus oocytes produced a capacitative Ca21 entry system revealed by ICl,Ca and IdSOC.
Shown is a single experiment, employing several oocytes from a single frog that were maintained and treated together. (a) Measurements of currents
(ICl,Ca) in thapsigargin-treated oocytes (1 mM in Ca21-free solution for 1.5–2 hr). ICl,Ca was activated by stepping the holding voltage from 210
mV to 230 mV (upper traces) and to 2120 mV (bottom traces) to show the relatively small instantaneous leak current in solution containing 1
mM Ca21 (see Fig. 2). Oocytes were injected with cRNA 5 days before the measurements. (b) Measurements of IdSOC were carried out as described
in a. The same oocytes were perfused with Ca21-free ND96 solution (10 mM Mg21). In some of the measurements, 2 mM EGTA was injected
into the oocytes 1–2 hr before the recordings, but no significant effect on IdSOC was found. IdSOC was totally and reversibly blocked by addition
of 1 mM La31 to the perfusate (c and d). IdSOC was also blocked reversibly by 500 mM, but not by 50 mM, La31 (n 5 12). (c and d) Histograms
summarizing the results from all the oocytes of the same experimental run of a and b. Five to 10 oocytes were used for each of the experimental
groups of a and b. The histograms present the mean and SEM of the peak ICl,Ca (c) and maximal IdSOC (d) measured at2120-mV holding potentials
after the instantaneous leak currents were subtracted from all current traces. The TRP1TRPL group was significantly different from the other
oocyte groups of c (P , 0.01). The control and TRP groups were not significantly different (P . 0.05).
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TRP1TRPL-dependent current has some properties differ-
ent from the capacitative Ca21 entry currents of several
vertebrate cells (5, 7). IdSOC is also different from the
currents found in the Sf9 cells expressing either TRP or
TRPL, which are characterized by a linear I-V curve, absence
of a Mg21 block of the TRP-dependent conductance; and a
constitutive activity of the TRPL-dependent conductance.
The coexpressed TRP1TRPL-dependent current in Xeno-
pus oocyte suggests that we have reconstituted a capacitative
Ca21 entry mechanism with some similarity to the native
Drosophila system. Our data suggest that a cooperative
action of TRP and TRPL is efficiently coupled to the
endogenous Ca21 store-depletion signal. The synergistic
activity of TRP and TRPL in the production of the depletion-
activated current suggest that these proteins interact with
each other (for a review see ref. 13). The simplest interpre-
tation of our results is that TRP and TRPL contribute
channel subunits to form a multimeric channel. Neverthe-
less, our results, as well as the individual expression of
Drosophila TRP, TRPL, and the human trp homologue genes
(9, 30, 31, 34–36) have not demonstrated that the various
TRP proteins form ionic channels. It is still possible that
these expressed proteins exert their function through the
endogenous CCE channels (8, 9). Other approaches, such as
coimmunoprecipitation of TRP and TRPL should be used in
future experiments to demonstrate that the physiological
synergism found in this study is based on physical interaction
between the two proteins. Also, single-channel recordings
should be made to study the identity and properties of the
depletion-activated channels. This study has established a
useful basis for such future studies.
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