REPORTS

Immunocyte Ca®’" Influx System
Mediated by LTRPC2

Yorikata Sano,*{ Kohei Inamura,* Akira Miyake, Shinobu Mochizuki,
Hiromichi Yokoi, Hitoshi Matsushime, Kiyoshi Furuichi

We characterized an activation mechanism of the human LTRPC2 protein, a mem-
ber of the transient receptor potential family of ion channels, and demonstrated
that LTRPC2 mediates Ca?* influx into immunocytes. Intracellular pyrimidine
nucleotides, adenosine 5'-diphosphoribose (ADPR), and nicotinamide adenine dinu-
cleotide (NAD), directly activated LTRPC2, which functioned as a Ca®* -perme-
able nonselective cation channel and enabled Ca?* influx into cells. This ac-
tivation was suppressed by intracellular adenosine triphosphate. These results
reveal that ADPR and NAD act as intracellular messengers and may have an

important role in Ca®* influx by activating LTRPC2 in immunocytes.

Ca?* influx functions as a trigger for the im-
mune responses in immunocytes. The Ca?™*
influx system has been studied extensively for
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its role in T cell receptor/CD3 complex—medi-
ated Ca®™ influx in T lymphocytes (/-5). How-
ever, other Ca®>* influx in T lymphocytes and
other immunocytes cannot be fully explained in
terms of known components that influence
Ca" influx.

Members of the transient receptor poten-
tial (TRP) channel family may represent ad-
ditional Ca?* influx components (6-9).
These channels have been suggested as ca-

pacitative Ca®* influx channels on the basis
of a secondary structure. This channel family
was first characterized as Drosophila TRP,
and many mammalian homologs have been
characterized and sorted, on the basis of their
sequence similarity, into three TRP channel
subfamilies: short (STRP), long (LTRP), and
osm-9-like (OTRP) (7, 10, 11). Although the
STRP and OTRP channel subfamilies have
been clearly described, the LTRP channel
subfamily is less well characterized but has
been proposed to function as a component of
the Ca?* influx in immunocytes (7). In hu-
mans, three members of the LTRP channel
subfamily, LTRPC1 (MLSN1), LTRPC2
(TRPC7), and LTRPCS5 (MTR1), have been
identified (/2—-14). The activation mechanism
and characterization of one member, mouse
TRP-PLIK, was recently reported (15); its in
vivo functions are unclear, however.

We examined human LTRP channel fam-
ily members as potential components medi-
ating Ca2” influx in immunocytes. To decide
which channel of this family is expressed in
human immunocytes, we performed reverse
transcriptase polymerase chain reaction (RT-
PCR) analysis of these members with mRNA
from various human tissues, including pe-
ripheral blood. LTRPC2 is expressed abun-

Fig. 1. The activation of LTRPC2 by intracellular ADPR and
B-NAD. (A) Dialysis of 0.5 mM ADPR induces a response in
LTRPC2-expressing HEK293 cells. The holding potential
was =15 mV. The upper bar indicates the replacement of
normal solution with Na*,Ca?*-free solution. The dotted
line indicates the zero current level. The inset shows the I-V
relations recorded by applying a voltage ramp from - 80 to
+80 mV (50 mV/s) at the response for the (a) Na*,-
Ca?*-free or (b) normal solutions. The arrow indicates the
break into the whole-cell mode. (B) The response to 3-NAD
in LTRPC2-expressing HEK293 cells. The holding potential
was —15 mV. The upper bar indicates the replacement of
normal solution with Na*,Ca?*-free solution. The inset
shows the |-V relations. a, before, and b, during the re-
sponse in normal solution; ¢, Na*,Ca?*-free solution. (C)
The response to ADPR in isotonic 117 mM Ca?* solution.
The holding potential was —15 mV. The upper bar indicates
the replacement of solutions. The inset shows the |-V
relations. a, Th'7 with Ca2*; b, normal; and ¢, Na™ Ca®"-
free solutions. (D) Dose-response relations for ADPR at 3
min (circles) and 20 min (triangles) after the formation of
the whole-cell configuration. The curves show the best fit
to the data with the Hill equation and give values for /__.
of 2.1 and 2.1 nA, K, of 70 and 40 uM, and n of 3.4 and
1.1, respectively. The insets show the ADPR-induced in-
ward currents at different concentrations. The concentra-
tions are expressed at the top of each trace. (E) Kinetics of
the ADPR-induced currents plotted as a function of ADPR
concentrations.
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dantly in peripheral blood, and the channel is
expressed in some blood cell lines (/6, /7).
Prediction of protein-sorting signals and lo-
calization sites (PSORT) analysis indicated
that LTRPC2 has seven transmembrane do-
mains, and a motif database (BLOCKS data-
base) search revealed a MutT motif in the
cytoplasmic COOH-terminal region. The
MutT motif has been reported to participate
in hydrolase activity toward nucleotides (/6
19).

On the basis of these studies, we exam-
ined whether various nucleotides—a-NAD,
B-NAD, the reduced form of NAD®
(NADH), adenosine monophosphate, adeno-
sine diphosphate, ADPR, ribose, or ribose 5'-
phosphate—activated LTRPC2 in whole-cell
patch-clamp experiments with LTRPC2-ex-
pressing human embryonic kidney (HEK)
293 cells, in which LTRPC?2 is not expressed
endogenously (16, 17, 20, 21). Of these nu-
cleotides, intracellular dialysis of only ADPR
and B-NAD evoked an inward current after
membrane rupture in all the cells examined
(Fig. 1, A and B). No such currents were
observed in HEK293 cells that did not ex-
press LTRPC2 during the test interval of 30
min after membrane rupture when the inter-
nal solution in the pipette contained ADPR or
B-NAD. Moreover, changes in the membrane
potential of LTRPC2-expressing cells did not
cause channel openings. Although the re-
sponse to ADPR occurred immediately, the
onset of the response to 3-NAD began 441 =
91 s (n = 8) after membrane rupture (Fig.
1B). The current-voltage (/-}') relation was
examined by applying a voltage ramp at the
response in normal or Na*,Ca’>"-free solu-
tions. The slope of the /-V curve measured
during the response in normal solution was
almost linear, indicating a lack of voltage
dependency. The mean reversal potential was
estimated to be —4.3 * 04 mV (rn = 9),
which was similar to the potential for the
response to B-NAD (-5.3 £ 1.4 mV, n = 8).
Moreover, the average reversal potentials
measured with KCl and CsCl pipette solu-
tions in LTRPC2-expressing L929 (murine
fibrosarcoma) cells gave similar values (—0.6
mV). In the Na*,Ca?"-free solution, the av-
erage. reversal potentials of responses to
ADPR and B-NAD measured with CsCl pi-
pette solution were estimated to be —55.1 =
24 mV (n = 8)and -56.0 = 2.0 mV (n = 6),
respectively. In addition, the replacement of
most of CI™ with gluconate did not shift the
reversal potential (10 = 0.8 mV, n = 5).
Thus, LTRPC2 appears to be a nonselective
cation channel that permits equal permeation
of Na*, K*, and Cs™ but excludes Cl .

To study the Ca®* permeability of
LTRPC2, we activated currents in the pres-
ence of isotonic 117 mM CaCl, solution.
After dialysis of ADPR under these condi-
tions, ADPR caused a prominent inward cur-
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rent (Fig. 1C). The reversal potential of the
ADPR-induced response did not shift com-
pared to that under normal conditions (Fig.
1C). The average value was 2.0 = 1.7 mV
(n = 4) and the permeability ratio P /P .,
was 0.67. Thus, LTRPC2 functions as a
Ca® " -permeable nonselective cation channel.
The magnitude of the inward current in-
duced by ADPR depended on the concentra-
tion of ADPR added and plateaued at a con-
centration of ADPR >100 pM (Fig. 1D). A
delayed response was observed at a low con-
centration of ADPR (Fig. 1D). Because no
response to ADPR was observed in the con-
trol HEK293 cells after 20 min (n = 5), this
late response reflects LTRPC2 channel activ-
ities. In fact, the time-to-peak value from
membrane rupture increased with an increase
in the ADPR concentration (Fig. 1E).
Because it was demonstrated that
B-NAD-induced activation is slower than
that by ADPR, it is possible that B-NAD is
metabolized into ADPR by cytoplasmic
and/or membrane components. To investi-
gate the former possibility, we tested
B-NAD and ADPR in inside-out patches
that were excised from LTRPC2-express-
ing HEK293 cells and applied directly to
LTRPC2 without cytoplasmic components.
The perfusion of ADPR and B-NAD in the
bath solution induced channel activities in-
stantaneously and reversibly (Fig. 2, A and
B). The single-channel /-V relation for the

Fig. 2. Direct activa-
tion of LTRPC2 by
ADPR and B-NAD. (A)
Multichannel currents
activated by ADPR
and B-NAD in an in-
side-out patch excised
from LTRPC2-express-
ing HEK293 cells. The
holding potential was
—40 mV. The record-
ing pipette contained
the normal external
solution, and the bath
solution contained
150 mM KCl and 2
mM MgCL,. The upper
bars indicate periods
of stimulation. (B) Sin-
gle-channel  currents
of LTRPC2 activated
by ADPR at different
membrane potentials
obtained in inside-out
patches. Dotted lines
denote the closed
state. (C) Single-chan-
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channel activated by ADPR was outward
rectification with a unitary conductance of
58 pS at negative potentials and 76 pS at
positive potentials, and it reversed at 0 mV
(Fig. 2C). The properties of the single-
channel /-V relation for the B-NAD-in-
duced response were indistinguishable
from those for the ADPR-induced response
(Fig. 2C).

To investigate the latter possibility, we
examined the effect of CD38, which is a
membrane component and has an activity
for metabolizing 3-NAD to ADPR (22, 23).
CD38 is endogenously expressed in
HEK293 cells but is not expressed in L929
cells (Fig. 2D) (24). We examined the
B-NAD-induced activation of LTRPC2 in
inside-out patches excised from LTRPC2-
expressing L929 cells. The application of
B-NAD instantaneously induced the activa-
tion of LTRPC2, and this activation was
not different from that in LTRPC2-express-
ing HEK293 cells (Fig. 2E). These results
indicate that ADPR and B-NAD directly
activate LTRPC2 without cytoplasmic or
membrane components.

In U937 cells, the monocyte cell lines in
which LTRPC2 was abundantly expressed,
intracellular dialysis of ADPR and 3-NAD
into cells elicited responses (Fig. 3, A to C).
Similarly, with LTRPC2-expressing HEK-
293 cells, the onset of the B-NAD-induced
current was significantly later than that of the
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B-NAD (triangles). A linear regression yielded a slope conductance of 58 pS at negative potentials
and 76 pS at positive potentials. (D) RT-PCR analysis for CD38 with total RNA of HEK293 and L929
cells. (E) Multichannel currents activated by ADPR and 3-NAD in an inside-out patch excised from
LTRPC2-expressing L929 cells. The holding potential was —40 mV. The upper bars indicate periods

of stimulation.
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ADPR-induced current (Fig. 3D). Moreover,
a Ca®* current was observed in isotonic
CaCl, solution (25). We also observed
ADPR-induced currents in EOL1 cells (eo-
sinophilic cell lines) and Jurkat cells (T lym-
phocyte cell lines), which were correlated
with the expression level of LTRPC2 (Fig.
3E) (/7). These results indicate that ADPR-
and B-NAD-induced currents in U937 cells
are mediated via LTRPC2. Furthermore, it is
indicated that these currents mediated by the
activation of LTRPC2 are not only in U937
but in Jurkat and EOLI1, that is, widely in
immunocytes.

These findings suggest a novel Ca®* in-
flux system mediated by ADPR and B-NAD—
induced activation of LTRPC2, but the regu-
lation mechanism of LTRPC2 for activation
in immunocytes remains unclear, because
B-NAD exists abundantly in living cells (26)
and dialysis of B-NAD induced a significant-
ly later inward current than that of ADPR.
Moreover, B-NAD instantaneously and di-
rectly activated LTRPC2 in inside-out patch-
es. The activation of the Drosophila TRP
channel depends on intracellular adenosine
triphosphate  (ATP) concentrations (27).
Thus, we tested whether ATP could regulate
the activation of LTRPC2. In an inside-out
patch in which the channels were activated
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with B-NAD, the addition of ATP together
with B-NAD resulted in decreased channel
activity (Fig. 4, A and C), whereas the addi-
tion of ATP with ADPR slightly reduced the
response (Fig. 4, B and C). These results
suggest that B-NAD-induced activation of
LTRPC2 may be regulated by intracellular
ATP. Because ATP constitutively exists in
normal cells, it is suggested that B-NAD-
induced activation may be suppressed by in-
tracellular ATP under normal conditions.
Thus, the likely reason for the delay in whole-
cell responses to 3-NAD (Fig. 1, B and D) is
that the ATP concentration is decreased or
depleted by washing out during the process of
patch-clamp experiments.

We have demonstrated a novel Ca®* in-
flux system, mediated by LTRPC2, in immu-
nocytes. In addition, in this system, we
showed that the intracellular pyrimidine nu-
cleotides ADPR and NAD appear to act as
intracellular messengers for the Ca*>* influx
in immunocytes. Although NAD is abundant
in cells, intracellular concentrations of ADPR
are regulated by the membrane component
CD38 (22, 23). This ADPR production is
accelerated by ATP depletion (28). Thus, we
propose two Ca’" influx systems: (i) ADPR
is produced by CD38 during ATP depletion
and directly activates LTRPC2; and (ii) NAD
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Fig. 3. Cationic current in monocyte cell lines induced by ADPR and B-NAD. (A) Trace of whole-cell
current induced by dialysis of ADPR in U937 cells at a holding potential of —40 mV. The upper bar
indicates the replacement of normal solution with Na*,Ca?*-free solution. The inset shows the |-V
relations recorded by applying a voltage ramp from —80 to +80 mV at the response in (a) normal
or (b) Na*,Ca?"-free solutions. (B) Trace of whole-cell current induced by dialysis of B-NAD in
U937 cells at a holding potential of —40 mV. The upper bar indicates the replacement of normal
solution with Na*,Ca?" -free solution. The inset shows the I-V relations recorded by applying a
voltage ramp. (C) Current densities of ADPR- and B-NAD-induced responses in U937 cells. (D)
Time-to-peak values of the ADPR- and 3-NAD-induced currents. (E) Current densities of ADPR-
induced response in Jurkat, EOL1, and U937 cells, and RT-PCR analysis for LTRPC2 with total RNA
of these cell lines. The 660—base pair fragments were amplified.
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directly activates LTRPC2 when ATP is de-
pleted, and activated LTRPC2 causes Ca®*
influx into cells. Moreover, NAD causes ap-
optosis in Jurkat cells (29). Our results sug-
gest that in vivo LTRPC2 may link apoptosis
with the metabolism of ADPR and NAD.
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Fig. 4. The suppression of LTRPC2 by intra-
cellular ATP. (A) Representative trace of the
responses to 3-NAD alone and the addition
of 1 mM ATP/2Na* together with B-NAD
recorded at an inside-out patch containing
multichannels. The upper bars indicate peri-
ods of stimulation. The response to 3-NAD
with ATP was strikingly decreased compared
with the response to 3-NAD alone. (B) Rep-
resentative trace of the responses to ADPR
alone and the addition of 1 mM ATP/2Na*
together with ADPR. The upper bars indicate
periods of stimulation. (C) Effects of ATP (1
mM) on currents induced by ADPR and
B-NAD. To quantify the inhibition effect in a
situation when currents decline spontaneous-
ly, we measured the ratios of the test stim-
ulation (second application) to the average
value of first and third stimulation. The con-
trol was measured in the absence of ATP. The
response to B-NAD was significantly differ-
ent from the control level when data were
analyzed by Student’s t test (P < 0.001). The
response to ADPR was slightly affected (P =
0.048). The number of experiments is given in
parentheses.
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The Role of Drosophila
Mushroom Body Signaling in
Olfactory Memory

Sean E. McGuire,” Phuong T. Le,” Ronald L. Davis'?*

The mushroom bodies of the Drosophila brain are important for olfactory
learning and memory. To investigate the requirement for mushroom body
signaling during the different phases of memory processing, we transiently
inactivated neurotransmission through this region of the brain by expressing a
temperature-sensitive allele of the shibire dynamin guanosine triphosphatase,
which is required for synaptic transmission. Inactivation of mushroom body
signaling through o/ neurons during different phases of memory processing
revealed a requirement for mushroom body signaling during memory retrieval,
but not during acquisition or consolidation.

In the insect, distinct brain structures termed
the mushroom bodies (MBs) play a central
role in associative learning of olfactory infor-
mation (/, 2). The MBs of Drosophila mela-
nogaster comprise about 2500 neurons per
brain hemisphere (Fig. 1). The cell bodies of
these neurons are situated in the dorsal pos-
terior brain region and extend axons anteri-
orly and ventrally through the peduncle to
give rise to the a/B, o'/B’, and +y lobes (3-6).
These lobes are neuropil regions that contain
the MB cell axons and other processes that
synapse with MB neurons.

Genetic and chemical disruption of the
MBs produces flies that are normal for gen-
eral behaviors but are defective in olfactory
learning (7, &§). Many genes involved in ol-
factory learning and memory show enriched
expression in the MBs, particularly those en-
coding components of the cyclic adenosine
monophosphate signaling pathway (2). Tar-
geting of a constitutively active G-protein o
subunit to the MBs disrupts olfactory learn-
ing (9), and restoring the rutabaga-encoded
adenylyl cyclase specifically to the MBs of
rutabaga mutants is sufficient to restore
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short-term memory in these flies (/0). The
model that has emerged from these experi-
ments posits the MBs as important centers in
olfactory associative learning and the likely
site of convergence of the conditional (CS)
and unconditioned (US) stimuli in classical
conditioning (/, 2, 11).

A limitation of the previous experiments
is that they all involve permanent alterations
to the fly’s brain throughout development,
leading to the possibility that some of the
effects on learning might reflect developmen-
tal perturbations rather than modifications of
the physiology of these neurons that subserve
learning and memory processes. Additional-
ly, the irreversible nature of these interven-
tions has made it impossible to dissect the
roles of the MBs at the different stages of
memory acquisition, consolidation, and
retrieval.

To explore the roles of the MBs in the
different phases of memory processing, we
used an approach that allows us to transiently
inactivate synaptic transmission from the
MBs by targeting expression of a tempera-
ture-sensitive shibire's! transgene to the MBs
by the GAL4/UAS system (/2, 13). The
shibire gene encodes a dynamin guanosine
triphosphatase (GTPase) that is essential for
synaptic vesicle recycling (14, 15) and main-
tenance of the readily releasable pool of syn-
aptic vesicles (/6). The temperature-sensitive
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