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Abstract

Altered 1-oleoyl-lysophosphatidic acid (LPA, 100 pM)-stimulated calcium responses occur in B-lymphoblast cell lines from bipolar disorder
patients, but the mechanism(s) involved is uncertain. Lysophosphatidic acid shares a structurally similar fatty acid side chain with the
diacylglycerol analogue, 1-oleoyl-2-acetyl-sn-glycerol (OAG), a known activator of subtypes 3, 6 and 7 of the canonical transient receptor
potential (TRPC) cation channel subfamily. Accordingly, the objective of this study was to determine whether the LPA-stimulated calcium
response in B-lymphoblasts is mediated, in part, through this TRPC channel subfamily. Divalent cation selectivity in response to thapsigargin,
LPA and OAG were used to distinguish TRPC-like character of the responses to these agents in BLCLs. The sensitivity to gadolinium, an inhibitor
of capacitative calcium channels, was used to determine the store-operated nature of the responses. The TRPC isoforms that are present in BLCLs
as identified by immunoblotting and/or PCR include TRPCI, 3 and 5. Minimal barium influx in calcium-free buffer was observed following
thapsigargin stimulation. However, LPA stimulated barium influx of a magnitude similar to that induced by OAG. Thapsigargin-provoked calcium
influx was completely inhibited by gadolinium (10 pM), whereas LPA and OAG-stimulated responses were partially inhibited and potentiated,
respectively. The results suggest that 100 pM LPA stimulates calcium entry through channels with characteristics similar to TRPC3, as TRPC6
and 7 are absent in B-lymphoblasts.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Surrogate cell models, such as B-lymphoblast cell lines
(BLCLs) (Emamghoreishi et al., 1997), leukocytes, platelets
(Warsh et al., 2004) and superior olfactory nasal epithelium
(Hahn et al., 2005) derived from patients with bipolar disorder
(BD) have provided critical cellular matrices to elaborate the
nature of the underlying molecular mechanisms that may ac-
count for disrupted Ca®" homeostasis in BD (for review see

* Corresponding author. Laboratory of Cellular and Molecular Pathophysiol-
ogy, Centre for Addiction and Mental Health, 250 College Street, Room R20,
Toronto, ON, Canada M5T 1R8. Tel.: +1 416 979 4279; fax: +1 416 979 4730.

E-mail address: jerry.warsh@utoronto.ca (J.J. Warsh).

0024-3205/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/).1f5.2006.08.021

Warsh et al., 2004). Findings of higher basal and agonist-
stimulated intracellular Ca®" concentrations ([Ca®'];), first
reported in platelet and leukocyte preparations from BD pa-
tients compared with healthy subjects (Dubovsky et al., 1989),
were extended to BLCLs (Emamghoreishi et al., 1997; Warsh
et al., 2004), which, by virtue of repeated passage ex vivo in
culture, are freed from the effects of medication and neuro-
hormonal stress that might impact on intracellular Ca*" ho-
meostasis in vivo. That altered intracellular Ca®" homeostasis
reflects an important aspect of the pathophysiology of BD
received further support in the observations that therapeutically
relevant concentrations of the prototypical mood stabilizer,
lithium, attenuated agonist (lysophosphatidic acid [LPA]) stim-
ulated Ca®" responses in BLCLs treated chronically in vitro
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(Wasserman et al., 2004). Collectively, these observations imply
that a disturbance in receptor-activated signalling and induction
of intracellular Ca®*" mobilization may occur in BD (Warsh
et al.,, 2004). However, the specific nature and site of the
disturbance(s) within this receptor-activated Ca®" signalling
cascade are uncertain.

The LPA-stimulated Ca”" mobilization is thought to be me-
diated in a variety of cell types, in part, through G-protein
coupled receptor (GPCR) activation of phosphatidylinositol
(PI) hydrolysis, referred to as receptor-operated Ca** (ROC)
entry (Anliker and Chun, 2004), but this has not been clearly
established for the BLCLs used as a disease reporter model for
BD. In this respect, the maximal stimulating concentration of
LPA-induced Ca®" mobilization in BLCLs was determined to
be ~100 pM (Wasserman et al., 2004) (but see Rosskopf et al.,
1998), whereas maximal GPCR-mediated activation by LPA
has been reported in other cell types at low pM concentrations
(~10 nM—10 pM) (Ohta et al., 2003; Rosskopf et al., 1998;
Segura et al., 2004). This range is consonant with the maximal
stimulating concentration of LPA (~24 nM) determined using
A431 epidermoid carcinoma cells as a methodological reference
preparation with the same conditions as for BLCLs (Wasser-
man, 2003). In light of these observations, the mechanism by
which LPA-stimulates Ca*" responses in BLCLs is likely more
complex than initially conceived, possibly involving multiple
channel types and Ca®" entry mechanisms. In addition, LPA-
mediated Ca®" influx has been described as insensitive to both
phospholipase C (PLC) and G,,, inhibitors, U-73122 and per-
tussis toxin (PTX), respectively, in both human monocytic cells
(U937) (Lee et al., 2004) and neutrophils (Itagaki et al., 2005).
Therefore, the mode of LPA action in these cell lines seems to
be independent of GPCR activation, which also raises questions
about the actual mechanisms underlying the Ca”" responses
initiated by LPA in these cells. Of note, LPA shares a struc-
turally similar fatty acid side chain with the cell permeant
diacylglycerol analogue, 1-oleoyl-2-acetyl-sn-glycerol (OAG),
which is a known activator of the canonical transient receptor
potential (TRPC) 3/6/7 subfamily of channels (Hofmann et al.,
1999). Therefore, LPA may activate intracellular Ca®" fluxes by
at least two distinct pathways, one that is GPCR-dependent and
the other by a ligand-gated mechanism stimulating TRPC3/6/7
channels directly, similar to OAG. The TRPC channels, ex-
pressed in non-excitable as well as neural cell types (Hofmann
et al., 2002; McKay et al., 2000; Riccio et al., 2002; Sossey-
Alaoui et al., 1999), are thought to function as store-operated
and/or receptor-operated channels to allow non-selective cation
passage (Clapham et al., 2001; Vazquez et al., 2004; Vennekens
et al., 2002).

Accordingly, LPA-mediated Ca”" signalling was further
characterized in this cell model to elucidate the specific path-
ways of Ca®" mobilization involved. Indeed, comparing the
divalent cation selectivity and gadolinium (a capacitative Ca>"
channel inhibitor) sensitivity of thapsigargin-, LPA- and OAG-
stimulated responses, together with immunoblotting and reverse
transcriptase-polymerase chain reaction (RT-PCR), we show
that LPA at 100 uM stimulates Ca”" entry, in part, through
TRPC3-like channel activity in BLCLs.

Materials and methods
Cell culture

Lymphocytes were isolated from 10-20 mL of antico-
agulated (acid citrate dextrose) blood, obtained from physically
healthy subjects as previously described (Emamghoreishi et al.,
1997). After centrifugation over Histopaque (Sigma—Aldrich,
Oakville, ON), an enriched leukocyte fraction was treated with
Epstein Barr virus to transform and immortalize the contained B
lymphocytes using standard techniques (Emamghoreishi et al.,
1997). The BLCLs were grown in RPMI-1640 medium, sup-
plemented with 15% foetal bovine serum (FBS) (Hyclone,
Logan, UT), 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/
mL streptomycin, and 1 mM sodium pyruvate (Wasserman et al.,
2004). Undifferentiated PC12 cells (ATCC, Manassas, VA) were
grown in RPMI-1640 medium supplemented with 5% FBS, 10%
horse serum, 1% L-glutamine, 1% penicillin/streptomycin in
75 em? flat bottom polystyrene flasks. All cell culture materials,
except those noted, were from Gibco (Burlington, ON). All
chemicals were of analytical grade.

Immunoblotting

Detection of the TRPC isoforms present in BLCLs was
carried out using standard immunoblotting protocols and
commercially available antibodies, as previously described
(Andreopoulos et al., 2004). TRPC1 was detected as previously
described (Andreopoulos et al., 2004). Homogenates of human
frontal cortex, (Brodmann area 9), which was known to express
TRPC1, TRPC3, TRPC4, and TRPCS, were used as a positive
control (Hofmann et al., 2000; Thebault et al., 2005). In
addition, HEK?293 cells transiently overexpressing TRPC3 were
also used as a positive control. Pooled BLCLs from several
subjects (1 x 10® cells) were sonicated in lysis buffer containing
protease inhibitors, and protein concentration was determined.
Lysates were boiled in denaturing sample buffer and loaded
onto SDS-PAGE gels, then transferred to PVDF membranes
(Perkin—Elmer, Woodbridge, ON) using standard methods
(Andreopoulos et al., 2004). Membranes were blocked with
0.5% egg white albumin (for TRPC3 detection) or 5% bovine
serum albumin (for TRPC4 and 5 detection) in phosphate
buffered saline. Anti-TRPC3 primary antibody (ACC-016,
Alamone Laboratories, Israel) was used at a concentration of
1:500 and an incubation time of 2 h. Next, HRP-conjugated
protein A (Bio-Rad Laboratories Inc., Hercules, CA) was used
as the secondary antibody at a dilution of 1:3000 for 40 min.
Anti-TRPC4 and anti-TRPCS primary antibodies (ACC-018
and ACC-020, respectively, Alamone Laboratories, Israel) were
used at a concentration of 1:200 and an incubation time of 2.5 h.
The secondary antibody, HRP-conjugated rabbit IgG (Vector
Labs, Burlington, ON), was used at a dilution of 1:3000 with
40 min incubation, and visualization was carried out using ECL
(Amersham Pharmacia, Baie d’Urfe, QC) and chemilumines-
cence. Control peptide antigens, used to compete out respective
putative TRPC immunoreactive bands as part of the test of anti-
body specificity, were obtained from the supplier.
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RT-PCR detection of TRPC6 and TRPC?7 transcripts

The presence of TRPC6 and TRPC7 transcripts in pooled
BLCLs and frontal cortex was determined using RT-PCR. Total
RNA was extracted from 1x 107 frozen cells using an RNeasy®
kit (QIAGEN, Mississauga, ON) and subsequently treated with
DNase I. The RNA quality, purity and integrity were confirmed
and concentrations determined as previously described
(Andreopoulos et al., 2004). First-strand cDNA synthesis was
also carried out as previously reported (Andreopoulos et al.,
2004). To create a negative control, one sample was processed in
the absence of reverse transcriptase. Gene-specific primer pairs
were designed using Primer Express® v2.0 (Applied Biosys-
tems, Foster City, CA) to amplify all TRPC7 splice variants
(GenBank accession nos. Full-length cDNA- AJ421783, Splice
Variant A-AJ549088, Splice Variant B-AJ549089, Splice Var-
iant C-AJ549090); sense 5'-AAGGCCAAAAGCTGTGA
AAA-3’ and antisense 5'-CACCCTCAGGTGGTCTTTGT-3’,
with an expected product size of 363 bp. The TRPC6 transcript
was amplified using the primer pairs as described by Andreo-
poulos et al. (2004), and the expected size of the amplicon was
98 bp. Each 50 pL PCR reaction mixture contained 1X PCR
buffer, 200 pM dNTPs, 0.8 uM of each primer pairs, 1.25 U Taq
DNA polymerase (MBI Fermentas, Burlington, ON), and 1.5 mM
MgCl,. The PCR conditions were as follows: 95 °C for 3 min,
followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C
for 45 s with a final extension phase at 72 °C for 10 min (MJ
Research PTC-260). The amplification products were separated
on a 1% agarose gel containing ethidium bromide with a 100 bp
standard ladder (New England Biolabs Ltd., Pickering, ON) for
size comparison. All PCR materials, except those noted, were
from Invitrogen (Burlington, ON).

Agonist-stimulated Ca’"/Ba’" mobilization

Cells (1-3x10°mL) were incubated with 1 pM fura-2
acetoxymethylester (fura 2-AM, Molecular Probes, Eugene,
OR) or an equivalent volume of DMSO for autofluorescence
determination, in RPMI-1640 (30 min, 37 °C). After washing with
RPMI 1640 and with HEPES buffered saline (HEPES: 140 mM
NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES,
pH=7.4), cells were then resuspended at 1x10° cells/mL,
transferred to a cuvette, and equilibrated (3 min, 37 °C) in the
temperature-controlled chamber of the fluorometer (Perkin—
Elmer LS50B). In experiments conducted with cation as a
variable, Ca®'-free buffer was used and the appropriate cation,
either Ca®", Ba®", or vehicle (i.e. H,O), was added to the cuvette
prior to stimulation. After measuring a stable basal fluorescence
ratio (R, excitation 340/380 nM, emission 500 nM) for 60 s, the
agent of interest (LPA [Sigma—Aldrich, Oakville, ON], OAG
[Calbiochem, La Jolla, CA] or 2,4,6-Trimethyl-N-(m-3-trifluor-
omethylphenyl)benzene-sulfonamide [m-3M3FBS; Calbiochem])
was added. Fluorescence ratios were then measured for 4 min
(5.5—7 min for assays with OAG) to capture peak responses, and
decay or plateau phases. Results are reported as an autofluores-
cence corrected ratio of 340/380 for both Ca®>" and Ba®"
experiments.

Thapsigargin (TG) activation of store-operated Ca’" (SOC)
channels

Cells (1-3x 10%mL) were loaded with fura-2 AM in RPMI-
1640 (45 min, 37 °C), as above. Cells were washed once with
RPMI and three times with Ca”*-free HEPES, resuspended at
1x10° cells/mL and equilibrated (37 °C, 3 min). After determining
basal R, cells were stimulated with TG (200 nM, Alamone, Israel)
and R was measured for 4 min to allow for transient ER pool
depletion (Wasserman et al., 2004). The Ca®*/Ba®" concentration
in the buffer was then raised to 1 mM with CaCl, /BaCl, and R
measured for up to 5 min to monitor the Ca®"/Ba”" entry.

Effect of the phospholipase C (PLC) inhibitor U-73122 on
LPA-induced [Ca’”]; responses

The inhibitor, U-73122 (Calbiochem) and its inactive analogue,
U-73343 (Calbiochem), were dissolved in DMSO to a concen-
tration of 0.5 mg/mL and mixed at 40 °C for 40 min immediately
prior to experiments. Aliquots of cells were loaded with fura-2 AM
as above and preincubated with U-73122 (4—8 uM) or U-73343
(4—8 uM) for 10 min preceding stimulation with LPA.

Effect of Pertussis Toxin (PTX) on LPA-induced [Ca’"];
responses

Cells (1 x 10°/mL) were maintained in RPMI containing PTX
(200 ng/mL, List Biologicals, Campbell, CA), or vehicle for 24 h
and then washed twice in RPMI, prior to the initiation of dye
loading and the LPA-stimulated Ca®" mobilization, as described
above. Percent inhibition of Ca®" mobilization was determined by
comparing the increase in LPA-stimulated intracellular Ca** lev-
els in equivalent aliquots of cells treated with or without PTX.

Data analysis

Statistical analysis was carried out using the SPSS© sta-
tisical software package (version 11.0). Differences between
stimulation conditions in dependent measures including base-
line, peak and delta (A =peak-baseline) fluorescence ratios (R)
were tested using unpaired Student’s t-test for comparison
of two groups or one-way ANOVA for comparison of multiple
conditions, with cation (Ba>" versus Ca®") or drug as inde-
pendent variables. Post-hoc comparison of group means was
carried out using the Tukey’s HSD test. Due to the nature of the
response to LPA stimulation in the presence of Ba** (Fig. 3B),
area under the curve (AUC) measurements (area measured from
point of drug addition [60 s] to end of measurement [350 s]) were
used as the dependent variable. Statistics with p values <0.05
were taken as significant.

Results
Occurrence of TRPC subtypes in BLCLs

We have previously reported the presence of TRPC1 and 3
(Fig. 1A) protein in BLCLs using standard immunoblotting
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Fig. 1. TRPCI, 3 and 5, but not TRPC4, 6 or 7 are expressed in BLCLs.
A. TRPCl, 3 and 5 immunoreactive bands were detected in pooled BLCLs from
multiple subjects and reference control tissues migrating at single bands of the
respective masses; 83, 95, and 89 kDa. TRPC4 was detected in human frontal
cortex homogenate as a single immunoreactive band migrating at the expected
MW of ~ 90 kDa, but was not detected in BLCL lysates. B. Primers designed to
detect a 363 bp amplicon of TRPC?7 identified a single product of the expected
size in human frontal cortex but not in BLCLs. S indicates the 100 bp DNA
ladder, CTRL is the positive control (frontal cortex) and NRT is a negative
control (no reverse transcription).

techniques (Andreopoulos et al., 2004). For completeness, Fig.
1 includes an independent replication of the above findings
combined with the other TRPC subtypes examined in this study,
to provide a comprehensive panel demonstrating those that are
expressed in BLCLs. Using antisera directed against specific
peptide sequences unique to individual TRPC subtypes and
human frontal cortex as a positive control, prominent immu-
noreactive bands were detected at approximately 80 kDa for
TRPCI, 95 kDa for TRPC3, and 89 kDa for TRPC5 (Fig. 1A).
As an additional positive control for TRPC3, samples from
HEK?293 cells overexpressing TRPC3 produced an immunore-
active band migrating with a similar mass as that detected in
lysates from both human frontal cortex and BLCLs (data not
shown). In contrast, no immunoreactive bands could be de-
tected corresponding to TRPC4 in BLCLs, unlike the human
frontal cortex, in which an immunoreactive band migrating at
the expected mass of approximately 90 kDa for TRPC4 was
observed (Flockerzi et al., 2005). The putative TRPC4 and
TRPCS5 immunoreactive bands were successfully competed out
by the addition of the antigen against which the respective
antibodies were raised (data not shown). Using RT-PCR, no
mRNA for TRPC6 or TRPC7 was detected in BLCLs, although
amplicons of expected size (90 and 363 bp, respectively) were
observed in the human frontal cortex (Fig. 1B). Therefore, no
immunoblotting was performed for TRPC6/7 in BLCLs.

OAG and LPA stimulated Ca’" response in BLCLs

Having determined that TRPC3 is essentially the only mem-
ber of the TRPC3/6/7 subfamily expressed in BLCLs, we then

addressed the question of whether LPA activates Ca*" influx
through TRPC3 and in an OAG-like manner in BLCLs. Thus, it
was shown that OAG stimulated Ca** mobilization in BLCLs in
a concentration-dependent manner over the range of 50—
300 uM (Fig. 2A). Reasoning that if LPA acted through an
OAG-like mechanism to mediate Ca" influx, there should be
no additivity of the responses, we measured the stimulatory
effects of LPA and OAG alone and in combination. As shown in
Fig. 2B, simultaneous addition of LPA (100 pM) and OAG
(100 pM) resulted in a Ca’" response that was larger in
magnitude than OAG alone (F=149, df=2,10, p<0.001;
Tukey p<0.001) but lower than that obtained following stim-
ulation with LPA alone (Tukey p=0.001).

Characterization of divalent cation selectivity in LPA, OAG
and m-3M3FBS responses

In the absence of specific agonists or antagonists for the
TRPC family, the selectivity of these channels to divalent
cations is one of the methods available to discern their in-
volvement in intracellular Ca®" responses. The Ca®" release-
activated Ca”>" (CRAC) channels are highly Ca®" selective
members of the SOC channel family (Hoth and Penner, 1992).
In contrast, TRPC channels are non-selective cation channels
that allow Ba®" permeation (Vazquez et al., 2004; reviewed by
Vennekens et al., 2002). Thus, divalent cation selectivity was
utilized in order to further characterize the LPA-mediated Ca*"
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Fig. 2. OAG and LPA stimulated Ca®" mobilization of BLCLs. BLCLs were
loaded with 1 uM fura-2. A. OAG (0-300 pM) applied to one BLCL
(1x10° cells/mL) (n=3 determinations at each concentration). B. LPA
(100 uM), OAG (100 pM) or both were added simultaneously to buffer
containing Ca®" (I mM). The combination of LPA and OAG resulted in a
significantly greater A (see Materials and methods) response compared with
OAG alone (F=149, df=2, 10, p<0.001; Tukey p<0.001) but smaller than
LPA stimulated A responses (Tukey, p=0.001) (n=4-5 for each comparison
condition).
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responses in this cell model, similar to other cellular investiga-
tions (Gamberucci et al., 2002; Hassock et al., 2002; Trebak
et al., 2003; Venkatachalam et al., 2002; Zeng et al., 2004).

To establish that OAG mediates non-selective cation entry
through TRPC-like channels in BLCLs, OAG stimulation of
BLCLs was carried out following re-addition of either 1 mM
Ba?" or Ca®" to the extracellular Ca*'-free buffer. Stimulation
with 100 uM OAG elicited Ba** entry of a magnitude similar to
that of Ca®" entry (1=0.13, df=9, p=0.898) (Fig. 3A). In
contrast, treatment of BLCLs in Ca”'-free medium with TG,
which induces transient depletion of ER Ca®" stores and SOC
entry, caused a substantial increase in [Ca®"]; upon re-addition
of Ca®" to the extracellular media, but only a small magnitude of
Ba?" influx (F=71, df=2,10, p<0.001) compared with the
former response (Tukey p<0.001; Fig. 3B). As expected, there
was no cation influx observed in the absence of Ba>* or Ca®" in
the buffer.

To estimate the magnitude of the TRPC-like component of
the LPA response, the maximal stimulating concentration of
LPA (100 uM) used in previous studies demonstrating Ca>"
abnormalities in BLCLs from BD subjects (Wasserman et al.,
2004), was applied to dye-loaded BLCLs in extracellular buffer
containing either Ca>* or Ba®". The resultant Ca®" entry showed
the typical rapid influx and high fluorescence ratio observed
after LPA stimulation (Fig. 3C) (Wasserman et al., 2004). In the

absence of Ca®" or Ba?" in the medium, there was a small and
delayed increase in fluorescence signal that likely derives from
the release of Ca®" from intracellular storage pools. However,
the rate of rise of the Ca®" concentration was slow (beginning
after approximately after 100 s) compared to what would be
expected for an IP; mediated store depletion (occurring in less
than 1 s) of the ER (Hattori et al., 2004; O’Neill et al., 2002).
Therefore, it appears that LPA predominantly mobilizes intra-
cellular Ca** via an IPs-independent pathway in the BLCL
model. Interestingly, the Ba®" influx response was significantly
larger than the increases obtained in the Ca*"/Ba*"-free medium
(Fig. 3C) (F=89, df=2,16, p<0.001; Tukey p=0.004) and was
of a similar magnitude to the maximum Ba”" influx observed in
response to stimulation with 100 pM OAG (z=0.83, df=11,
p=0.425) (Fig. 3A).

Next, the non-selective PLC activator, m-3M3FBS, was
used to examine the possibility that LPA-mediated Ba*" influx
is secondary to PLC activation and diacylglycerol (DAG) pro-
duction, which then may act on TRPC3 (Hofmann et al., 1999).
This agent has been shown to activate PI-dependent Ca®"
mobilization in a number of different cell lines (Bae et al.,
2003). In BLCLs, m-3M3FBS stimulated Ca>" mobilization in
a concentration-dependent manner with a maximal stimulating
concentration of 50 pM (data not shown). With Ca®" in the
extracellular buffer, application of m-3M3FBS elicited an
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Fig. 3. Effects of LPA, OAG and m-3M3FBS on divalent cation entry in BLCLs. BLCLs (1 x 10° cells/mL) were loaded with fura-2 (1 uM) in Ca®" free buffer.
A. OAG (100 pM) stimulated 1 mM Ba?" or Ca®" influx to the same A magnitude (r=0.13, df=9, p=0.898). Representative response curves are shown. B.
Thapsigargin (TG)-induced Ba®" entry was examined. Three minutes after TG (200 nM), Ba®" (1 mM), Ca** (1 mM) or an equivalent volume of vehicle (H,O) was
added to the extracellular buffer. The A magnitude of Ba>" entry was significantly smaller than that of Ca>* (F=71, df=2,10, p<0.001; Tukey p<0.001). C. Ca*"
(1 mM), Ba** (1 mM) or vehicle (H,0, 20 pL) was added after 1 min of baseline signal recording, followed 1 min later by LPA (100 uM). Ba>* influx was significantly
greater than vehicle (F=89, df=2,16, p<0.001; Tukey p=0.004) and was of a similar A magnitude to that observed following stimulation with OAG (100 uM)
(t=0.83, df=11, p=0.425). A, B and C: n=5 for each cation, 3 for H,0. D. Ca** (1 mM), Ba>* (1 mM) or vehicle (H,0, 20 uL) was added after 1 min of baseline
signal recording, followed 1 min later by m-3M3FBS (50 uM). The ACa”>" influx was significantly greater than controls (F=17, df=2, 15, p<0.001; Tukey
p<0.001), while no Ba®" entry was observed (Tukey p=0.782). n=6 for each comparison condition; representative curves shown.
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increase in fluorescence ratios that were significantly greater
than those observed in Ca®"/Ba®"-free medium (F=17, df=2,
15, p<0.001; Tukey p<0.001). In contrast, m-3M3FBS
increased fura-2 ratios in Ba**-containing medium to a value
similar to that observed in cells incubated in medium that was
free of Ca®" and Ba®" (Tukey p=0.782) (Fig. 3D), indicating
that no significant Ba>" influx occurred.

Effects of pertussis toxin and PLC inhibition on LPA stimulated
Ca’" responses

To determine what portion of the LPA-stimulated Ca®" re-
sponse is mediated through GPCR and in turn PLC activa-
tion, the effect of treatments with inhibitors of G;,, (PTX) and
PLC (U-73122) were examined on LPA-provoked Ca®* mobili-
zation. Pretreatment of cells with PTX inhibited LPA-stimulated
Ca”" responses from 10% to 50% (data not shown)
across a number of cell lines from individual subjects. In addition,
U-73122 did not appear to attenuate LPA-mediated Ca®" mobi-
lization in the BLCL model (Fig. 4A). Under the same ex-
perimental conditions, U-73122 fully inhibited bradykinin
(200 nM)-stimulated Ca*" responses in PC12 cells (Fig. 4B),
thus validating the methodology and efficacy of the inhibitor
preparation.
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Fig. 4. Effect of PLC inhibitor on agonist-induced Ca** mobilization in BLCLs
and PC12 cells. A. BLCLs (1% 10° cells/mL) were loaded with fura-2 (1 uM).
LPA (100 pM)-stimulated Ca®* response was not significantly inhibited by pre-
treatment with U-73122 in comparison with the inactive control, U-73343.
Representative curve shown for each condition (n=10). B. PC12 cells
(1x10° cells/mL) were loaded with fura-2 (2 uM). BK (300 nM)-stimulated
Ca®" response was completely abrogated in cells pre-treated with U-73122
(active PLC inhibitor) in comparison to those exposed to U-73343 (the inactive
control). Representative response curves are shown (n=5).
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Fig. 5. Effects of Gd*>" on TG, LPA and OAG stimulated Ca®" responses. A. Gd**
(5—15 uM) completely abolished the influx of Ca®" triggered by TG in BLCLs.
B. Gd** (5-15 uM) minimally inhibited the A LPA (100 uM) stimulated Ca*"
responses; Gd** (100 uM) resulted in approximately 50% reduction in the LPA
response. C. The ACa®" signal in response to OAG (100 pM) was potentiated by
Gd®" (1050 uM). The magnitude of the ACa®" influx stimulated by OAG and
LPA was similar at 100 pM Gd** (1=0.31, df=4, p=0.773), 50 uM (1= 0.73,
df=4, p=0.505), and 10 pM (t= 0.546, df=4, p= 0.614). All frames: n=3
separate determinations at each Gd** concentration; representative curves
shown.

Effect of gadolinium on LPA and OAG stimulated Ca’*
responses

Gadolinium (Gd*") inhibits capacitative cation entry at low
micromolar concentrations (Jung et al., 2003; Lievremont et al.,
2004; Shlykov et al., 2003; Trebak et al., 2003), whereas cation
influx mediated by TRPC3/6/7 is insensitive to low Gd>*
(~10 pM) concentrations (Lievremont et al., 2004; Okada et al.,
1999; Trebak et al., 2003; Zhu et al., 1998). Thus, the use of Gd*
" should inhibit LPA-induced Ca*" entry through SOC channels
while permitting the measurement of TRPC mediated Ca®"
entry (Lievremont et al., 2004; Okada et al., 1999; Trebak et al.,
2003; Zhu et al., 1998). Consonant with these known effects,
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10-15 pM Gd** completely abolished the influx of extracel-
lular Ca®" triggered by TG in BLCLs (Fig. 5A). In marked
contrast, significant inhibition of LPA-stimulated Ca>" response
was not evident until 100 pM Gd*>" and this concentration was
not sufficient to completely inhibit the response (Fig. 5B).
Furthermore, OAG (100 pM)-induced Ca*" entry was markedly
potentiated by 10-50 uM Gd*", but not 100 uM Gd*>" (Fig. 5C).
In fact, the magnitude of the ACa”" influx as measured by the
maximum peak height stimulated by OAG (100 uM) and LPA
(100 pM) was similar at three Gd** concentrations measured
[100 pM Gd*" (r=0.31, df=4, p=0.773), 50 uM (¢=0.73,
df=4, p=0.505), and 10 pM (¢=0.546, df=4, p=0.614)].

Discussion

The principal finding of this study is that 100 uM LPA
stimulates Ca®" mobilization in BLCLSs, at least in part, through
a TRPC3-like channel. This inference is supported by seven
principal sets of observations. First, OAG activated both Ca**
and Ba”>" mobilization in BLCLs confirming the lack of cation
selectivity, characteristic of TRPC subtypes in general (Hof-
mann et al., 1999; Trebak et al., 2003; Zhu et al., 1998).
Secondly, among the known subtypes of TRPCs expressed in
various tissues and cell types, only TRPCI, 3 and 5 like
immunoreactivities were detected in BLCLs, implicating
TRPC3 as the likely candidate for OAG-provoked Ca®" re-
sponses in this cell model (Andreopoulos et al., 2004). Third,
LPA activates non-selective cation entry as demonstrated by the
significant magnitude of LPA-induced Ba®" entry, similar in
extent to that observed following OAG stimulation. Fourth,
stimulation with m-3M3FBS did not result in Ba®" influx,
implying that PLC activation under these conditions does not
produce sufficient intracellular DAG to activate TRPC channels
that respond to this second messenger. Fifth, inhibition of G;,,
and PLC did not result in reproducible attenuation of the LPA
response, as would be expected if this agent stimulated Ca*"
mobilization primarily through a GPCR mode of activation.
Sixth, simultaneous addition of OAG and LPA resulted in a
reduced net Ca®" influx rather than an additive response, sug-
gesting that these agents activate a common target. Finally, the
similar magnitudes in OAG and LPA-stimulated ACa”" re-
sponses measured in the presence of the SOC inhibitor, Gd**,
suggests that these agents act on the same signalling pathways.

Stimulation with LPA, conducted in the presence of divalent
cations, Ba®" or Ca”", triggered two types of response patterns:
with Ca®" in the buffer there was a rapid rise in the response to a
magnitude of approximately 7 fluorescence ratio units, while
with Ba®" substituted for Ca®" there was a slower rate of influx
and a maximal response of approximately 3.5 fluorescence ratio
units (Fig. 3C). This differential response in the presence of Ca”*
as compared with Ba>" suggests that LPA may act via two types
of channels, one of which exhibits a greater degree of Ca®"
selectivity. In this regard, the greater response observed in the
presence of Ca®" likely represents the combination of Ca**
selective SOC activation and non-selective cation (Ba*'/Ca®")
permeable receptor-mediated TRPC channel gating. Further-
more, the magnitude of Ba>" entry elicited by LPA stimulation

(Fig. 3C) was similar to that of OAG-mediated cation entry
(Fig. 3A), suggesting that LPA-induced Ba*" influx occurs via
TRPC3-like channel gating.

Consonant with the findings in platelets (Hassock et al.,
2002), depletion of ER Ca®" store by TG activated cation
channels that are Ca”" selective, with little Ba*" entry observed
in BLCLs (Fig. 3B). Therefore, the influx of Ba”" in this cell
model reports both receptor-operated second messenger-medi-
ated and/or direct channel activation but not SOC-mediated
influx. The very small magnitude of Ba*" influx observed
following TG-induced SOC activation suggests that TRPC
channels in the BLCL model are predominantly ROC regulated.
This is noteworthy as the mode of regulation of TRPC channels
is controversial, with many studies conducted in expression
systems that may lack the proper stoichiometry of accessory
proteins required for “true” physiological functionality (Clap-
ham et al., 2001; Vazquez et al., 2004; Vennekens et al., 2002).

Further examination of divalent cation selectivity in BLCLs
demonstrated that PLC stimulation gates Ca®>" but not Ba®"
permeable channels, likely due to the activation of Ca®" se-
lective SOC channels. This result suggests that the extent of
endogenous DAG produced in response to direct activation of
PLC, under our experimental conditions, is insufficient to
activate those non-selective TRPC channels responsive to this
second messenger, strengthening the hypothesis that Ba>* entry
during LPA stimulation is not due to intracellular DAG ac-
cumulation but rather the direct activation of these channels.
However, the use of m-3M3FBS as a PLC stimulator has
become contentious as questions concerning its specificity have
been recently raised (Krjukova et al., 2004).

It has been shown that LPA stimulates GPCRs leading to
PLC activation (Anliker and Chun, 2004) and BLCLs express
LPA receptor subtypes 1-3 as confirmed using RT-PCR (data
not shown). Experiments involving the inhibition of PLC and
G,,, were used to elucidate the magnitude of the LPA response
dependent on a GPCR mode of activation. Indeed, Rosskopf
et al. (1998) showed that LPA-stimulated Ca®>* mobilization in
BLCLs reached a plateau between 1-10 pM which was almost
completely inhibited by pre-treatment with PTX (50 ng/mL,
16 h), but the fold response was very small (1x) in contrast to
that obtained (11-15x%) upon extension of the stimulating
concentration into the high uM range (Wasserman et al., 2004).
The fact that LPA-mediated Ca®" responses were only partially
PTX-sensitive (200 ng/mL, 24 h) and minimally affected by
PLC inhibition, supports the notion that a major fraction of the
Ca”" response produced by 100 uM LPA involves a non-GPCR
component. Of note, such lack of inhibition as observed in this
work has been reported by others examining the mode of action
of LPA (Itagaki et al., 2005; Lee et al., 2004), adding further
credence to the notion that LPA agonism occurs via multiple
pathways. One impediment to further elucidation of the sus-
pected action of LPA on TRPC3-like channels is the lack of
current knowledge regarding the specifics of OAG-mediated
TRPC3 activation and TRPC regulation in general.

The trivalent cation, Gd*", has been described as a capa-
citative channel inhibitor at low micromolar concentrations
(Jung et al., 2003; Lievremont et al., 2004; Shlykov et al., 2003;
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Trebak et al., 2003). Some studies report inhibition of TRPC3
channels upon Gd** addition in the low micromolar range
(Gamberucci et al., 2002; Halaszovich et al., 2000; Kamouchi
et al., 1999; Shlykov et al., 2003), while others have described
the TRPC3 subfamily of channels as insensitive to low
micromolar Gd** (Lievremont et al., 2005, 2004; Okada
et al., 1999; Trebak et al., 2003; Zhu et al., 1998). The
differential sensitivity of TRPC3 to Gd** appears to be depen-
dent on its mode of regulation, as receptor-activated cation entry
through TRPC3 channels in HEK293 cells was not affected by
Gd**, whereas store-operated responses elicited in DT40 cells
were completely blocked (Trebak et al., 2002). Consistent with
this idea, we showed that TG-induced Ca®" entry was blocked
by 10—15 pM Gd*". On the other hand, the Ca*" influx induced
by OAG was significantly potentiated in the presence of 10—
50 pM, but not 100 pM, of Gd*' in BLCLs (Fig. 5C).
Interestingly, potentiation of Ca®" mobilization responses by
Gd*" has been observed in cells overexpressing TRPC4 and 5
channels (Jung et al., 2003; Zeng et al., 2004). However, if it
were that such an effect of Gd** on TRPC4/5 mediated Ca®"
influx also occurs in BLCLs, then one would expect Gd**, in
the absence of OAG, to activate Ca®" influx. In contrast,
addition of 10 or 100 uM Gd*" alone to BLCL preparations did
not result in any change in the fura-2 ratios (Fig. 5C).
Regardless of the mechanism involved, it is interesting to
note that the net A magnitude of LPA-induced Ca®" responses at
10, 50 and 100 pM Gd**, were similar to OAG-activated Ca*"
influx in the presence of corresponding Gd** concentrations
(see Fig. 5B and C). Since OAG activates TRPC3 but not
TRPC1 and 5 (Hofmann et al., 1999), it is likely that LPA
activates only TRPC3 in this cell model under these experi-
mental conditions. Otherwise, one would expect the response to
LPA to exceed that of OAG, if additional channels were being
affected. Of note, different rates of Ca®" influx were exhibited
by OAG and LPA activation in the presence of Gd**, possibly
due to dissimilar membrane permeation, tertiary structure, or
other characteristics between these two compounds that would
govern accessibility of the drug to the site of action.

Recently, Flemming et al. (2006) described an apparent
direct activation of TRPCS5 channels by a lysophospholipid
(lysophosphatidylcholine, LPC). However, no Ca®>" mobiliza-
tion was induced by LPC (10-100 pM) in the BLCL model
(Wasserman, 2003). Perhaps this is due to cell specific dif-
ferences such as dissimilar TRPC subunit composition. How-
ever, the report of a GPCR-independent activation of the TRPC
channel family by LPC (Flemming et al., 2006), in conjunction
with the findings presented here, supports the notion that
lysophospholipid-mediated signalling is an additional mecha-
nism by which TRPC channels may be regulated.

Conclusions

Collectively, the above findings support the notion that LPA
induces Ca®" mobilization, in part, through a TRPC3-like channel
in human BLCLs. This inference has particularly important
implications for the interpretation of the altered LPA-stimulated
Ca®" mobilization that has been observed in BLCLs from patients

with BD compared with those from healthy subjects, and the
effect of chronic lithium treatment of BLCLs to attenuate LPA-
stimulated Ca®" responses (Wasserman et al., 2004). The con-
clusions of this report and that of others regarding the activation
profile of LPA highlight the complexity of the response triggered
by this agent, bring the suitability of LPA as a probe for signal
transduction abnormalities into question. Perhaps, an array of
more specific probes, such as OAG, TG and the PLC activator
(assuming its mode of action is substantiated), would provide
more detailed information regarding the nature of putative
pathophysiological disturbances affecting intracellular Ca*"
dynamics in disease such as bipolar disorder.
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