J. Biochem. 139, 459-470 (2006)
doi:10.1093/jb/mvj065
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In this paper we report that stimulation of mAChRs in PC12D cells activates Ca®"
channels that are regulated independently of intracellular Ca%* stores. In nominally
Ca’"-free medium, exposure of PC12D cells to carbachol stimulates a robust influx of
Ba?*, a Ca?* substitute. This influx is blocked by atropine, but not by inhibitors of the
nicotinic acetylcholine receptor or L-, N-, or T-type voltage-regulated Ca®>" channels. By
contrast, depletion of intracellular Ca®* stores with thapsigargin only weakly stimulates
BaZ* influx. Unlike store-operated Ca®" channels (SOCCs), which close only after intra-
cellular Ca?" stores refill, channels mediating carbachol-stimulated Ba®" influx rapidly
close following the inactivation of mAChRs with atropine. Ba?" influx is inhibited by
extracellular Ca®', by the Ca?" channel blocker SKF-96365, and by activation of protein
kinase C (PKC). Exogenous expression of antisense RNA encoding the rat canonical-
transient receptor potential Ca®>" channel subtype 6 (TRPC6) or the N-terminal domain
of TRPC6 blocks carbachol-stimulated Ba®>" influx in PC12D cells. Expression of TRPC6
antisense RNA or the TRPC6 N-terminal domain also blocks Ba?* influx stimulated by
1-oleoyl-2-acetyl-sn-glycerol (OAG), a diacylglycerol analog previously shown to activate
exogenously expressed TRPC6 channels. These data show that mAChRs in PC12D cells
activate endogenous Ca®" channels that are regulated independently of Ca®" stores and
require the expression of TRPC6.
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Abbreviations: DAG, diacylglycerol; fura-2, 1-[2-(carboxyoxazol-2-yl)-6-aminobenzofuran-5-oxly]-2-(2’-amino-
5'-methoxylphenoxy)-ethane-N,N,N, N-tetraacetic —acid; fura-2-AM, fura-2-pentaacetoxymethyl ester;
GF109203X, 2-[1-(3-dimethylaminopropyl)-indol-3-yl]-3-(indol-3-yl)-maleimide; GFP, green fluorescent pro-
tein, KRH, Krebs Ringer-HEPES; IP3, inositol 1,4,5-trisphosphate; mAChR, muscarinic acetylcholine receptor;
OAG, 1-oleoyl-2-acetyl-sn-glycerol; PMA, phorbol 12-myristate, 13-acetate; VRCC, voltage-regulated calcium

channel; SOCC, store-operated calcium channel.

Activation of muscarinic acetylcholine receptors (mAChRs)
in PC12D cells stimulates the influx of extracellular Ca2*
by activating as-yet-unidentified Ca%* channels, which are
regulated by the state of intracellular Ca®" stores (accom-
panying paper: Ebihara, Guo, Zhang, Kim and Saffen,
2006). Because our experiments showed that this pathway
accounts for most, if not all, of the carbachol-stimulated
Ca?" influx, we initially thought that these data told the
entire story of mAChR-regulated Ca?" influx in these cells.
A different picture emerged, however, when we began to
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use Ba?" as a Ca?* substitute in our experiments. Ba®* has
often been used as a tracer for visualizing Ca?* influx, since
it also increases the fluorescence of fura-2 upon binding
(1, 2). Unlike Ca?*, however, Ba?" is not a substrate for
plasma membrane Ca?" pumps or exchange proteins (1, 3),
and it therefore becomes trapped after entering the cells.
Ba?*-dependent increases in intracellular fura-2
fluorescence thus reflect the rate of Ba?* influx, whereas
Ca?"-dependent changes in intracellular fura-2 fluores-
cence reflect the balance of Ca?" influx and efflux. We
decided to examine Ba?*-dependent changes in intracellu-
lar fura-2 fluorescence to explore the properties of the
influx component of carbachol-stimulated Ca?* influx in
the PC12D cells.

In the experiments described below we show that the use
of Ba?" as a Ca®" tracer reveals the presence of a second
mAChR-regulated Ca?* influx pathway in PC12D cells. In
contrast to the AChR-regulated SOCCs, the second path-
way is not significantly activated following depletion of
intracellular Ca?* stores with thapsigargin, but is robustly
activated following activation of mAChRs with carbachol.
The channels underlying the Ca?* store—independent path-
way can be distinguished from the SOCCs by their kinetics
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of opening and closing, ion permeabilities and regulation
by phorbol ester.

Recently, mammalian homologs of the Drosophila
transient receptor potential (TRP) and TRP-like (TRPL)
Ca®" channels (4) have emerged as promising candidates
for the Ca®" channels underlying Ca®" store—operated
and store-independent channels (5-7). The mammalian
TRP channel superfamily comprises six families (7). The
TRPC (canonical) family (8), which has the highest homol-
ogy to Drosophila TRP channels, contains seven subtypes
(TRPC1-7) that have been shown to form Ca®"-permeable
channels. The mechanisms by which individual TRP
channel subtypes are regulated is currently the subject
of intense investigation, with some studies showing activa-
tion coupled to the depletion of intracellular Ca*" stores
[TRPC1 (9, 10), TRPC3 (11-13) TRPC4 (14), TRPC5 (15),
TRPC7 (16)] and others Ca®" store—independent regulatory
mechanisms [TRPC3 (9, 11-13, 17), TRPC4 (18), TRPC5
(15, 19), TRPC6 (20, 21), TRPC7 (22)]. An early study by
Boulay and coworkers (20) and our own previous study (21)
showed that TRPC6 is activated in a Ca®" store—
independent manner following stimulation of mAChRs.
These results prompted us to test the effects of rat
TRPC6 antisense and dominant-negative expression con-
structs on mAChR-activated Ba®" influx in PC12. As we
describe below, inhibition of TRPC6 expression completely
blocked carbachol-stimulated Ba®" influx in these cells. A
study by Hofmann and colleagues (23) showed that exogen-
ously expressed TRPC6 channels can be activated by dia-
cylglycerol analogs, including 1-oleoyl-2-acetyl-sn-glycerol
(OAG). Here we show that OAG also stimulates Ba®" influx
in PC12D cells and that this influx can be blocked in cells
expressing TRPC6 antisense RNA or dominant-negative
constructs. Taken together, these results suggest that
expression of TRPC6 channels is required for mAChR-
and OAG-mediated, Ca®" store—independent Ca®" influx
in PC12D cells.

MATERIALS AND METHODS

Materials—Carbachol, atropine, tubocurarine, nifedi-
pine, verapamil, o-conotoxin GVIA, w-agatoxin IVA, nico-
tine, BaCly,, N-methyl-glutamine, thapsigargin, MnCl,,
CaCl,, LaCl,, phorbol 12-myristate 13-acetate (PMA),
GF109203X, 1-oleoyl-2-acetyl-sn-glycerol (OAG), SKF-
96365, were obtained from CalBiochem. Fura-2 and fura-
2-pentaacetoxymethyl ester (fura-2-AM) were purchased
from Dojin Chemical Research Labs (Kumamoto, Japan)
and Sigma-Aldrich (St. Louis, MO). Krebs-Ringer-HEPES
(KRH) contains: 125 mM NaCl, 5 mM KCIl, 1.2 mM
KH,PO4, 1.2 mM MgCl,, 2 mM, CaCl,, 6 mM glucose,
and 25 mM HEPES- NaOH (pH 7.4). Nominally Ca?*-
free KRH was prepared by omitting CaCly; nominally
Ca?"- and PO free KRH by omitting CaCl, and Ko.HPO,
and adding 0.1% gelatin.

Cell Culture and Transfection—PC12D cells (a generous
gift from M. Sano, Kyoto Prefectural University Medical
School) were grown in DMEM supplemented with 5% fetal
calf serum and 5% horse serum as previously described
(24). Non-differentiated cells were used in all of the experi-
ments. For transfection experiments, 80-90% confluent
cultures of cells were seeded in 12-well culture plates
(Costar) at 40% confluency. After incubation for 24 h at
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37°C (5% COy), a transfection mix containing 1 pg of con-
trol vector (pEF-BOS-SK) or 1 pg of TRPC6 antisense RNA
expression vector (pEF-BOS-SK-TRPC6A-antisense) or
1 pg of N-terminal domain expression vector [pEGFP-
N2-TRPC6B-N (1-310)], 50 ng of green-fluorescent protein
expression vector (pEGF-N2; Clontech), 1.25 pl of Lipofec-
tamine 2000 (Gibco-BRL), and 100 pl of Opti-MEM (Gibco-
BRL) was added to each well. The cells were incubated for
24 h at 37°C (5% COy), after which the transfection mix-
tures were replaced with normal medium. The cells were
incubated for an additional two days prior to loading with
fura-2-AM for fluorescence experiments. The construction
and properties of the TRPC6 antisense and N-terminal
domain expression vectors are described in Ref. 21.
Measurement of Intracellular Fura-2 Fluorescence—
Method 1 (Figs. 1-10): Intracellular fura-2 fluorescence
of PC12D cells was measured in stirred suspensions in
KRH in quartz cuvettes using a Nippon Bunko/Jasco
FP770 spectrofluorometer as previously described (24).
Immediately prior to measuring Ba®' influx, an aliquot
of fura-2 loaded cells was washed three-times with
nominally Ca®*-free KRH buffer and gently resuspended

A carb - atro
v
+ atro
* atro
v
A
BaCl,
B
carb :
v - atro
r 0.1
L 0.10
E
4
gro® +atro
w
- 0.08
L 0.07
L 0.06

A
1 min BaCIz

Fig. 1. Activation of mAChRs stimulates the influx of
extracellular Ba®*; atropine blocks this influx immediately.
A and B: Changes in intracellular fura-2 fluorescence [Aox =340 nm;
Aem = 510 nm for this and all subsequent experiments, unless
indicated] were measured in stirred suspensions of PC12D cells
in nominally Ca®*-free KRH using a Nippon Bunko/Jasco FP-770
spectrofluorometer. Cells were pretreated with 50 uM tubocurar-
ine to block nicotinic receptors prior to addition of 500 uM carba-
chol, 200 pM BaCl,, and 10 uM atropine at the times indicated
by the arrowheads. The fluorescence (Fs40 nm; arbitrary units)
and time (1 min) scales apply to A and B. The traces shown are
representative of more than 10 independent experiments.
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Fig. 2. Carbachol-stimulated Ba®>" influx is not mediated
by voltage-regulated Ca’" channels. A-D: Ca%" and Ba®'-
dependent changes in intracellular fura-2 fluorescence in PC12D
cells in nominally Ca?'-free KRH were measured as described in
the legend to Fig. 1. All cells (A-D) were pretreated with 50 pM
tubocurarine. A: Top and bottom traces: membrane depolarization
was induced by the addition of 60 mM KCI prior to addition of
200 BaCl, uM at the times indicated. Cells were pretreated for
5 min with 1 pM nifedipine (+nif) or 0.1% DMSO (-nif). B: Cells
were pretreated with 0.1% DMSO (-nif), 1 pM nifedipine (+nif),
or 1 uM nifedipine, 3 pM ®-conotoxin and 50 nM w-agatoxin
(+ nif + w-con +w-aga) prior to the addition of 500 uM carbachol
and 200 pM BaCl, at the times indicated. C: Cells in standard
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Fig. 3. Carbachol-stimulated Ba?" influx does not depend
upon extracellular Na®. Fura-2 loaded PC12D cells were
resuspended in standard Ca®-free KRH (NaCl-KRH) or Ca?'-
free KRH containing 125 mM N-methyl-D-glucamine in place
of NaCl (NMG-KRH). Cells were pretreated with 50 uM tubo-
curarine and 2 pM nifedipine prior to addition of 500 pM
carbachol and 200 pM BaCl, at the times indicated by the
arrows. The results shown are representative of 3 independent
experiments.
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KRH were pretreated for 5 min with 0.1% DMSO (-nif) or 1 pM
nifedipine (+nif), then resuspended in isosmotic KRH containing
120 mM KCI (in place of NaCl) and 0.1% DMSO (top trace) or
1 uM nifedipine (bottom trace). 200 uM BaCl, was added at the
time indicated by the arrowhead. D: Cells were pretreated for
5 min with 1 pM nifedipine and then resuspended in isosmotic
KRH containing 120 mM KCl and 1 pM nifedipine. Cells were
pretreated with water (—atro) or 10 uM atropine (+atro) prior to
the addition of 500 uM carbachol and 200 uM BaCly at the times
indicated. The fluorescence (F340 nm; arbitrary units) and time
(1 min) scales apply to traces in A through D: The traces shown
are representative of 6 independent experiments.

at approximately 2 x 10° cells/ml in the same buffer. All
measurements were carried out at 22°C. Differences in
baseline values of Fg4 reflect differences in the: (i) number
of cells in the cuvette, (ii) efficiency of fura-2 loading, and/or
(iii) spectrofluorometer settings. Maximal Ca®"- and Ba?*-
dependent fluorescence signals were typically 50-60% of
the maximal fura-2 fluorescence signal measured by lysing
the cells with 0.1% Triton X-100. Composite fluorescence
traces were constructed as described in the accompanying
paper (Ebihara, Guo, Zhang, Kim and Saffen, 2006).
Artifacts associated with the opening and closing of the
cover of the cuvette chamber were omitted from the traces.
Method 2 (Figs. 11 and 12): Transfected cells were grown in
12-well plates until 50-75% confluence. The attached cells
were then gently washed three-times with KRH, incubated
in KRH containing 2 pM fura-2-AM for 90 min to 3 h at
room temperature, and gently washed three-times with
nominally Ca®"-free KRH to remove extracellular fura-2-
AM and Ca?". Fura-2 fluorescence in single cells or small
clusters of cells was then measured at room temperature
as previously described (21) using an Argus-50/CA system
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Fig. 4. Carbachol activates the influx of extracellular Ba%
independently of the state of the intracellular Ca®" stores.
A—C: Fura-2 loaded PC12D cells in nominally Ca?*-free KRH were
pretreated with 50 M tubocurarine and 1 pM nifedipine. A: Intra-
cellular Ca®" stores were depleted with 100 nM thapsigargin
(+thap) or treated with vehicle (DMSO; — thap) prior to addition
of 200 uM BaCl,. B: Cells were pretreated with water (+carb) or
10 pM atropine (—carb) prior to addition of 100 nM thapsigargin
and 500 uM carbachol and 200 uM BaCl, at the times indicated by
the arrowheads. C: Cells were treated with 100 nM thapsigargin,
and 500 uM carbachol and 200 M BaCly at the times indicated.
The fluorescence (Fs40 nm; arbitrary units) and time (1 min) scales
apply to A through C. These results are representative of 6
independent experiments.

(Hamamatsu Photonics) in combination with an Olympus
IMT-2 upright microscope. Calculations of fluorescence
data were performed using Excel (Microsoft, Inc.) and
graphs were prepared using Kaleidagraph™ (Abelbeck
Software). Maximal Ca2*- and Ba®*-dependent fluorescence
signals were approximately 60% of the maximal fura-2
fluorescence signal measured by adding 1 uM ionomycin.

RESULTS

Activation of mAChRs Stimulates the Influx of
Extracellular Ba®" via Channels That Are Distinct from
the Nicotine Acetylcholine Receptor, Voltage-Gated Ca’*
Channels, and the Na*/ Ca®* Exchanger—Figure 1A shows
that addition of carbachol to PC12D cells in nominally
Ca?"-free KRH induces the rapid release of Ca®* from
internal stores and stimulates a robust influx of extracel-
lular Ba?". This Ba?* influx is dependent upon the activa-
tion of mAChRs, since it is blocked by atropine, but not by
50 uM tubocurarine. Figure 1B shows that blocking
mAChRs with atropine shortly after the addition of Ba%*
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Fig. 5. Carbachol does not increase the influx of Mn?* into
PC12D cells pretreated with thapsigargin. Top two traces:
PC12D cells in nominally Ca®-free KRH were pretreated with
50 uM tubocurarine and 1 uM nifedipine prior to addition of
5 uM MnCl,. A: Cells were exposed to 0.1% DMSO (- thap) or
100 nM thapsigargin (+ thap) at the times indicted by the arrow-
heads. Bottom trace: cells were pretreated with 100 nM thapsigar-
gin prior to addition of 500 pM carbachol at the indicated times.
The fluorescence (F3g9 nm; arbitrary units) and time (1 min) scales
apply to all the traces in the figure. The position of the top two
traces is offset in the upward direction for clarity. (The starting
position of all the traces was the same in the actual data.) These
results are representative of 3 independent experiments.

results in an immediate decrease in the rate of Ba®" influx.
This rapid inhibition of Ba2* influx contrasts sharply with
the effect of atropine on Mn2* influx through SOCCs, where
inhibition is observed only after a lag of 60 to 90 s (Ebihara,
Guo, Zhang, Kim and Saffen, 2006).

Because voltage-regulated Ca?" channels (VRCCs) are
permeable to Ba%', we examined whether carbachol-
stimulated Ba?* influx is affected by VRCC blockers.
Undifferentiated PC12 cells express primarily L-type
Ca?" channels (25, 26), and only a small number of
N-type (26) and P/Q-type (27) Ca®" channels. Figure 2A
shows that Ba®" influx induced by membrane depolariza-
tion with 60 mM KCI is largely blocked by pretreating
PC12D cells with nifedipine, an inhibitor of L-type CaZ*
channels. Figure 2B shows that pretreating PC12D cells
with nifedipine, or nifedipine plus ®-conotoxin and
o-agatoxin (which block N-type and P/Q-type Ca%* chan-
nels, respectively) has little effect on carbachol-stimulated
Ba?" influx. To make sure that carbachol stimulates Ba?"
influx through non-VRCCs, we examined the ability of
carbachol to stimulate Ba®" influx in PC12D cells under
even more highly depolarizing conditions. Figure 2C shows
that Ba?" influx stimulated by resuspending PC12D cells
in KRH containing 120 mM KCI in place of NaCl can be
largely blocked by pretreating the cells with 1 uM nifedi-
pine. Figure 2D shows that addition of carbachol to PC12D
cells pretreated with nifedipine and resuspended in KRH
containing 120 mM KCl still stimulates Ba?* influx.
Results similar to those depicted in Fig. 2 were obtained
with 2 and 10 pM nifedipine and 10 and 20 uM verapamil
(D. Saffen, unpublished observations). Together, these
results show that mAChR-stimulated Ba®* influx occurs
via channels that are distinct from L-, N- or P/Q-type
VGCC.
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Fig. 6. Carbachol stimulates the release of Ca?* from inter-
nal stores and Ba®" influx with similar potencies; release of
Ca" from internal stores and Ba?' influx are blocked by
inhibition of PLC. A-C: PC12D cells in nominally Ca%*-free
KRH were pretreated with 50 pM tubocurarine and 1 pM nifedi-
pine. A: PC12D cells were exposed to the indicated concentrations
of carbachol (0-500 M) prior to addition of carbachol and 200 M
BaCl, at the times indicated by the arrows. B: PC12D cells were
pretreated with 0.1% dimethylsulfoxide (-U73122) or the indicated
concentrations of U73122 (0-10 uM) 4 min prior to addition of
500 pM carabachol and 200 uM BaCl2. C: PC12D cells were pre-
treated with 0.1% dimethylsulfoxide (-U73122) or 10 pM U73122
4 min prior to addition of 100 nM thapsigargin, 200 uM BaCl,
and 500 uM carabachol and at the indicated times. Each of the
results shown is representative of 2 independent experiments.

Another potential pathway for Ba%* entry into cell is
through the Na*/Ca2* exchanger, which normally functions
to expel Ca?" from the cell by exchanging extracellular
Na* for intracellular Ca?*, but which can also function
in reverse (28, 29). Ba?* can enter the cell via this exchan-
ger and once inside cannot be expelled, resulting in Ba®*
accumulation (30, 31). Since Ba®" influx through the Na'/
Ca?" exchanger is increased at low concentrations of extra-
cellular Na* (30, 31), we examined the possible involve-
ment of this pathway in mAChR-stimulated Ba?" influx
by comparing carbachol-stimulated Ba?* influx in standard
KRH and KRH containing 125 mM N-methyl-glutamine in
place of NaCl. As shown in Fig. 3, carbachol-stimulated
Ba2" influx was unaffected by the removal of Na*, suggest-
ing that the Na*/Ca®" exchanger does not contribute sig-
nificantly to this influx.

Carbachol-Stimulated Ba®* Influx Is Mediated by
Channels That Are Regulated Independently of
the Intracellular Ca®" Stores—The fact that carbachol-
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Fig. 7. Carbachol-stimulated Ba®" influx is rapidly blocked.
Top four traces: PC12D cells in nominally Ca®*"-free KRH were
pretreated with 50 pM tubocurarine and 1 pM nifedipine and
stimulated with 500 pM carbachol prior to the addition of the
indicated concentrations of BaCl,. For clarity, only one CaZ"
release trace is shown and all additional traces were aligned at
the times of BaCl, addition. Bottom trace (+atro): 10 uM atropine
was added prior to stimulation with 500 pM carbachol and addition
of 200 uM BaCl,. The traces shown are representative of
2 independent experiments.

stimulated Ba?" influx is immediately blocked by atropine
raised the possibility that Ba®" enters the cell via channels
that are distinct from the SOCCs described in the accom-
panying paper. To determine if Ba?' is influenced by the
state of the intracellular stores, we examined the effects of
thapsigargin on Ba?' influx. Figure 4A shows that
depletion of intracellular stores with thapsigargin causes
only a small increase in Ba®" influx. Figure 4B and C show
that pretreatment of PC12D cells with thapsigargin does
not occlude the stimulation of Ba®" influx by carbachol
and that the rate and extent of carbachol-stimulated
Ba®" influx are much greater than that for Ba?' influx
stimulated by thapsigargin.

In the accompanying paper (Ebihara, Guo, Zhang, Kim
and Saffen, 2006), we show that carbachol and thapsigar-
gin stimulate the influx of Mn?" to the same extent, and
that treating cells with carbachol and thapsigargin
together did not further increase the rate of Mn?" entry.
Because those experiments were carried out with PC12D
cells in standard KRH, containing 2 mM CaCl,, we exam-
ined whether carbachol also increases the rate of Mn*"
influx in nominally Ca®'-free KRH, i.e., under the same
conditions used to measure Ba®" influx. Figure 5 (top
traces) shows that exposure to thapsigargin causes an
increase of Mn?" influx. The onset of this increase occurs
approximately 60 s after the addition of thapsigargin,
a delay that correlates with thapsigargin-induced empty-
ing of intracellular Ca®" stores. (See Fig. 4 for time course
for thapsigargin-induced depletion of intracellular CaZ"
stores.) The observed lag in thapsigargin-stimulated
Mn?* entry suggests that the Mn®"-permeable channels are
activated only after Ca®" stores become significantly
depleted. Figure 5 (bottom trace) shows that pretreating
cells with thapsigargin also causes an increased rate of
Mn2" entry, but that this rate is not further increased
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Fig. 8. Ca® dose-dependently blocks Ba?" influx stimulated
by carbachol Ca®". A and B: Fura-2 fluorescence was measured at
an excitation wavelength (L) of 340 nm. A: PC12D cells in nom-
inally Ca®"-free KRH were pretreated with 50 pM tubocurarine
and 1 pM nifedipine prior to addition of 400 nM thapsigargin,
500 uM carbachol and 200 pM BaCls, (top trace), 200 uM CaCl,
(bottom trace). Extracellular Ba?" and Ca®" were chelated by
adding 3 mM EGTA at the times indicated by the arrowheads.
B: PC12D cells were pretreated with tubocurarine, nifedipine,
thapsigargin and carbachol as in (A) prior the addition of
200 uM BaCl; plus the indicated concentrations of CaCly. C: Top
five traces: PC12D cells were treated as in (B), except that
Aex = 360 nm. Bottom trace: cells were pretreated with atropine
prior to addition of 500 uM carbachol and addition of 200 pM BaCl,.
The time (1 min) scale applies to A through C. The traces shown
are representative of 2 independent experiments.
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by the addition of carbachol. Thus, under the same condi-
tions carbachol stimulates the robust influx of Ba?*, but not
Mn?*. (Compare the trace in Fig. 4C and the lower trace
in Fig. 5.) Together these results suggest that carbachol-
stimulated Ba?" influx is mediated by channels distinct
from the Mn?"-permeable SOCCs that are activated by
thapsigargin.

Ba* Influx Is Linked to the Activation of M1 mAChRs—
We previously showed that PC12D cells express mRNAs
for both M1 and M4 subtypes of muscarinic receptors,
but that M1 subtype alone mediates the induction of
immediate-early zif268 (egr-1) gene by carbachol (24).
M1 mAChRs couple to pertussis toxin-insensitive Gg/11
to activate PLC-B, and M4 mAChRs couple to pertussis
toxin-sensitive Gi to inhibit adenylate cyclase (32). To
gain insight into which of these mAChR subtypes are
important for carbachol-stimulated Ba?* influx, we exam-
ined the effect of increasing carbachol concentrations on
Ba?" influx. Figure 6A shows that both the rate and extent
of Ba?" influx increase with increasing concentrations of
carbachol. Inspection of the family of curves in Fig. 6A
shows that carbachol stimulates the influx of Ba* and
the release of Ca®" from internal stores with roughly the
same potency. Figure 6B shows that both carbachol-
stimulated release of Ca®" from intracellular stores and
Ba®" influx are blocked by increasing concentrations of
U73122, a PLC-B inhibitor (33, 34). Figure 6C shows
that U73122 also blocks carbachol-stimulated Ba®" influx
in cells pretreated with thapsigargin to deplete intra-
cellular Ca®" stores. Taken together, these data indicate
that carbachol-stimulated Ba®" requires the activation of
M1 mAChRs and PLC-B.

Ba® Influx Is Only Transiently Stimulated by
Carbachol—Because Ba®" cannot be expelled from the
cells, it would be expected to accumulate to the same extent
regardless of its rate of entry, as long as the channels
remain open. The fact that accumulation of Ba®" inside
the cell increased with increasing concentrations of
carbachol suggests, therefore, that entry is blocked shortly
after stimulation of mAChRs. Data presented in Fig. 2 in
our accompanying paper suggests that mAChRs remain
active for at least 10 min in the continued presence of
carbachol (Ebihara, Guo, Zhang, Kim and Saffen, 2006).

Fig. 9. Carbachol-stimulated Ba**
influx is blocked by the Ca?"
Y channel inhibitor SKF-39365.
PC12D cells in nominally Ca?'-free
'| KRH were pretreated with the indi-
. cated concentrations of SKF-96365
I\ prior to addition of 500 uM carbachol
and 200 puM BaCl, at the times
indicated by the arrows. Cells in
the lower right panel were pretreated
with SKF-96365 and 2 uM atropine
prior to adding 200 pM BaCl,.
The fluorescence (F'340nm; arbitrary
units) and time (1 min) scales apply
to all the traces. The results shown
are representative of 3 independent
experiments.
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Fig. 10. Activation of PKC inhibits carbachol-stimulated
Ba?" influx. A: PC12D cells in nominally Ca®"-free KRH were
pretreated with 0.1% ethanol (-PMA) or 100 nM PMA prior
to addition of 500 pM carbachol and 200 uM BaCl; at the times
indicated by the arrows. B: Cells were pretreated with 2 uM
GF109203X (traces 1 and 2) or 0.1% DMSO (trace 3) for five
min prior to addition of 100 nM PMA (traces 2 and 3), 500 pM
carbachol and 200 M BaCl; at the times indicated by the arrows.
The fluorescence (F349 nm; arbitrary units) and time (1 min)
scales apply to A and B. The results shown are representative
of 5 independent experiments.

Thus, the fact that Ba?* does not accumulate to the same
extent at each concentration of carbachol suggests that
the BaZ*-permeable channels become inhibited shortly
after the addition of carbachol. Consistent with this
idea, Fig. 7 shows that not only the rate of Ba?* influx,
but also maximal levels of Ba®" accumulation increase
with increasing concentrations of extracellular Ba?*. The
observation that Ba?* accumulations reach a plateau
within 1-2 min after the addition of Ba®" to the medium
suggests that the Ba®* channels become blocked within this
period of time.

Carbachol-Stimulated Ba®* Influx Is Blocked by
Extracellular Ca®*—While investigating the properties of
the carbachol-stimulated Ba2" influx, we noticed that the
influx of Ba?* is inhibited by extracellular Ca?*. Figure 8
shows the effect of increasing concentrations of extra-
cellular Ca®" on carbachol-stimulated Ba®" influx. In these
experiments we pretreated the cells with thapsigargin to
irreversibly deplete intracellular stores, stimulated the
cells with carbachol, and then added BaCls and CaCl, at
different concentrations. Ba** accumulation was assessed
by chelating extracellular Ba?* and Ca?* with EGTA. Since
Ba?* that enters the cell remains trapped inside the
cell, addition of EGTA does not cause a large decrease in
intracellular fura-2 fluorescence (Fig. 8A, top trace). Small
decreases in fluorescence are the result of removal of
Ba®" from extracellular fura-2 that leaked from the cells.

By contrast, Ca®-dependent intracellular fura-2
fluorescence depends upon the relative rates of Ca?* influx
and efflux. Chelation of extracellular Ca%* causes a rapid
decrease in intracellular fura-2 fluorescence, since Ca2*
expelled from the cells cannot be replaced (Fig. 8A, bottom
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Fig. 11. Carbachol-stimulated Ba?" influx is blocked in
PC12D cells expressing TRP6 antisense RNA or the TRP6
N-terminal cytoplasmic domain. Changes in intracellular
fluorescence in fura-2 loaded PC12D cells were measured using
the Argus-50 Ca?* imaging system (Hamamatsu) as described in
“MATERIALS AND METHODS.” Cells were transfected with the GFP
expression vector pEGFP-N2 and the empty expression vector
pEF-BOS-SK (A), or the TRPC6A antisense RNA expression vector
pEF-BOS-SK-TRPC6A-antisense (B), or the TRP6B N-terminal
domain expression vector pEGFP-N2-TRP6B-N (C) two days
prior to carrying out the experiments shown. Cells in nominally
Ca?"-free KRH were exposed to 500 uM carbachol and 200 pM
BaCl, at the times indicated by the arrowheads. The traces
shown are averages obtained by imaging EGFP-expressing 6 single
cells or cell clusters (24 cells) and are representative of 3 inde-
pendent experiments.

trace). When Ba?" and Ca®" are taken up together, addition
of EGTA causes intracellular fura-2 fluorescence to drop
to levels that lie between the levels obtained with Ba®*
alone or Ca®" alone (Fig. 8A, middle trace). Thus, the
EGTA-resistance component of the fluorescence signal is
proportional to the amount of Ba®" that enters the cell.

Figure 8B shows that increasing concentrations of Ca
reduce the EGTA-resistant component of intracellular

2+
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Fig. 12. Expression of TRP6 N-terminal cytoplasmic domain
blocks activation of Ba®>" by DAG analogue OAG. Changes in
intracellular fura-2 fluorescence were measured as described in the
legend to Fig. 11. Cells transfected with pEGFP-N2 and pEF-BOS-
SK (A and B) or pEGFP-N2-TRP6B-N (C) in nominally Ca®"-free
KRH were exposed to 500 uM carbachol, 100 uM OAG and 200 uM
BaCly at the times indicated by the arrowheads. The results shown
are representative of 3 independent experiments.

fura-2 fluorescence. The Ba®"-component of influx can be
selectively visualized by using 360 nm light to excite fura-
2. Fura-2 fluorescence does not change with changes in free
Ca®" concentrations at this wavelength [the isosbestic
wavelength for Ca®*; (35)], but does exhibit Ba®>*-dependent
changes in fluorescence. Figure 8C shows the results of
an independent experiment in which PC12D cells were
treated as in Fig. 8B, but excited with 360 nm light to
selectively visualize Ba®"-dependent changes in intra-
cellular fura-2 fluorescence. This experiment also shows
that extracellular Ca®" blocks the entry of Ba?' in a
dose-dependent manner.

Carbachol-Stimulated Ba®" Influx Is Blocked by the
Ca®" Channel Blocker SKF-96365—To obtain evidence
that Ba?"-dependent increases in intracellular fura-2
fluorescence are due to the influx of Ba®" through a Ca®"

L. Zhang et al.

channel, we examined the effects of several known
Ca?" channel inhibitors. Figure 9 shows that carbachol-
stimulated Ba®" influx is blocked by low concentrations
of SKF-96365, an inhibitor of non-voltage gated calcium
channels (36). Carbachol-stimulated Ba*" influx is also
inhibited by 100 uM LaCl;, a known Ca®" channel blocker
(Guo and Saffen, unpublished observations).

Activation of PKC Inhibits Carbachol-Stimulated Ba®*
Influx—While screening various compounds for the ability
to block carbachol-stimulated Ba®" influx, we noticed
that the influx was potently inhibited by phorbol esters.
Figure 10A shows that pretreatment of PC12D cells with
100 nM PMA dramatically blocks the stimulation of Ba**
influx by carbachol, without affecting the release of Ca?"
from intracellular stores. This inhibition is completely
blocked by pretreatment with the PKC inhibitor GF
109203X, indicating that inhibition of Ba?* influx is caused
by the activation of PKC. By contrast, pretreatment
of PC12D cells with 100 nM PMA had no effect on
thapsigargin-stimulated Mn?* entry, indicating that phor-
bol esters do not block activation of SOCCs (Guo and
Saffen, unpublished observations). Also, pretreatment of
PC12D cells with 100 nM PMA for 5 min caused only a
small change in carbachol-induced Ca®" influx (Guo and
Saffen, unpublished observation). This result suggests that
Ba?" permeable channels make only a small contribution to
carbachol-stimulated Ca®" influx in these cells.

Carbachol-Stimulated Ba®* Influx Is Blocked by
Expression of Rat TRPC6A Antisense RNA or TRPC6 N-
Terminal Peptide—RT-PCR analysis showed that PC12D
cells express mRNAs for TRPC1, C3, C6 and C7 [TRPC2,
C4 and C5 were not detected; Kim and Saffen, unpublished
observations. By contrast, Tesfai and coworkers detected
mRNA encoding TRPC1 through -C6 in PC12 cells by
RT-PCR (37)]. Because TRPC6 exogenously expressed in
HEK293 (20) and COS7 (21) cells was previously reported
to be activated by mAChRs independently of the intracel-
lular Ca®" stores, we decided to investigate whether this
Ca?" channel contributed to carbachol-stimulated Ba?*
influx in PC12D cells. For this purpose, we transfected
PC12D cells with expression vectors encoding: (i) the
full-length anti-sense RNA for the TRPC6A isoform (in
combination with an expression vector for green fluores-
cent protein (GFP) to allow identification of the transfected
cells) or (ii) the N-terminal domain (amino acids 1-300) of
the TRPC6B isoform fused to GFP. We have previously
shown that transfection of COS7 cells with the TRPC6A
antisense expression vector blocks exogenous expression of
TRPC6 (21). Expression of TRPC6 antisense RNA or the
N-terminal domain was also shown to block TRPC6-
mediated Ba®" influx in these cells (21). Figure 11 shows
that two days after transfection, carbachol-stimulated Ba?*
influx (Fig. 11A) is completely blocked in PC12D cells
expressing full-length TRPC6 antisense RNA expression
vector (Fig. 11B) or the TRPC6 N-terminal domain
expression vector (Fig. 11C). By contrast, cells transfected
with TRPC6 antisense or N-terminal domain expression
vectors showed little change in carbachol-stimulated Ca**
influx (Zhang and Saffen, unpublished observations),
suggesting that their inhibitor effects are specific for the
Ba?"-permeable channel.

Ba®" Influx Activated by DAG Analog OAG Is Blocked
by Expression of the TRPC6 N-Terminal Peptide—As
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Fig. 13. Model depicting two pathways for M1 mAChR-
regulated Ca® influx in PC12D cells. In addition to the
store-operated calcium channel (SOCC) pathway described in
the accompanying paper (Ebihara et al., 2005), stimulation of
M1 mAChRs in PC12D cells with carbachol activates TRPC6 cal-
cium channels. These channels are not activated by depletion of ER
Ca?* stores, but may be activated by DAG (on a time-scale of sec-
onds). DAG also activates PKC, which inhibits the TRPC6 chan-
nels (on a time scale of minutes). The SOCCs are permeable to Ca®"
and Mn?* and the TRPC6 channels are permeable to Ca%* and Ba®*
(in the presence of low concentrations of extracellular Ca®").

mentioned above, TRPC6 channels can be activated by
analogs of DAG (23). Figure 12B shows that exposure of
PC12D cells to 100 pM OAG stimulates Ba?" influx in the
absence of detectable release of Ca®* from internal stores.
Figure 13C shows that this influx is completely blocked in
PC12D cells expressing the TRPC6 N-terminal domain.
Together, these results show that OAG-stimulated Ba?*
influx requires the expression of endogenous TRPC6
channels in PC12D cells.

DISCUSSION

In this paper we show that mAChRs in PC12D cells acti-
vate the influx of extracellular Ba®" via a pathway that
is distinct from the store-operated Ca®" channel (SOCC)-
dependent pathway described in the accompanying paper).
A model incorporating the findings of both of these studies
is depicted in Fig. 13.

The existence of additional mAChR-activated Ca®"
channels in PC12D cells was surprising, since our previous
experiments suggested that most if not all of the carbachol-
stimulated Ca®" influx could be accounted for by SOCCs.
In retrospect, this apparent discrepancy may be explained
by the fact that the Ba®"-permeable Ca®" channels
make only a small contribution to mAChR-regulated
Ca®" influx. Ba®" influx produces a robust increase in
intracellular fura-2 fluorescence (Fig. 1A), because Ba®"
that enters the cell becomes trapped there. By contrast,
Ca®"-dependent increases in intracellular fura-2 fluore-
scence reflect the balance between Ca®" influx and efflux.
Thus, small increases in Ba®' influx can produce large
increases in intracellular fura-2 fluorescence, while com-
paratively larger increases in Ca?" influx (relative to efflux)
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are required to produce increases in fura-2 fluorescence.
Also, as described below, the transient time course of
mAChR-stimulated Ba®"-influx suggests that the Ba®'-
permeable channels make a contribution to mAChR-
stimulated Ca®" influx only during the first 1-2 min
following exposure to carbachol. These characteristics of
the Ba?"-permeable channels, i.e., relatively small num-
bers and transient activation, explain why these channels
make little or no contribution to the plateau phase of
mAChR-stimulated Ca 2" influx in PC12D cells.

The first indication that Ba®" enters the cells via a
channel distinct from those mediating the majority of car-
bachol or thapsigargin-stimulated Ca?* influx was the
observation that blocking mAChR receptors with atropine
immediately slowed the entry of Ba®" into the cell (Fig. 1B).
By contrast, store-operated Ca®" channels begin to close
only after a lag of 60 to 90 s, the time required for the
Ca®" stores to refill. The fact that carbachol-stimulated
Ba®" influx was not affected by inhibitors of the nicotinic
acetylcholine receptor or voltage-regulated Ca®" channel
blockers (Fig. 2B), by a perturbation that affects the
Na*/Ca?" transporter (Fig. 3), or by emptying of the intra-
cellular Ca®" stores with thapsigargin (Fig. 4) suggested
that Ba®" enters that cells via a novel pathway. The
remaining experiments in the paper were designed to char-
acterize this influx pathway and identify the responsible
channels.

The observation that carbachol does not increase the
rate of Mn?" influx in thapsigargin- treated cells (Fig. 5),
under the same conditions where Ba®" influx is robustly
stimulated (Fig. 4C), suggests that the Ba"-permeable
(i.e., TRPC6) channels are not permeable to Mn?". This
conclusion is in apparent disagreement with the results
of Hofmann and coworkers, who used measurements of
quenching of fura-2 fluorescence to show that DAG and
OAG stimulate Mn?* influx through human TRPC6 chan-
nels exogenously expressed in CHO-K1 cells (23). Tesfai
and coworkers used the same method to show that that
OAG stimulates Mn?" influx in PC12 cells (37). By contrast,
we do not observe the stimulation of Mn?* influx by OAG
in PC12D cells under our experimental conditions (Saffen,
unpublished observations). This observation suggests that
the properties of TRPC6 subtype-containing channels
may differ between cell types, even between PC12D and
the parental PC12 cells. PC12 sublines have previously
been reported to be highly heterogeneous with respect to
calcium influx pathways (38).

Examination of the dose-response relationship for
carbachol-stimulated Ba®" influx shows that there is a
good correlation with release of Ca®" from intracellular
stores (Fig. 6A), even though Ca®" release itself does not
stimulate Ba®" influx (Fig. 4). The estimated ECj, for
carbachol-stimulation of Ba®" (5 pM) is identical to the
EC5 for carbachol-stimulation of IP3 release (24), suggest-
ing that Ba®" influx depends upon the activation of M1
mAChRs. The observation that both release of Ca®" from
internal stores (Fig. 6B) and Ba?" influx (Fig. 6, B and C)
are blocked by the PLC inhibitor U73122 is consistent
with the involvement of Ggi-coupled M1 mAChRs in
the activation of the Ba?*-permeable channels. Also con-
sistent with the involvement of M1 mAChRs, pretreatment
of the cells with pertussis toxin (18 h, 100 ng/ml) had
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no effect on Ba?" influx (Guo and Saffen, unpublished
observations).

An examination of the dependence of the rate and extent
of Ba?" influx as a function of extracellular Ba?" concen-
tration showed that Ba®" accumulation increases with
increasing concentrations of extracellular Ba*" (Fig. 7).
These results can be explained if the Ba?*-permeable chan-
nels are, collectively, only transiently activated following
stimulation of mAChRs. If the channels remained active
for a longer period, it would be expected that different
extracellular concentrations of Ba?' would yield the
same level of intracellular Ba?", albeit with differing
rates of accumulation. The fact that these channels appar-
ently remain open for only 1 to 2 min following exposure
carbachol explains why they do not significantly contribute
to the extended plateau phase of intracellular Ca®"
increases.

The experiment depicted in Fig. 8 shows that Ba®" influx
is inhibited by extracellular Ca®". This suggests that the
Ba?"-permeable channel becomes a Ca®"-specific channel
in the presence of Ca®'. Similar properties have been
previously described for other Ca®' channels, including
L-type voltage-gated Ca®" channels, which become
non-selective cation channels in the absence of extracellu-
lar Ca®" (39, 40).

To find a method for pharmacologically distinguishing
the Ba®"-permeable channels from the SOCCs, we screened
a variety of known Ca®" channel blockers and agents
known to affect Ca®" channels. These studies showed
that the Ba®" permeable channel is blocked at relatively
low concentrations of the Ca®" channel inhibitor SK-39365
(Fig. 9). Interestingly, this inhibitor also blocks the
background influx of Ba®" in cells not treated with carba-
chol (Fig. 9, last set of traces). This background Ba®" influx
is also observed in cells pretreated with atropine (Figs. 1
and 2), suggesting that Ba®"-permeable channels can be
activated by pathways not involving mAChR or are con-
stitutively active at low levels. SK-39365 cannot be used
to selectively block Ba®" channels in PC12D cells, however,
since it also inhibits Ca®" influx through SOCCs at
similar concentrations (Guo and Saffen, unpublished
observations).

Among the agents we examined, phorbol ester most
clearly distinguished the Ba?"-permeable channels from
the SOCCs, completely blocking the former at low concen-
trations (Fig. 10), and having no effect on SOCCs (mea-
sured as thapsigargin-stimulated Mn?" influx; Guo and
Saffen, data not shown). While prolonged incubation
of PC12D cells with phorbol ester gradually uncouples
muscarinic receptors from PLC-B (Ebihara and Saffen,
unpublished observations), this was not observed at the
low concentration of phorbol ester and short incubation
times used in this study, since there was no apparent
loss in carbachol-stimulated release of Ca®" from intra-
cellular stores (Fig. 10). Pretreatment of PC12D cells for
short periods of time with phorbol ester did not decrease
carbachol-stimulated Ca®" influx (Guo and Saffen, unpub-
lished observations), consistent with the previous conclu-
sion that the Ba®"-permeable channels make only a small
contribution to carbachol-stimulated Ca®" influx under the
experimental conditions used. The fact that inhibition
of carbachol-stimulated Ba?' influx by phorbol ester is
blocked by low concentrations of GF109203X (Fig. 10,
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bottom traces) implies that this inhibition is mediated
by PKC.

It should be noted that pretreatment of PC12D cells
with GF109203X does not increase mAChR-stimulated
Ba®" accumulation. This result suggests that the
Ba?"-permeable channels are also inhibited by PKC-
independent mechanisms. One possibility, which remains
to be investigated, is that the channels are blocked by
increases in intracellular Ca®" (or Ba?"). Instead of playing
a role in the regulation of Ba®"-channels in response to
isolated mAChR activations, PKC could function to pre-
vent closely spaced activations of the channel. In this
way, phosphorylation by PKC may confer on the channels
a “memory” of previous activations.

The results of the antisense and dominant-interfering
experiments shown in Figs. 11 and 12 provide evidence
that expression of TRPC6 is required for M1 mAChR-
and OAG-stimulated Ba*" influx in PC12D cells. As
noted above, PC12D cells also express mRNAs for
TRPC1, TRPC3 and TRPC7. The possible contributions
of these channels to mAChR- and OAG-stimulated Ba®"
influx remains to be investigated. TRPC3 and TRPC7
are of particular interest, since they have previously
been reported to form heterotetrameric receptors with
TRPC6 (41, 42). Determining the molecular composition
of the endogenous Ba®*-permeable channels in PC12D
cells is an important goal for future studies.

The data reported in this and the accompanying paper
(Ebihara, Guo, Zhang, Kim and Saffen, 2006) confirm and
extend several of the observations of an earlier study,
which provided evidence for two independently regulated
pathways for Ca®>" influx in PC12 cells (38). Our results
are also consistent with a recent study by Tesfai and
coworkers, which showed that OAG stimulates Ca?" influx
in PC12 cells and that this influx correlates with the
expression of TRPC6 protein (37). Unlike our study, how-
ever, these authors detected mRNAs for TRPC1-6 (TRPC7
mRNA was not assayed) and found that the OAG stimu-
lated the influx of Mn?*. It is unclear whether the OAG-
activated channels described in that paper are distinct
from the channels described in the present study. PC12
cell sublines have previously been shown to be hetero-
geneous with respect to mAChR-stimulated Ca®" (38),
and it is likely that differences in TRPC gene expression
and apparent channel permeabilities reflect inter-cell line
differences.

In summary, the experiments in this study reveal the
presence of a mAChR-regulated Ba®" influx pathway in
PC12D cells that is distinct from the store-operated Ca®"
influx pathway described in the accompanying paper.
These two pathways are mediated by distinct channels
that differ in their mechanisms of activation, ion perme-
abilities, duration of activation and regulation by
PKC. While the molecular identity of the SOCCs in
PC12D cells is unknown, our data suggests that the
Ba®"-permeable channels depend upon the expression of
TRPC6. An interesting aspect of our model is that these
channels may be under dual, and opposing, regulation by
DAG: DAG may directly activate the channels on a time
scale measured in seconds, but inactivate the channels
(via activation of PKC) on a time scale measured in
minutes (Fig 13, “fast” and “slow” pathways). A similar
bimodal regulation by DAG has been proposed for
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TRPC3 channels exogenously expressed in HEK293 cells,
which are also transiently activated following stimulation
of mAChRs (43). A recent study by Trebak and coworkers
(44) demonstrated that TRPC3 is phosphorylated by PKC
on serine’'?, and that this phosphorylation inhibits the
activation of the channels. We have recently established
that TRPC6 is phosphorylated on the homologous serine
residue in TRPC6 (45).

Under the experimental conditions used in this study,
the SOCCs in PC12D cells make a large and sustained
contribution to carbachol-stimulated influx, while the con-
tribution of the TRPC6 channels is small and transient.
Saturation of cells with carbachol, however, is probably not
representative of physiological cholinergic innervations,
which are likely to be spatially restricted to specific
small regions of dendrites or cell soma. One can speculate
that there are situations where mAChRs may activate Ca®*
influx via TRPC6 channels independently of the emptying
of the intracellular Ca®" stores. The magnitude of the
response would be expected to increase with increasing
local concentrations of the TRPC6 channels. Transiently
activated TRPC6 channels may have physiological func-
tions that are distinct from the SOCCs, which undergo a
sustained activation following activation of mAChRs. A
recent study by Delmas and colleagues (46) showed that
M1 mAChRs in sympathetic neurons activate exogenously
expressed TRPC6 channels, but do not stimulate IP3
receptor-mediated release of Ca®' from internal stores.
Thus, depending upon the cell type, activation of non-
SOCCs may represent a major pathway for M1 mAChR-
stimulated Ca®" influx. TRPC6 channels have been shown
to be expressed in the developing and adult brain (47),
and TRPC6 mRNA is expressed at high levels in the
granule cells of the dentate gyrus (48), which also express
M1 mAChRs (49). Additional studies will be required to
elucidate the possible contributions of TRPC6 and store-
operated Ca®* channels to known functions of M1 mAChRs
in the brain, including memory, cognition and attention.
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