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Abstract. A nonselective cation channel activated by
intracellular Ca?™ was identified in inside-out mem-
brane patches taken from cultured rat atrial myo-
cytes. Ca** (0.01-1.00 mm) reversibly activated the
channel in a concentration-dependent manner. The
channel often showed a quick and irreversible run-
down within a few minutes after patch excision. The
I-V relationship of the channel was linear between
—100 and +100 mV. The single channel conductance
was 26.0 £ 0.5 pS and its open probability was
weakly voltage-dependent. lon-substitution experi-
ments showed that the channel was permeable to
monovalent cations (P,/Pc: Li™ (1.5) = K' (1.5)>
Na® (1.2) > Rb™ (1.1) > Cs* (1.0)) but not to CI~

(Pai/Pcs < 0.01) and Ca®?*  (Pc,/Pcs =0.02 +
0.01).
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Introduction

Single Ca®’-activated nonselective (CAN) cation
channels were first described in rat cardiac ventricular
myocytes (Colquhoun et al., 1981). CAN channels
underlie the transient inward current that is required
for rhythmic activity in cardiac cells (Kass et al.,
1978; Colquhoun et al., 1981). Subsequently, such ion
channels were found in a variety of tissues, including
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neuronal and nonexcitable cells (Partridge & Swan-
dulla, 1988; Siemen, 1993; Thorn & Petersen, 1993).
Despite their wide distribution, the molecular iden-
tities of these channels, as well as their exact physi-
ological functions, are largely unknown.

Recently, some CAN channels have been sug-
gested to belong to the transient receptor potential
(TRP) ion channel family (Petersen, 2002). The TRP
gene encoding a Ca?" -permeable cation channel was
originally identified in photoreceptors of Drosophila
melanogaster as an essential component of a light-
activated Ca’?™ channel (Hardie & Minke, 1993).
Twenty-two mammalian genes homologous to the
TRP gene have been identified (Harteneck, Plant &
Schultz, 2000; Clapham, Runnels & Striibing, 2001;
Vennekens et al., 2002). These mammalian TRP-re-
lated proteins are widely expressed in both nonex-
citable and neuronal cells (Montell, Birnbaumer &
Flockerzi, 2002). When expressed in heterologous
systems, they form ion channels varying signifi-
cantly in their ion selectivity and mode of activation.
TRP channels vary widely in their selectivity to
cations, from roughly 100-fold preference for Ca®*
over monovalent cations for TRPVS5 and TRPVS,
to monovalent cation selectivity for TRPM4b.
Although mammalian TRP channels have been
implicated in a diverse range of physiological
processes, their exact functional role is largely
unknown.

A member of the TRP channel family, TRPM4b,
had very similar biophysical properties to a Ca’" -
activated non-selective cation channel when it was
overexpressed in HEK-293 cells (Launay et al., 2002).
But TRP ion channel proteins expressed in cell lines
might behave quite differently in vitro than they do in
vivo due to their interactions with either other TRP
channels or regulatory proteins endogenous to these
heterologous expression systems. Thus, it is impor-
tant to characterize TRP ion channels in cells where
they function in vivo.
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Knowledge of ion selectivity profiles of CAN
channels will be crucial in determining their molecular
identities as well as their physiological role(s) in var-
1ous types of cells. In the experiments described here, 1
identified a Ca® " -activated nonselective cation chan-
nel in rat atrial myocytes. Its permeabilities were di-
rectly examined at the single-channel level using
excised inside-out patches. I also measured its single-
channel conductance, Ca®* - and voltage-dependence.

Materials and Methods

CELL IsoLATION AND CULTURE

Single atrial myocytes were isolated from the heart of neonatal rat
pups (P2; Sprague Dawley) using a neonatal cardiomyocyte isola-
tion kit (Cat# 31D4808; Worthington Biochemical, Lakewood,
NJ). Cells were plated on 35-mm culture dishes containing 5-mm
glass coverslips. Gelatin (0.1%) was used to coat coverslips. Me-
dium was changed 24 hours after plating. Myocytes were used for
experimentation within 1-4 days of culture. Coverslips containing
the cells were transferred to a control extracellular solution-filled
recording chamber.

ELECTROPHYSIOLOGICAL RECORDINGS

Inside-out patch recordings were made as described elsewhere
(Hamill et al., 1981). Patch pipettes were fabricated from borosil-
icate glass (BF150-86-10, Sutter Instruments) using a Flaming-
Brown micropipette puller (P-97, Sutter Instruments) and
fire-polished to a final tip diameter of less than 1 pm. Pipettes, filled
with the patch pipette solution (see below for composition), had
resistances of 6-10 MQ; they formed seals on myocyte plasma
membranes with resistances of 8-12 GQ. Single-channel currents
were recorded with an Axopatch 200A amplifier (Axon Instru-
ments, Foster City, CA) using a 16-bit data acquisition system
(Digidata 1320A, Axon Instruments) and pCLAMP 8.1.0 software
(Axon Instruments). Unless otherwise stated, the currents were
low-pass filtered at 1-2 kHz (-3 dB; 4-pole Bessel filter) and dig-
itized at 10-20 kHz. The recordings were referenced to an Ag-AgCl
wire electrode connected to the bath solution (see below for com-
position) through a 3 m KCl/agar bridge. All potentials were cor-
rected for the liquid junction potentials (Neher, 1992). All
experiments were carried out at room temperature (20-22°C).

DATA ANALYSIS

The current-voltage relation of single-channel currents was deter-
mined by applying voltage ramps (—100 to + 100 mV; 300 ms); the
resulting currents were digitized and analyzed using the segmented
averaging procedure (Heinemann, 1995; Zhainazarov et al., 1998).
The reversal potential for any given ionic condition was determined
as a point on the voltage axis where the open-channel current-
voltage curve intercepted the leakage current-voltage curve.

Unless noted otherwise, results are expressed as the sample
mean + SEM of n observations.

SOLUTIONS

The control extracellular solution contained (in mm): 135 NaCl, 5
KCl, 1.8 CaCl,, 1 MgCl,, 5 glucose, 10 HEPES, adjusted to pH 7.4
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with NaOH and ~275 mmol/kg osmolarity with glucose. The
standard internal solution (nominally Ca®” -free; no added Ca®")
used for the inside-out patch experiments contained (in mm): 140
CsCl, 1 MgCly, 10 HEPES, 5 glucose, adjusted to pH 7.4 with Tris
base and ~275 mmol/kg osmolarity with glucose. The desired free
calcium concentrations were achieved by adding an appropriate
amount of CaCl, and EGTA. Free calcium concentrations were
calculated with the use of Chelator software (Schoenmakers et al.,
1992). In some experiments, part of the CsCl in the standard in-
ternal solution was substituted with an equivalent concentration of
chloride salts of other alkali metal cations (NaCl, KCl, LiCl, and
RbC). In experiments performed to measure Ca®® permeation
through the channel, the internal solution used for the inside-out
patch recordings consisted of (in mm) 70 CaCl,, 40 glucose, and 10
HEPES, adjusted to pH 7.4 with Tris base and ~275 mmol/kg os-
molarity with glucose. In experiments performed to measure CI™
permeation through the channel, the internal solution contained (in
mm): 28 CsCl, 1 MgCly, 95 glucose, 10 HEPES, adjusted to pH 7.4
with Tris base and ~275 mmol/kg osmolarity with glucose. Unless
noted otherwise, patch pipettes were filled with ionic solution
containing (in mm): 140 CsCl, 1 MgCl,, 0.1 CaCl,, 10 HEPES, 5
glucose, adjusted to pH 7.4 with Tris base and ~275 mmol/kg
osmolarity with glucose.

All chemicals were purchased from Sigma except for RbCl and
glucose, which were obtained from Aldrich Chemical and Fisher
Scientific, respectively.

Results

SINGLE-CHANNEL CURRENTS ACTIVATED BY Ca’™ IN
INSIDE-OUT PATCHES FROM RAT ATRIAL MYOCYTES

Ca®" reversibly activated a channel in inside-out
patches excised from rat cultured atrial myocytes. An
example of Ca’ " -evoked unitary currents is illustrated
in Fig. 14, where 1 mm Ca®" was applied to the in-
tracellular side of inside-out patches. Such single-
channel activity occurred in about 7% of 402 patches
tested. Although the channel activity was seen at
[Ca’"]; as low as 10 pm, channel activation was
greatest at [Ca®"]; = 1 mm. The channel often showed
a quick and irreversible rundown within a few minutes
after patch excision and the first application of Ca®* . It
is likely that the irreversible inactivation of the channel
was due to washout or deterioration of crucial com-
ponents during excised patch recordings. Although
rundown prevented us from measuring the complete
relationship between the open probability (P,) and
[Ca®"];, the channel activity level was clearly depen-
dent on [Ca®" };. When [Ca?® " ]; was increased from 100
pMm to 1.8 mm, the open probability of the channel in-
creased from 0.33 + 0.11 (»n = 3) to 0.66 + 0.03
(n = 4) at —80 mV. In the presence of Ca%*, the
channel opened to a single level of —1.01 + 0.02
(n = 6)pAat—46mVand +1.35 £ 0.04(n = 3)pA
at +54 mV. The channel open probability clearly in-
creased when the membrane potential was changed
from negative to positive potentials (Fig. 1 B-D). For
example, the open probability increased from
033 £ 0.11 (n=3) at [Ca’"]; = 100 pm and
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Fig. 1. Ca>" reversibly activates a channel in an inside-out patch
from a cultured rat atrial myocyte. (4) Representative single-
channel records showing the effect of ] mm Ca®" at a membrane
potential of —60 mV. (B) Representative segments of the single-
channel current traces recorded at two different membrane po-

0.66 £ 0.03 (n=4) at [Ca’’]; =18 mm to
0.56 + 0.09 (n = 4) at [Ca’*], = 100 pm and
0.96 + 0.03 (n = 4) at [Ca**]; = 1.8 mm when the
membrane was depolarized from —80 to +60 mV.

CURRENT-VOLTAGE RELATIONSHIP OF THE CHANNEL

Figure 24 illustrates 60 superimposed current traces
from the same inside-out patch in response to a
voltage ramp from —100 to +100 mV (ramp
duration, 300 ms). The patch contained one Ca”"-
sensitive channel ([Ca’']; = 100 pm). The bath
and pipette solutions contained 140 mm CsCl. Figure
2B shows an example of both open channel
and leakage current-voltage curves obtained from
the voltage ramp data (Fig. 24) by using the seg-
mented averaging procedure. The single-channel
current reversed its sign at —1.3 £ 0.7 mV (n = 3;
Fig. 2B). The current-voltage relationship of the
channel was linear from —100 to +100 mV (Fig. 2C)
and its slope conductance was 26.0 £ 0.5 pS
(n = 4).

93
+40 mV
1s

< .

a

o 300 o

S

o 4

@

Q 200 o

=)

o 4

2

=

@ 100 +

c

[14] -1

>

wi

— 0_

L e e B L B B
-3 -2 -1 0 1
Amplitude, pA
tentials (upper trace, +40 mV; lower trace, —60 mV).

[Ca®"]); = 1 mm. C and D are examples of the amplitude histo-
grams of channel openings evoked by 1 mm Ca®" at +40 mV and
—60 mV, respectively. The recordings were low-pass filtered at 200
Hz (-3 dB).

IoN SELECTIVITY OF THE CHANNEL
Permeability to Cs* and CI~

Currents through single Ca®"-activated channels in
inside-out patches reversed near 0 mV in symmetrical
CsCl (140 mm) solution (Figs. 2B, 34). To examine
the permeability of the channel to Cs* and CI~, the
CsCl concentration bathing the intracellular face of
the patch was reduced by 80%. Under these ionic
conditions ([Cs™], = 140 mm; [Cs'} = 28 mm;
[CI7], = 142 mm; [Cl ] = 30 mm), the reversal po-
tential of the single channel shifted to positive po-
tentials (AE, = +42 £+ 2 mV; n = 3) (Fig. 34, B),
suggesting that the channel was substantially more
permeable to Cs™ than to Cl~. The permeability of
the CI™ relative to that of Cs* (Pcy/Pcs) was calcu-
lated from the shift of the reversal potential (AE,)
using the following equation (Hille, 2001)

Poy/Pe, = {[Cs"); exp(FAE;/RT)—[Cs"],}
J{ICI]; = [CI7], exp(FAE,/RT)}, (1
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Fig. 2. Current-voltage relation of the Ca®* -sensitive channel. (4)
Sixty superimposed single-channel current recordings (lower traces)
evoked by a voltage ramp (upper trace). Pipette, 140 mm CsCl.
Bath, standard internal solution; [Ca?];, 0.1 mm. The recording
was low-pass filtered at 1 kHz (-3 dB). (B) Relationships between
membrane potential and “open channel” () (leakage (c)) current
amplitude. The value of reversal potential (0.1 mV) for the channel

where F, R, and T have their usual meaning. Pcy/Pc
was less than 0.01, indicating that the channel was
highly cation-selective.

Permeability to Ca*”*

Permeation of Ca’*"' through the channel was mea-
sured when the intracellular face of the inside-out
patch was perfused with a solution containing 70 mm
CaCl, (patch pipette contained 140 mm CsCl). Under
these conditions, the single-channel current reversed
at very positive membrane potentials (Fig. 44, B).
Estimates of the reversal potential of the open
channel current (E,) and the permeability of the Ca®*
relative to Cs ™ (Pc./Pcs) were obtained by fitting the
open channel current-voltage curve with the follow-
ing equation (Fatt & Ginsborg, 1958) (Fig. 4C)

I=1Ic, + Ics. (2)

Ic, 1s a current component due to the movement
of Ca®* and given by
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current is a membrane potential where the “open channel” current-
voltage curve intercepts the leak current-voltage curve. Because of
the capacitive transients the /-V relationships are curved at the left
edge of the voltage ramp. (C) Current-voltage relationship of the
channel obtained by subtracting the leak current-voltage curve
from the open-channel current-voltage curve in B. Slope conduc-
tance was 29.9 pS between —100 and + 100 mV.

Ica= (4Pc, EF?/RT)[Ca*"], /{1 — exp(—2EF/RT)},
(3)

where E is the membrane potential. I is a current
component due to the movement of Cs ™ and given by

Ics = (PcsEF?/RT)[Cs™], exp(—EF/RT)
/{1 —exp(—EF/RT)}. (4)

The single-channel current reversed at +74 + 3
mV (n = 3) and the permeability ratio of the Ca’™
relative to Cs™ (Pca/Pcs) was 0.02 £ 0.01 (n = 3),
indicating that the channel is not substantially per-
meant to Ca®™.

Permeability to Alkali Metal Cations

To determine the ionic selectivity of the channel, we
perfused the intracellular face of the inside-out patch
with 140 mm of one of the following monovalent
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Fig. 3. Permeability of C1” through the channel. (4) Single-channel
current recordings evoked by a voltage ramp (top trace) in the
presence of either 142 mM (middle trace) or 32 mMm (bottom trace)
[CI7}. [Ca®*];, 1 mm. The recording was low-pass filtered at 1 kHz

cations: K, Na*, Li", Rb™, and Cs™. The patch
pipette contained 140 mm Cs*. Under these ionic
conditions, the reversal potential (E;) of the open-
channel current measured by applying voltage ramps
(=100 to +100 mV; 300 ms) was —10.5 £ 0.5 mV
(n=6)for K", =5.0 £ 0.1 mV (n = 3) for Na*,
—13+£07mV (n = 3) for Cs*, —3.1 £ 1.0 mV
(n = 3) for Rb", and —10.5 £ 0.6 mV (n = 6) for
Li* (Fig. 4D). The permeability of the test mono-
valent ion X" relative to that of Cs* (Px/Pc) was
calculated from the shift of the reversal potential
(AE,) by using the Goldman-Hodgkin-Katz “volt-
age” equation (Hille, 2001)

AE: = (RT/F)In{(Pcs[Cs"],)/ (Px[X™j)}, (5)

where [X *]; is the intracellular concentration of the
cation X ™. The permeability ratio sequence (Px/Pcs)
was Li" (1.5) =K' (1.5 > Na’ (1.2) > Rb*
(1.1) > Cs" (1.0), indicating that the channel is
fairly nonselective among alkali metal cations.
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(—3 dB). (B) Relationship (gray trace) between membrane potential
and single-channel current amplitude when [C17); was 32 mm. Pi-
pette, 140 mm Cl™. Black solid line, linear regression through data
points.

Discussion

In the present study, I have identified and charac-
terized a nonselective cation channel in primary cul-
tures of atrial myocytes obtained from neonatal rat
heart. The channel is specifically activated by intra-
cellular Ca?" in excised inside-out patches. Similar
Ca®"-activated nonselective cation channels have
previously been reported to occur in ventricular
myocytes of both neonatal {Colquhoun et al., 1981)
and adult rats (Guinamard et al., 2002), and adult
guinea pigs (Ehara et al., 1988). The channel from rat
atrial myocytes has a single-channel conductance of
26 pS, which is close to the value of conductance
reported for ventricular myocytes from adult rats
(26.5 pS; Guinamard et al., 2002). The channel con-
ductance was only 14.8 pS for ventricular myocytes
from guinea pigs (Ehara et al., 1988) and in the range
of 30-50 pS for ventricular myocytes from neonatal
rats (Colquhoun et al., 1981). All these channels are
relatively nonselective for Na* and K™ and highly



96

+100 mV

=100 mV

O
O

o
1

Single-channel current, pA

1
w
L

| BN B B B B B B B S B B BN SR S SRS e e |

-100 -50 0 50 100
Membrane potential, mV

A.B. Zhainazarov: Ca’®" -activated Nonselective Cation Channel

2 pA

-100 -50 0 50 100

Membrane potential, mV

0
+ c
K 0
Cc
Rb'
0
Cs+ &
0
Cc
L'
0
Na' c
5pA
| L B B S NN B S S B SN SR Sam S Ea e s e |
-50 0 50 100

-100

Fig. 4. Permeability of Ca®* and alkali metal cations through the
channel. (4) 60 superimposed single-channel current recordings
{(lower traces) evoked by a voltage ramp (upper trace). Pipette; 140
mM CsCl; bath, 70 mm CaCl,. The recording was low-pass filtered
at 1 kHz (-3 dB). (B) Relationship between membrane potential
and ‘“open channel” (upper trace) (leakage (lower trace)) current
amplitude. (C) The current-voltage relationship (gray trace) of the
channel obtained by subtracting the leak current-voltage curve
from the open-channel current-voltage curve in B. The dashed line
is the fit of Eq. (2) to the data points. (D) Permeability of alkali

impermeable to both Ca’" and CI™. In my study, the
open probability of the CAN channel increased with
membrane depolarization, which is similar to the

Membrane potential, mV

metal cations through the channel. The reversal potential of the
channel current was defined as the membrane potential where the
“open channel” current-voltage curve (o) intercepted the leak
current-voltage curve (¢). Bath solution, 140 mmMm of one of the
following alkali metal chloride: KCl, RbCl, CsCl, LiCl, and NaCl.
[Ca®*];, 0.1 mMm. Patch pipette, 140 mm CsCl. The open-channel
current reversed its polarity at: —11.2 mV for K*; =2.1 mV for
Rb*; 0.1 mV for Cs*; —=11.2mV for Li*; and —5.1 mV for Na ™,
respectively. The recording was low-pass filtered at 1 kHz (-3 dB).
Bath: standard internal solution; [Ca>*[;, [ mm.

data observed in ventricular myocytes from adult rats
(Guinamard et al., 2002). But the open probabilities
of the CAN channels recorded in ventricular myo-
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cytes from adult guinea-pig and neonatal rat hearts
were voltage-independent in the range from —100 mV
to +60 mV (Ehara et al., 1988; Colquhoun et al.,
1981).

There was also variability in the Ca®”-depen-
dence of the CAN channel open probability. In
ventricular myocytes from adult guinea-pig hearts,
the open probability of the CAN channel was in-
creased by raising [Ca’']; with a half-maximum
concentration of 1.2 uM (Ehara et al., 1988). In my
study, although the channel activity was seen at Ca*"
concentrations as low as 10 pM, substantial channel
activation was only observed at [Ca’']i>1 mm,
which is similar to the Ca®" sensitivity observed for
CAN channels in ventricular myocytes from both
neonatal and adult rat hearts (Colquhoun et al., 1981;
Guinamard et al., 2002).

Most cardiac CAN channels studied so far exhibit
a quick and irreversible rundown of their activities
within a few minutes after patch excision, indicating
that there are intracellular factors required for its
activation. Guinamard et al. (2002) reported that the
CAN activity in cultured rat ventricular cardiomyo-
cytes was reduced by intracellular ATP. In the present
study the intracellular solutions did not contain ATP.
It is possible that the cardiac CAN channels are
modulated by the metabolic state of the cell, as was
proposed for a number of other cell types (Koivisto
et al., 1998; Kamouchi et al., 1999; Suh et al., 2002).
Notwithstanding the above-stated differences in the
reported single-channel properties, it is clear that
cardiac myocytes from two different species at two
different developmental stages express a nonselective
cation channel activated by intracellular Ca®".

Although the physiological significance of CAN
channels is unknown, they are candidates for the
transient inward current that develops in Ca”"-
overloaded cardiac cells (Kass et al., 1978). Recently,
it has been suggested that the CAN channels might be
involved in sustained depolarization associated with
cardiac hypertrophy and eventually arrhythmias
(Guinamard et al., 2002).

Recently, it has been reported that TRPM4b, a
member of the TRP family, forms a homomultimeric,
Ca’*-activated nonselective cation (CAN) channel
when overexpressed in HEK-293 cells (Guinamard
et al., 2002). As judged from Northern blot analysis,
TRPM4b gene is widely expressed in a variety of
tissues, including heart. The TRPM4b channel has a
conductance of 25 pS and is directly activated by
[Ca®"]; 2 0.3 pM. The TRPM4b is impermeable to
Ca>" and does not discriminate well between Na*
and K*. Guinamard and coworkers propose that
TRPM4a is a CAN channel activated following re-
ceptor-mediated Ca’' mobilization, but they also
report that TRPM4b is expressed in HEK-293 cells
endogenously. In principle, it is possible that
TRPM4b does not form a CAN channel, but that its
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overexpression upregulates a function of another
CAN channel native to HEK-293 cells. Although
TRPM4b is a likely molecular candidate for a CAN
channel, the molecular nature of the CAN channel is
still an open question.

This work was done in Dr. D.E. Clapham’s laboratory at Chil-
dren’s Hospital and supported by the Howard Hughes Medical
Institute. I thank C. Roberson and Q. Shi for their invaluable help
with the preparation of the cultured atrial myocytes. I am also
thankful to Dr. D.E. Clapham for his encouragement and helpful
comments on the manuscript.
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