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研究成果の概要（和文）：心臓の洞房結節細胞に観察される持続性内向きNa電流（Ist）の発生にL型Caチャネル
Cav1.3が関与することを発見した。しかしながら、「Cav1.3がどのような機序でNa電流を発生させるか」という
本質的な問題を解決する必要がある。本研究では、Ca依存性NaチャネルであるTRPM4とCav1.3が機能的に連関し
Istを発生する可能性を検討した。TRPM4阻害薬によるIstの抑制、さらにIst発生中の細胞内Ca上昇を観察した。
しかしながら、TRPM4ノックアウトマウスでも野生型動物と同様にIstは記録された。結論的に、Cav1.3がTRPM4
と機能連関によりIstを発生する可能性は否定された。

研究成果の概要（英文）：We have recently reported that L-type CaV1.3 Ca2+ channels are required for 
the generation of a dihydropyridine-sensitive Na+ current, previously described as the sustained 
inward current, Ist, in heart pacemaker cells. However, currently available recombinant CaV1.3 
channels are highly selective for Ca2+ and it remains a challenge to elucidate the molecular 
mechanism allowing Cav1.3 channels to generate a Na+ conductance. In the present study, we show that
 Ist is inhibited by 9-phenathrol and flufenamic acid, both are known to block TRPM4 Ca2+-activated 
cation channels. In addition, simultaneous measurements of whole-cell membrane currents and 
intracellular Ca2+ revealed that Ist activation was accompanied by a sustained elevation of 
intracellular Ca2+. However, patch-clamp measurements of Ist were not affected by TRPM4 gene 
ablation. In conclusion, we failed to provide the evidence for the potential link between TRPM4 and 
Ist.

研究分野： 生理学

キーワード： 心臓　イオンチャネル

  １版

令和

研究成果の学術的意義や社会的意義
持続性内向きNa電流（Ist）は心拍リズムの調整に強く関わることが示唆されており、その分子機構の解明は心
臓の拍動リズムの仕組みという根源的な問いにも触れる生理学的に重要な課題である。本研究は、持続性内向き
Na電流（Ist）の分子機構としてひとつのもっともらしい可能性を検証する試みである。結果として当該仮説は
否定されたが、Istの分子機構の全容解明に向けて着実な一歩となる。重症心不全や心房細動といった心臓疾患
ではリズムコントロールが重要である。Istの分子機構の解明は創薬への可能性を開き、臨床に還元され得る展
開が期待される。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 

 

１．研究開始当初の背景 

洞房結節細胞に存在する持続性内向き Na+電流（Ist）は心臓のペースメーカー活動に寄与す
ることが示唆されているものの、その分子機構は明らかでない。最近、我々は、遺伝子改変マウ
スを用いて、L 型 Ca2+チャネルの洞房結節領域特異的アイソフォームである CaV1.3 が Istの発
生に寄与することを明らかにした（Toyoda et al., 2017） 。しかしながら、この発見は「L型 Ca2+

チャネルがどのように Na+電流を発生するのか」という本質的な問題を含んでいる。 

TRPM4 は細胞内 Ca2+に依存して活性化される Na+チャネルであり、洞房結節を含む心臓
刺激伝導系に強く発現している。ヒトの遺伝子変異による TRPM4 の機能低下あるいはノック
アウトマウスでは伝導障害が引き起こされることが知られており、薬剤による TRPM4 の抑制
は徐脈を呈する。しかしながら、TRPM4と Istとの関連は未だ検討されていない。 

 

２．研究の目的 

  CaV1.3 を Ca2+流入と TRPM4 が機能的に連関して Istを発生する可能性を検証することを
目的にする。 

 

３．研究の方法 

１）パッチクランプ実験で種々の TRPM4遮断薬が Istに及ぼす影響を調べる。 

２）膜電流と細胞内 Ca2+の同時計測を行い、Ist発生中の細胞内 Ca2+動態を明らかにする。 

３）TRPM4 ノックアウトマウスを用いてパッチクランプ実験を行い TRPM4 と Istの関連を直
接的に検証する。 
 
４．研究成果 
１）Istに及ぼす TRPM4遮断薬（9-phenathrol ならびに flufenamic acid）の影響 

マウスの心臓から単離した洞房結節細胞にホールセ
ルパッチクランプ法を適用して誘発した Ist に及ぼす 9-

phenathrol ならびに flufenamic acid の効果を図１に示
す。細胞外 Ca2+濃度を 0.1 mM に設定して L 型 Ca2+電
流を最小化し、脱分極刺激を与えて Istを誘発した。L 型
Ca2+電流の遮断薬である Nifedipine を投与すると Ist は
消失した。同様に 9-phenathrolならびに flufenamic acid

も Istを素早くほぼ完全に抑制した。 

 
 
図１ 
Ist was elicited elither by voltage command square pulses (left) 

or by ramp pulses (right) before (black trace) and during 

application (red trace) of nifedipine, 9-phenanthrol or 

flufenamic acid. Note that 9-phenanthrol inhibited not only Ist 

but also a linear background current. 

 

一方、9-phenathrol ならびに flufenamic acid の L 型 Ca2+電流への影響を調べたところ、いず

れの薬剤も、CaV1.2 ならびに CaV1.3を異種発現した細胞、さらに洞房結節細胞において、同電

流への抑制作用が観察された（図２）。これらの事実から、Istと TRPM4の関連を薬理学的に示

すことが困難であることが判明した。 

 

 

 

 

図２ 
Dose-response relationships of L-

type Ca2+ channel block by 9-

phenanthrol (A) and flufenamic acid 

(B). Ca2+ currents were elicited in 

HEK cells transfected with either rat 

CaV1.2 or CaV1.3. Native ICa,L  was 

recorded from mouse SAN cells in 

the TEA+-substituted, Na+-free 

external condition (C).  
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The dihydropyridine-sensitive sustained inward Na+ current (Ist) has been suggested to play a crucial role in pacemaker activity 
in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 

Conclusions

Contact: toyoda@belle.shiga-med.ac.jp

Tel: +81-77-548-2152
Fax: +81-77-548-2348

Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).
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Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.
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Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).

Results

Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  
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TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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Molecular mechanisms 
allowing CaV1.3 to 

generate a Na+ current 
remain enigmatic…

Toyoda et al, Sci Rep 2017
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TRPM4-/- SAN cell

TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 

Conclusions
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Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).
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Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.
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Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).

Results

Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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A representative image of patched SAN cell 1 min after 

the dialysis of fluo 4-pentapotassium through the glass 

pipette. The green fluorescent fluo 4 dye in the pipette 

was visualized by increasing pinhole. 

50 µm

[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  

B

0.1 mM [Ca2+ ]o

0.1 mM [Ca2+ ]o

0.1 mM [Ca2+]o

0.1 mM [Ca2+ ]o

TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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Molecular mechanisms 
allowing CaV1.3 to 

generate a Na+ current 
remain enigmatic…

Toyoda et al, Sci Rep 2017
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TRPM4-/- SAN cell

TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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The dihydropyridine-sensitive sustained inward Na+ current (Ist) has been suggested to play a crucial role in pacemaker activity 
in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 
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Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).
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Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.
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Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).

Results

Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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A representative image of patched SAN cell 1 min after 

the dialysis of fluo 4-pentapotassium through the glass 

pipette. The green fluorescent fluo 4 dye in the pipette 

was visualized by increasing pinhole. 

50 µm

[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  
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TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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TRPM4 channels and Ist in mouse cardiac 
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The dihydropyridine-sensitive sustained inward Na+ current (Ist) has been suggested to play a crucial role in pacemaker activity 
in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 

Conclusions

Contact: toyoda@belle.shiga-med.ac.jp

Tel: +81-77-548-2152

Fax: +81-77-548-2348

Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).
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Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.
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Characteristics

Physiological implications
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CaV1.3 is required for the generation of Ist

N ica rd ip in e -s en s itiv e  c u r re n ts  in  
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Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).

Results

Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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A representative image of patched SAN cell 1 min after 

the dialysis of fluo 4-pentapotassium through the glass 

pipette. The green fluorescent fluo 4 dye in the pipette 

was visualized by increasing pinhole. 

50 µm

[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  
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TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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２）Istの発生と細胞内 Ca2+動態 

マウスの単離洞房結節細胞にパッチクランプ法を適用し、ガラス電極を介して Ca2+蛍光指示薬

Fluo-4 を細胞内投与した。同細胞に膜電位固定を行い Ist を記録するとともに、共焦点レーザー

照射を行いラインスキャンモードで細胞内 Ca2+濃度の変化を同時にモニターした（図３）。保持

電位-80 mV から-60 mV に脱分極すると、Istが誘発するとともに細胞内 Ca2+の持続的な上昇が観

察された。細胞外 Ca2+濃度を 1.8 mM から 0.1 mM に低下させると、Istはほとんど影響されなか

ったが、細胞内 Ca2+シグナルは消失

しないものの大幅に減弱した。さら

に Nifedipine を投与すると、Istなら

びに細胞内 Ca2+シグナルともに消

失した。これらの実験から、Ist誘発

の背景に細胞内 Ca2+濃度の上昇は

あるものの、定量的な因果関係を明

らかにすることはできなかった。 

 

図３ 

(A) Simultaneous measurements of 

[Ca2+]i concentrations (line scan images 

and average intensity levels of each 

line) and whole-cell membrane 

currents. Cell was held at -80 mV and 

given depolarizing pulses to test 

potentials between -70 and -40 mV, 

followed by a depolarizing step to 0 mV 

to fully activate L-type Ca2+ channels. 

(B) Changes in [Ca2+]i concentrations 

during Ist recordings before (a) and after 

(b) reducing [Ca2+]o  from 1.8 to 0.1 

mM and subsequent application of 3 

mM nifedipine (c). 

 

 

３）TRPM4 ノックアウトマウスにおける Ist 

Ist と TRPM4 の因果関係を薬理学実験や細胞内 Ca2+計測実験で明確に示すことが困難であった

ため、TRPM4 ノックアウトマウスにおける Ist の有無を確認する実験を当該マウスを所有する

Mangoni 博士（CNRS、IGF、モンペリエ、フランス）の研究室に赴き遂行した。結果、TRPM4 ノ

ックアウトマウスにおいても Istは存在し（図４）、その大きさも野生型マウスと有意な差はない

ことが判明した。 

 

図４ 

Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 

was continuously blocked by addition of 5.4 mM CsCl in the external solution.  

 

以上の結果から、CaV1.3 が TRPM4 と機能連関することで、Istを誘発するという可能性はないと

結論され、全く別の機構が関与すると考えられた。 
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activate L-type Ca2+ channels. (B) 
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The dihydropyridine-sensitive sustained inward Na+ current (Ist) has been suggested to play a crucial role in pacemaker activity 
in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 

Conclusions
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Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).

A C

B D

E

Concentration (µM)

Flufenamic acid

1                  10                100

1.0

0.8

0.6

0.4

0.2

0.0

R
e

la
ti
v
e
 c

u
rr

e
n

t

  CaV1.2

  CaV1.3

  ICa,L (SANC)

 

1.0

0.8

0.6

0.4

0.2

0.0R
e

la
ti
v
e
 c

u
rr

e
n

t

9-phenanthrol

  CaV1.2

  CaV1.3

 

1                  10                100

Concentration (µM)

A B

C

Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.
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Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).

Results

Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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A representative image of patched SAN cell 1 min after 

the dialysis of fluo 4-pentapotassium through the glass 

pipette. The green fluorescent fluo 4 dye in the pipette 

was visualized by increasing pinhole. 

50 µm

[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  

B

0.1 mM [Ca2+]o

0.1 mM [Ca2+]o

0.1 mM [Ca2+]o

0.1 mM [Ca2+]o

TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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Molecular mechanisms 
allowing CaV1.3 to 

generate a Na+ current 
remain enigmatic…

Toyoda et al, Sci Rep 2017
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TRPM4-/- SAN cell

TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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The dihydropyridine-sensitive sustained inward Na+ current (Ist) has been suggested to play a crucial role in pacemaker activity 
in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 

Conclusions
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Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).
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Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.
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Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).
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Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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A representative image of patched SAN cell 1 min after 

the dialysis of fluo 4-pentapotassium through the glass 

pipette. The green fluorescent fluo 4 dye in the pipette 

was visualized by increasing pinhole. 

50 µm

[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  

B
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TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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TRPM4-/- SAN cell

TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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Potential link between Ca2+-activated cation 

TRPM4 channels and Ist in mouse cardiac 
pacemaker cells
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The dihydropyridine-sensitive sustained inward Na+ current (Ist) has been suggested to play a crucial role in pacemaker activity 
in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 

Conclusions
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Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).
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Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.
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Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).

Results

Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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A representative image of patched SAN cell 1 min after 

the dialysis of fluo 4-pentapotassium through the glass 

pipette. The green fluorescent fluo 4 dye in the pipette 

was visualized by increasing pinhole. 

50 µm

[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  

B

0.1 mM [Ca2+]o

0.1 mM [Ca2+]o

0.1 mM [Ca2+]o

0.1 mM [Ca2+]o

TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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TRPM4-/- SAN cell

TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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The dihydropyridine-sensitive sustained inward Na+ current (Ist) has been suggested to play a crucial role in pacemaker activity 
in sinoatrial node (SAN) cells, yet the molecular mechanism underlying this current remains unknown. We have recently found 

that genetic ablation of L-type CaV1.3 channel resulted in nearly complete disappearance of Ist in mouse SAN cells (Toyoda et 

al., Sci Rep 2017), indicating that CaV1.3 is required for the generation of Ist. However, reconstituted CaV1.3 channels cloned so 
far exhibit high Ca2+ selectivity but are hardly permeable to Na+ under physiological condition, which raising a question whether 

Ist is mediated by a Na+-permeable pathway functionally coupled with CaV1.3 channels. 

TRPM4 is a Ca2+-activated nonselective cation channel which is highly expressed in conduction systems including SAN in 
mammalian hearts. Mice lacking TRPM4 gene or humans with genetic mutations exhibit conduction disorders. In addition, 

pharmacological blockade of TRPM4 channels reduces the rate of spontaneous atrial beats, suggesting its role in SAN 

pacemaker activity. Here we investigate whether Ist is a Ca2+-activated Na+ current through TRPM4 channels. 

Conclusions
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Intracellular Ca2+ dependence of Ist activation

Ø The effect of intracellular Ca2+ buffering by EGTA (5 mM) and by BAPTA (10 mM)
on Ist was examined in mouse SAN cells (Fig. 1).

Ø When the EGTA-containing pipette solution was used, Ist was clearly activated in

the entire range of the pacemaker potential (Fig. 1 A and B). Ist was increased by

100 nM isoprenaline (Iso) and inhibited by 1 μM nifedipine (Nife).

Ø On the other hand, with 10 mM BAPTA in the pipette, the amplitude of Ist was
largely attenuated (Fig. 1 C and D).

Ø Acute intracellular BAPTA loading inhibited Ist (Fig. 1 E).
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Figure 1. Effects of intracellular Ca2+

buffering on Ist in a mouse SAN cell.

Ist was recorded from mouse SAN cells by using 
pipette solutions containing either 5 mM EGTA 

(pCa ~7, A and B) or 10 mM BAPTA (pCa ~10, C
and D). The experiments were performed under 

nominally Ca2+-free external condition (0 mM Ca, 
2.3 mM Mg) to prevent contamination of L-type 

Ca2+ current whose late current components 
would be strongly enhanced by BAPTA loadings. 

In the experiment shown in E , Ist was elicited 

by the voltage ramp and I-V relationships were 
acquired under perforated patch-clamp mode at 

the beginning then after the membrane rupturing 
to see acute effects of the BAPTA loading. 

Figure 3. Effects of TRPM4 channel 
blockers on Ist.

Ist was elicited elither by voltage command 
square pulses (left) or by ramp pulses 

(right) before (black trace) and during 
application (red trace) of nifedipine, 9-

phenanthrol or flufenamic acid. Note that 9-
phenanthrol inhibited not only Ist but also a 

linear background current.

Ø Both CaV1.2 and CaV1.3 L-type channels heterologously expressed in HEK
cells were strongly blocked by 9-phenanthrol within the concentration range

producing the TRPM4 channel inhibition (Fig. 4 A).

Ø Flufenamic acid had little effect on reconstituted L-type channels (Fig. 4 B) at

less than 30 μM, but inhibited native ICa,L recorded in mouse SAN cells at
concentrations close to those required for Ist inhibition (Fig. 4 B and C).

Ø These pharmacological assessments have proved difficult to dissect the

involvement of TRPM4 channels in Ist.

Ø The involvement of Ca2+-activated
cation channels in the Ist activation

was examined by testing effects of

pharmacological TRPM4 channel
blockade on the membrane

current.

Ø Ist was readily and almost totally

inhibited by 9-phenanthrol and
flufenamic acid, both are known as

potent blockers of TRPM4

channels (Fig. 3).

Figure 5. Imaging [Ca2+]i dynamics during Ist recordings.
(A) Simultaneous measurements of [Ca2+]i concentrations (line scan images and average intensity levels 

of each line) and whole-cell membrane currents. Cell was held at -80 mV and given depolarizing pulses 
to test potentials between -70 and -40 mV, followed by a depolarizing step to 0 mV to fully activate L-type 

Ca2+ channels. (B) Changes in [Ca2+]i concentrations during Ist recordings before (a) and after (b) 
reducing [Ca2+]o from 1.8 to 0.1 mM and subsequent application of 3 µM nifedipine (c). (C) Changes in 

[Ca2+]i levels and membrane currents in response to the voltage command ramp in various 
concentrations of [Ca2+]o. The I-V relationship was obtained during a descending phase of voltage ramp 

(from +90 mV to -120 mV).
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Ø The involvement of sarcoplasmic reticulum Ca2+ release in the elicitation of Ist was
examined by pharmacological blockade of RyRs and SERCA pumps (Fig. 2)

Ø Ist was not appreciably affected by 10 μM ryanodine alone (data not shown), but

was largely reduced by combined application of ryanodine with thapsigargin (1

μM).
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Figure 4. Effects of TRPM4 channel blockers on L-type Ca2+ channels.
Dose-response relationships of L-type Ca2+ channel block by 9-phenanthrol (A) and flufenamic acid (B). 

Ca2+ currents were elicited in HEK cells transfected with either rat CaV1.2 or CaV1.3. Native ICa,L was 
recorded from mouse SAN cells in the TEA+-substituted, Na+-free external condition (C). 

Figure 6. Ist is present in TRPM4-/- SAN cells.
Representative whole-cell patch-clamp recordings of Ist in a SAN cells isolated from a TRPM4-/- mouse. 

The Cs+-rich pipette solution containing 5 mM EGTA was used. During experiments, the funny current (If) 
was continuously blocked by addition of 5.4 mM CsCl in the external solution. 

IC50 for TRPM4

Materials and Methods

Whole-cell membrane current recordings
Whole-cell patch-clamp recordings were performed using an EPC10 patch-clamp amplifier controlled by PatchMaster

software (HEKA). The patch electrode was filled with the Cs+-rich solution containing either 5 mM EGTA or 10 mM

BAPTA. The standard external solution contained (mM): 140 NaCl, 5.4 CsCl, 1.8 CaCl2, 0.5 MgCl2, 5 HEPES, 5.5 
glucose (pH = 7.4, NaOH). For Ist recordings, the external Ca2+ concentration was changed appropriately by omitting or 

reducing the addition of CaCl2  to the external solution. All experiments were performed at ~37℃.

Mouse SAN cells
The SAN tissue was anatomically dissected from mouse hearts, and cells were isolated by enzymatic processing. 

Only spindle- or spider-shaped cells, assumed to be primary pacemaker cells, were employed for experiments.

lLow-voltage threshold for 

activation

lVery slow inactivation

lPermeable to Na+

lSensitivity to Ca2+ channel 

antagonists and agonists

Characteristics

Physiological implications

lSpecific exression in SAN 

and AVN pacemaker cells

lActivation in the pacemaker 

potential range

l Increased by β-adrenergic 

stimulations

200 ms
-150

-100

-50

0

p
A

-80

-50 mV

140

0
1.8

0.0

m
M

N ifed ip ine

[N a
+
]o

[C a
2+

]o

The dihydropyridine-sensitive sustained inward current (Ist)

Toyoda et al, Br J Pharmacol 2005

Pacemaker potential range 

Toyoda et a l, Pflüger Archiv 2018

CaV1.3 is required for the generation of Ist

N icardip ine-sensitive  currents  in 

guinea-p ig  SA N  ce lls  

Figure 2. Effects of SR Ca2+ block on Ist in 
a mouse SAN cell.

Ist was elicited by the voltage ramp and I-V 
relationships were acquired before (Control) 

and during treatments with ryanodine (Ry, 
10 μM) and thapsigargin (TG, 1 μM) and 

after application of nifedipine (Nife, 1 μM).  
The Cs+-rich pipette solution containing 5 

mM EGTA was used and the recording was 
performed in the presence of Iso (100 nM).

Results

Ist is sensitive to inhibition by TRPM4 channel blockers
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Ø A potential link between TRPM4 and Ist was investigated by monitoring changes
in [Ca2+]i levels during Ist recordings (Fig. 5).

Ø From the holding potential of -80 mV, depolarizing steps lager than -60 mV

elicited Ist, accompanied by [Ca2+]i transients that were followed by a sustained

raise in [Ca2+]i levels (Fig. 5 A).

Ø Lowering [Ca2+]o from 1.8 to 0.1 mM largely but not completely reduced [Ca2+]i
signals, while Ist magnitude was not reduced (Fig. 5 B and C).

Ø The voltage-dependent [Ca2+]i increase in the 0.1 mM [Ca2+]o was abrogated by

3 µM nifedipine (Fig. 5 B and C), suggesting that the Ca2+ influx through L-type

Ca2+ channels is involved in the sustained [Ca2+]i increase.

Intracellular Ca2+ dynamics and Ist activation
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the dialysis of fluo 4-pentapotassium through the glass 
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[Ca2+]i measurements
For simultaneous recordings of [Ca2+]i and membrane 

currents, SAN cell was dialyzed with 100 µM fluo 4 

pentapotassium salt via the pipette solution (the Cs+-rich 
solution containing EGTA (1 mM) and free Ca2+ 

concentrations of ~100 nM). The [Ca2+]i signal was 

acquired using the conforcal laser scanning fluorescence 
microscopy (LSM510 Meta, Carl Zeiss) in line scan mode 

with a sampling rate of 1.54 ms. The measurement was 

started at least 5 min after membrane rupture in order to 
allow the cell to stabilize after dialysis of fluo 4 dye. 

Our results suggest that intracellular Ca2+ is potentially related to the generation 
of Ist. However, TRPM4 does not contribute to Ist.  

B
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TRPM4-/- mice
In addition to wild type mice, we employed TRPM4-/- mice in which exon 3-6 of Trpm4 were removed by Cre

recombinase-mediated excision (Berbet et al., Nat Immunol 2008). 
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Toyoda et al, Sci Rep 2017
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TRPM4 gene knockout had no appreciable effects on Ist

Ø Potential link between TRPM4 channels and Ist was directly investigated by using
TRPM4 knockout mice.

Ø Ist was identified in TRPM4-/- SAN cells with the current density (1.17 ± 0.18 pA/pF, n

= 5, N = 2, Fig. 6) comparable to that in WT (0.98 ± 0.09 pA/pF, Toyoda et al. Sci

Rep 2017).

Future tasks
Ø Ist is a Ca2+-dependent current ?
• TRPM5 was not rule out in the present study.

• Other Ca2+-dependent mechanisms such as the Na+-Ca2+ exchanger and the Ca2+-activated Cl-

channels may mediate Ist…

Ø Ist is a mixed Na+-Ca2+ current through L-type channels ?
• Our data show that Ist activation is always accompanied by Ca2+ influx… 

• The anomalous mole-fraction effect in CaV1.3 channels should be determined.
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