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A Simple Technique for Isolating Healthy Heart Cells from 
Mouse Models
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Abstract: Single heart cells of mouse models provide powerful
tools for heart research. However, their isolation is not easy, and
it imposes a significant bottleneck on their use in cellular studies
of the heart. Aiming to overcome this problem, this report intro-
duces a novel technique that reproducibly isolates healthy heart
cells from mouse models. Using simple devices that ensure
easy handling and the rapid aortic cannulation of a small mouse
heart, cell isolation was done under physiological conditions
without using the “KB” medium or 2,3-butanedione monoxime

(BDM). The isolated cells consistently had a healthy appearance
and a high viability of 75 ± 5% (mean ± SD) in Tyrode solution
containing 1.8 mM Ca2+. After 8 h of storage at 37°C, they still
had a viability of 45 ± 12%. The cells showed normal contraction
properties when field-stimulated, and they generated normal ac-
tion potentials and membrane currents under the whole-cell
clamp condition. The β-adrenergic signal transduction of the
cells was also normal when it was examined with the isoprotere-
nol enhancement of the L-type Ca2+ current.
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Single heart cells of mouse models provide powerful
tools for heart research. In these cells, one can take advan-
tage of the versatility of recent genetic engineering tech-
nology [1] and also of the accuracy of single-cell mea-
surement techniques such as patch-clamp and Ca2+

imaging. So far, molecular mechanisms of fundamental
heart functions, such as excitation-contraction coupling,
action potential shaping, and β-adrenergic signaling, have
been successfully unveiled by using single heart cells of
mouse models [2–7]. Moreover, these cells also provide a
convenient platform for analyzing pathogenic mecha-
nisms and the pathophysiology of hereditary heart diseas-
es in molecular detail [8, 9].

For such single-cell studies, healthy heart cells are ab-
solutely necessary; however, their isolation from mouse
models is not easy. Surgery and aortic cannulation of a
small mouse heart are hard to do and require a long time,
and during that time, the heart suffers from complete is-
chemia. Consequently, the cells isolated from these hearts
show various signs of ischemic damages, such as bizarre
appearance, low viability levels, and abnormalities in
their excitation and contraction properties. Cells of these
kinds are hard to use for the experiment, and the data they
provide are often difficult to interpret. This issue imposes
a significant bottleneck on the use of mouse heart cells
and is especially problematic in genetically engineered

mouse models that are usually available only in limited
amounts.

To solve this problem, two major work-arounds have
been devised and used for heart cell isolation from mouse
models. One is to incubate the cells in high-K+, Ca2+-free
“KB” medium at 4°C [10, 11], and the other is to adminis-
ter 10–20 mM 2,3-butanedione monoxime (BDM) in the
media for cell isolation and storage [12, 13]. Both work-
arounds proved to be highly effective for reducing is-
chemic damages to the cells [12, 14]; however, they need
to expose the cells to nonphysiological environments that
reportedly affect the cells’ physiological properties [14–
17]. To conserve the physiology of the cells in vivo, cell
isolation under physiological conditions is more desir-
able.

This report introduces a novel technique that reproduc-
ibly isolates healthy heart cells from mouse models under
physiological conditions. Instead of using work-arounds,
this technique uses simple devices that help the surgery
and aortic cannulation of the heart to prevent the develop-
ment of ischemic damages. The isolated heart cells had a
high viability, a long storage life, and normal excitation
and contraction properties. Part of this work has previous-
ly appeared in abstract form [18].
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MATERIALS AND METHODS

Isolation of single heart cells. Heart cells were isolated
from adult C57BL/6J mice (6–12 weeks old; Clea Japan,
Tokyo, Japan). Procedures for the handling and care of the
mice fully conformed to Guiding Principles for the Care
and Use of Animals in the Field of Physiological Sciences
and were approved by the Saga University Animal Care
and Use Committee.

A mouse was heparinized (8,000 U/kg, i.p.) and deeply
anesthetized with an overdose of pentobarbital sodium
(300 mg/kg, i.p.), then held in a dorsal position by taping
its legs. Its upper abdomen was opened horizontally, and
the ribs and sternum were removed to widely open the
chest cavity. The exposed heart was held by suction in the
tip (cut to ~5 mm diameter) of a 3.5-ml soft plastic trans-
fer pipette (#86.1171, Sarstedt, Nümbrecht, Germany)
and was quickly excised with the use of curved scissors
(#14215, WPI, Sarasota FL, USA). The heart was imme-
diately cooled and cleaned of debris in ice-cold cell isola-
tion buffer supplemented with 0.4 mM EGTA (EGTA-
CIB). Cell isolation buffer (CIB) contained (mM) 130
NaCl, 5.4 KCl, 0.5 MgCl2, 0.33 NaH2PO4, 22 glucose, 50

µU/ml bovine insulin (I-5500, Sigma), and 25 HEPES-
NaOH (pH = 7.4). Insulin was used from 1 U/ml stock so-
lution in 0.1 mM HCl (pH = 4.0), and the EGTA was from
400 mM stock in 1 M NaOH (pH = 7.8).

The excised heart was cannulated through the aorta, us-
ing the cannulation device shown in Fig. 1. The heart was
immersed in ice-cold EGTA-CIB in the bath, where it was
held upright under the solution level. Before surgery, the
aortic cannula (Fig. 2) was filled with EGTA-CIB, and a
~100 mm piece of 6-0 black silk suture was loosely tied on
its shaft. The cannula was mounted on the cannulation de-
vice, and its tip was positioned under the solution level
and right next to the aorta by adjusting the cannulation de-
vice. Under the dissection microscope, the aorta was put
over the cannula’s tip, using two fine forceps (#5, Du-
mont, Switzerland); it was then secured to the cannula by
using the suture tied on the shaft. In this way, the aortic
cannulation of a small mouse heart could be done easily

Fig. 1. The cannulation device. The cannula holder (a) kept
the aortic cannula (b) at a ~30° angle at variable height. The
heart was held upright in the bath (c), which was a plastic dish
(60-mm diameter × 13-mm height) with a heart stand (lid of
1.5 ml Eppendorf tube) glued on the bottom. The cannula
holder was composed of a Perspex base plate (190 × 70 × 5
mm), a 5-ml syringe with its plunger glued to the base plate,
and a small alligator clip attached to the syringe barrel. The
gasket (tip rubber) of the syringe plunger was glued to the
plunger rod to eliminate horizontal play in the cannula’s posi-
tion. The jaws of the alligator clip were covered with silicone
tubing to ensure a firm grip. The bulldog clamp was used to
pinch the cannula at its silicone tubing joint to retain the solu-
tion in the cannula. Scale: 20 mm.

Fig. 2. The aortic cannula. (A) The heart was connected to
the water-jacketed perfusion line (dead volume 4.5 ml) via the
aortic cannula, which was designed to function also as an air
trap. Scale: 10 mm. (B) The cannula was composed of a
glass shaft (a), a shaft-reservoir joint made of silicone tubing
(b), and a solution reservoir that was a 0.5-ml Eppendorf tube
with its lid and bottom trimmed off (c). The perfusion line was
2.7-mm diameter polyethylene tubing (#8, Hibiki, Tokyo, Ja-
pan), and had a silicone plug at its end (d) so that it could
make an airtight fit into the reservoir. Scale: 10 mm. (C) The
shaft was fabricated from 2-mm diameter glass capillary (#14-
084-13, Hilgenberg), using a vertical puller (PP-83, Narish-
ige). Under the dissection microscope, its tip was sanded
down to 0.6–0.8 mm diameter, using fine-grid (#800) sandpa-
per, and the tip bulge was created with 5 min curing epoxy
glue (e.g., Araldite Rapid). To do this, a small amount of the
glue about to cure was picked up with a toothpick and
wrapped around the cannula’s tip by rotating the cannula
shaft. The outer diameter of the tip bulge d (mm) suitable for a
mouse having w (g) body weight was approximated as d = 0.6
+ 0.015w. Scale: 1 mm.
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and rapidly, without risk of air embolism. The total time
for surgery and aortic cannulation was usually less than 5
min.

The cannulated heart was then connected to a water-
jacketed perfusion line, as shown in Fig. 2A. The heart
was retrogradely perfused at a constant hydrostatic pres-
sure of 70-cm H2O at 37°C, initially with EGTA-CIB, for
3–4 min. During this period, the interventricular septum
was incised to facilitate heart perfusion because a fast
flow rate was vital for isolating healthy cells. To do this,
the atria were partially removed with small scissors
(#14088-10, FST, Foster City, CA, USA) to make access
holes to the ventricular cavities, and the scissors’ blades
were inserted into these holes to incise the septum in be-
tween. The flow rate of perfusion at this stage, which was
measured by counting perfusate drops falling off the heart,
was 8–10 drops/10 s. Oxygen bubbling of the perfusate
made no obvious difference to the condition of the isolat-
ed cells and was not used in this technique.

The perfusate was then switched to the enzyme solu-
tion (15 ml), which was CIB supplemented with 0.3 mM
CaCl2, 1 mg/ml collagenase (CLS-2, Worthington Bio-
chemical, Lakewood, NJ, USA), 0.06 mg/ml trypsin (T-
8003, Sigma, St. Louis, MO, USA), and 0.06 mg/ml pro-
tease (P-5147, Sigma). Once the switch to this solution
was made, the flow rate temporarily dropped 30–50% for
1–2 min. The solution was recirculated for 6–9 min after
discarding the initial ~5 ml fraction until the flow rate
reached twice the initial level, or 20 drops/10 s.

From the digested heart, the ventricles were excised
and shredded into several pieces. The tissue pieces were
then further digested in fresh enzyme solution (15 ml) for
15–20 min at 37°C until they were almost completely dis-
sociated.  In this enzyme solution, the CaCl2 level was in-
creased to 0.7 mM, and 2 mg/ml BSA (A-9418, Sigma)
was supplemented. Gentle stirring facilitated dissociation
of the tissue; however, caution must be used because ex-
cess mechanical agitation will cause damage to the cells.

The cell suspension was centrifuged in a 15-ml plastic
conical tube at 14 × g (300 rpm) for 3 min. The cell pellet
(~0.1 ml) was resuspended in 15 ml CIB supplemented
with 1.2 mM CaCl2 and 2 mg/ml BSA. The cells were in-
cubated at 37°C for 10 min, centrifuged (14 × g, 3 min),
and then resuspended in 10 ml Tyrode solution supple-
mented with 2 mg/ml BSA, 1× penicillin/streptomycin (P-
4458, Sigma), and 15 µg/ml phenol red for pH monitor.
The Tyrode solution contained (mM) 140 NaCl, 5.4 KCl,
1.8 CaCl2, 0.5 MgCl2, 0.33 NaH2PO4, 11 glucose, and 5
HEPES-NaOH (pH = 7.4). The isolated cells were stored
at 37°C in 15-ml plastic tubes, which were laid flat for bet-
ter oxygen supply.

The total time required for the above procedures was
~70 min. After every cell isolation, the perfusion line was
cleaned with 1 M NaOH (locked in the line for an hour)
and was thoroughly rinsed with plenty of distilled water.

Electrophysiology. Action potentials and macroscopic
membrane current were recorded under the whole-cell
clamp condition. The cells were current- or voltage-
clamped, using a custom-built patch-clamp amplifier,
while they were superfused with Tyrode solution at 37°C.
The patch pipettes were fabricated from 1.5-mm diameter
thin-walled glass capillaries (#14-082-13, Hilgenberg,
Malsfeld, Germany), using a vertical puller (PP-83, Nar-
ishige, Tokyo, Japan), and had a 2–4 MΩ resistance when
filled. The pipette solution contained (mM) 110 K-aspar-
tate, 30 KCl, 10 NaCl, 5 Mg-ATP, 1 EGTA, 0.1 Tris-GTP,
and 20 HEPES-KOH (pH = 7.2).

To record the L-type Ca2+ current, a separate set of so-
lutions was used. Cs+-pipette solution contained (mM)
110 Cs-aspartate, 30 CsCl, 5 Mg-ATP, 5 TEA-Cl, 1 EG-
TA, 0.1 Tris-GTP, and 20 HEPES-CsOH (pH = 7.2). Cs+-
Tyrode solution contained (mM) 140 NaCl, 5.4 CsCl, 1.8
CaCl2, 0.5 MgCl2, 0.33 NaH2PO4, 3 4-AP, 11 glucose, and
5 HEPES-NaOH (pH = 7.4).

The acquisition and analysis of electrophysiological
data were done on a PC, using pClamp 8 software suite
(Axon, Foster City, CA, USA) and signal interface hard-
ware (DigiData 1200, Axon) at a sampling frequency of
20 kHz. Current pulses for field stimulation and for evok-
ing action potentials under current clamp were generated
by using an electronic stimulator (SEN-3203, Nihon
Koden, Tokyo, Japan). A liquid junction potential of –8.1
± 1.1 mV (n = 10) was observed between the pipette solu-
tion and the Tyrode solution. All voltage data in this report
were corrected according to this value.

Measurement of single-cell contraction. Unloaded con-
tractions of the cells were monitored with a CCD video
camera (CS-3330, Teli, Tokyo, Japan) mounted on the
side port of an inverted microscope (TMD-300, Nikon,
Tokyo, Japan). The video signal was digitized online into
TIFF files, using Scion Image software (Scion, Frederick
MD, USA), on a PC with a frame-grabber card (LG-3,
Scion). The TIFF files were analyzed offline by using a
custom macro program written for Scion Image that mea-
sures the waveform of cell shortening by tracking the cell
edges at a time resolution of 16.7 ms. This video system
was also used for measuring the cells’ dimensions and sar-
comere length.

Statistics. Data values were expressed as mean ± SD (n
= number of cells for single-cell measurements or number
of preparations for others). The statistical difference be-
tween means was examined with Student’s t-test, and sig-
nificance was assumed when p < 0.05. For multiple com-
parisons, one-way ANOVA was used instead.

RESULTS

Appearance of the cells
Pictures of the mouse heart cells prepared as described

above are shown in Fig. 3A. In Tyrode solution containing
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1.8 mM Ca2+, the cells were relaxed and rod shaped with
clear striations of sarcomeres. Viability of the cells, which
was defined as the percentage of relaxed and rod-shaped
cells in total cell count, was 75 ± 5% (n = 5) at the time of
cell isolation. This high viability level with a small SD in-
dicates a consistent yield of healthy heart cells. The length
and the width of the cells were 157 ± 23 and 25 ± 5 µm (n
= 38), respectively, and their sarcomere length was 1.88 ±
0.05 µm (n = 38). Their membrane capacitance, which
was measured from the capacitive current in voltage-
clamp experiments, was 151 ± 27 pF (n = 35). These val-
ues are in good agreement with the values reported for
mouse heart cells [10, 19, 20].

Storage life of the cells
The storage life of the cells was examined in Fig. 3.

The cells suspended in Tyrode solution (supplemented as
described above) were divided into three equal aliquots at

the time of cell isolation, and each aliquot was stored at
37, 23, or 4°C. At 37 and 23°C, the cells showed no obvi-
ous change in their appearance after 8 h of storage (Fig.
3A), although their viability levels decreased to 45 ± 12%
(n = 5) at 37°C, or to 56 ± 10% (n = 5) at 23°C (Fig. 3B).
After 24 h of storage, the cells still maintained a viability
level of 23 ± 8% (n = 5) at 37°C, and 31 ± 10% (n = 5) at
23°C. This result indicates that the cells have a long stor-
age life, enough to be used as an acutely isolated heart cell
preparation.

In contrast, the cells stored at 4°C developed obvious
cell shortening and membrane blebs (Fig. 3A). Their via-
bility level after 8 h of storage (Fig. 3B) was only 18 ± 5%
(n = 5), and after 24 h almost no cells were surviving (2 ±
2%, n = 5). This poor cell preservation at 4°C would be at-
tributed to strong metabolic inhibition at this low temper-
ature.

For Peer Review

Fig. 3. Appearance and storage life of
the cells in Tyrode solution. (A) Left col-
umn: the cells at the time of isolation at
10× (a) and 40× (b) magnifications, and
those stored for 8 hours at 37°C at 40×
(c). Center and right columns: the cells
stored for 4 (center) or 8 hours (right) at
37 (d, g), 23 (e, h), or 4°C (f, i) at 10×.
Scale: 160 (10×) or 40 µm (40×). (B)
Time course of the cells’ viability during
storage at 37 (open circles), 23 (solid tri-
angles), or 4°C (solid squares). Error
bars indicate SD (n = 5). Asterisks indi-
cate significant difference (p < 0.05) from
the value at 37°C.
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Contraction properties of the cells
In Fig. 4, contractions of the cells were measured in Ty-

rode solution at 37°C. The cells were field-stimulated
with 2 ms suprathreshold current pulses at a frequency of
60–600 beats/min (bpm), or 1–10 Hz, which is close to the
physiological heart rates of the mouse (180–650 bpm)
[21]. Upon stimulation, the cells showed a rapid and large
contraction, as illustrated in Fig. 4A. The contraction had
an amplitude of 8.2 ± 2.2% (n = 8) of the resting cell
length at a stimulation frequency of 300 bpm, and was
larger at lower stimulation frequency (16.5 ± 1.6% at 60
bpm), being consistent with the negative force-frequency
relation known for the heart muscle of the mouse [17, 19,
22, 23]. However, in the range of physiological heart rates
(200–600 bpm), the contraction amplitude showed no sig-

nificant frequency-dependence (p = 0.47 by one-way
ANOVA).

Action potentials of the cells
The action potentials of the cells were recorded under

the whole-cell clamp condition in Fig. 5. Establishing gi-
gaseal and break-in was trivial in these cells. The cells had
a resting membrane potential of –75.0 ± 2.1 mV (n = 14)
when current-clamped in Tyrode solution at 37°C. Figure
5A shows the action potentials of the cells, which were
evoked by injecting 2-ms suprathreshold current pulses
via the patch pipette. The action potentials were brief and
had a spike-and-tail waveform as was reported for mouse
heart cells [11, 24]. Under this experimental condition, the
action potentials initiated no detectable cell shortening be-

Fig. 4. Unloaded contraction of
the cells. (A) Waveforms of the
unloaded contraction evoked by
field stimulation at 100 (top), 300
(middle), and 500 bpm (bottom).
Resting cell length was 141 µm.
(B) Dependence of the contrac-
tion amplitude on the stimulation
frequency. The values are ex-
pressed as the percentage to
resting cell length. Error bars in-
dicate SD (n = 8).

Fig. 5. Action potential of the cells. (A)
Waveforms of the action potential re-
corded at a stimulation frequency of
100 (left), 300 (center), and 500 bpm
(right). Dotted lines indicate 0-mV lev-
el. (B) Dependence of the action po-
tential duration measured at repolar-
ization to –18 mV (left) and at –58 mV
(right) on the frequency of stimulation.
Error bars indicate SD (n = 8).
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cause the intracellular Ca2+ was chelated with 1 mM
EGTA in the pipette solution.

At a stimulation frequency of 300 bpm, the action po-
tential peaked at +42.8 ± 2.0 mV (n = 8). Its duration at
this frequency, measured at –18 mV (APD–18mV, corre-
sponding to 50% repolarization), was 5.7 ± 2.0 ms (n = 8),
and at –58 mV (APD–58mV, corresponding to 85% repolar-
ization), it was 41 ± 7 ms (n = 8). The APD–18mV and the
APD–58mV both became longer with increasing stimula-
tion frequency (Fig. 5B), as was also reported in regard to
intact mouse hearts [24].

Macroscopic membrane currents of the cells
Under the same conditions, macroscopic membrane

currents were also recorded in Fig. 6. The cells were volt-
age-clamped at a holding potential of –78 mV, and the
membrane current was evoked every 4 s with 300-ms sin-
gle pulses to the voltages from –118 to +72 mV. In the cur-
rent records of Fig. 6A, it is obvious that the transient out-
ward current (Ito) was activated in the voltage range above
–30 mV, and that the inward-rectifier K+ current was in the
range below –80 mV. Between these ranges, the current
records were almost flat (except for a large inward Na+

current that was too fast to be resolved in Fig. 6A), which
was also evident in the I-V relations (Fig. 6B). This volt-
age dependence of the macroscopic membrane current is
consistent with previous reports in mouse heart cells [11,
25].

Response of the cells to β-adrenergic stimulation
As a test for receptor-mediated signal transduction in

the cells, the effect of isoproterenol to the L-type Ca2+ cur-
rent (ICa) was examined in Fig. 7. The cells were whole-
cell clamped, using the Cs+-pipette solution, in the Cs+-
Tyrode solution at 37°C. The ICa was evoked by using a
double-pulse protocol to +2 mV applied from a holding
potential of –78 mV every 4 s. In the records of the ICa
(Fig. 7A), the inward Na+ current activated during the

Fig. 6. Macroscopic membrane cur-
rent of the cells. (A) A family of cur-
rent records evoked by 300 ms single
pulses of the voltages from –118 to
+72 mV in 10 mV increments from a
holding potential of –78 mV (inset).
The dotted line indicates zero-current
level. Membrane capacitance was
113 pF. (B) I-V relations of the cur-
rent, measured at 10 ms after the
pulse onset (open circles) and at the
pulse end (solid circles). Error bars
indicate SD (n = 8).

Fig. 7. Enhancement of the ICa by isoproterenol. (A) Records
of the ICa before (a), during (b), and after (c) the application of
isoproterenol (300 nM). The ICa was evoked using a double
pulse to –38 mV for 30 ms then to +2 mV for 200 ms from a
holding potential of –78 mV (inset). The dotted line indicates
zero-current level. Membrane capacitance was 230 pF. (B)
The time course of the peak ICa amplitude at +2 mV. The hor-
izontal bar indicates the period of isoproterenol (300 nM) ap-
plication. Letters (a–c) indicate the times of the records in
panel A. (C) The dose-response relation of the ICa enhance-
ment by isoproterenol. Data points represent the percent in-
crease of the peak ICa amplitude relative to the control level
before the application of isoproterenol. Error bars indicate
SEM (n = 4–24).
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prepulse was also prominent. The ICa had a peak ampli-
tude of –10.3 ± 2.4 A/F (n = 20) at +2 mV, and the applica-
tion of isoproterenol (1 µM) increased the amplitude by 77
± 20% (n = 20) in a reversible manner (Fig. 7, A and B).
The half-maximal effective concentration (EC50) and Hill
coefficient (nH) of the ICa enhancement by isoproterenol in
the cells were 45 nM and 1.1, respectively (Fig. 7C); these
values are comparable to those reported previously [6, 7].

DISCUSSION

This report has described a novel technique that isolates
healthy heart cells from mouse models. With the aid of the
simple devices, this technique enabled an easy and repro-
ducible isolation of healthy heart cells from small mouse
hearts under physiological conditions. Thus isolated cells
had a consistently high viability and a long storage life, as
well as normal electrophysiological and contraction prop-
erties. The cells also had a normal response to β-adrener-
gic stimulation.

Comparison with other heart cell isolation 
techniques

The advantage of this technique is that it provides a re-
producible method for isolating healthy heart cells. The
use of the cannulation device and the aortic cannula (Figs.
1 and 2) has eliminated the issues of the handling and can-
nulation of small mouse hearts, making these maneuvers
highly reproducible. The isolated cells had a consistently
high viability of 75 ± 5%, which is comparable to the
highest values (84–90%) reported so far for mouse heart
cells [12, 13], and a long storage life (>8 h) under physio-
logical conditions (Fig. 3). The reproducibility of this
technique and the consistency of the cells' quality shall
provide more ease and efficiency to single-cell studies of
the heart using mouse models.

Another advantage of this technique is that the cells are
isolated and stored under physiological conditions. Al-
though it used insulin (50 µU/ml) and high glucose (22
mM) to stimulate glucose utilization [26], they were used
only during cell isolation (~70 min) at physiological lev-
els [27]. This is in contrast to the other methods that use
“KB” medium [10, 11] or BDM [12, 13], both of which
are not natural to the cells and have been reported to affect
their normal physiology.

Incubating the cells in high-K+, Ca2+-free “KB” medi-
um at 4°C is a very popular work-around for reducing cell
damage [14]. Reports have shown, however, that a long
exposure of heart cells to Ca2+-free condition degrades
their surface glycocalix, and also that it permeabilizes the
sarcolemmal membrane to ions and small molecules [14,
15, 28, 29]. Alternatively, the administration of 10–20 mM
BDM in the media for cell isolation is also widely used for
reducing cell damage [12, 30]. However, reports have
shown that BDM affects the electrophysiological and con-

traction properties of heart cells, as well as their Ca2+ sig-
naling, via direct action, protein phosphorylation, and/or
altered gene expression [16, 17, 31–33].

The yield of the cells in this method is estimated to be
~3 × 106 cells/heart. This is calculated from the volume of
the cell pellet after centrifugation (~0.1 ml) and from the
dimensions of the cells (157 × 25 µm), assuming a cell
thickness of 8 µm. This cell yield is comparable to the val-
ue reported previously (5.3 × 105 cells/left ventricle) [13].

What affects cell quality
In this technique, several things critically affect cell

quality. The first is maintaining a fast flow rate throughout
the period of coronary perfusion. To ensure this, air embo-
lism of the coronary artery was prevented by cannulating
the aorta under the solution level and by using the aortic
cannula that also functioned as an air trap. Making an inci-
sion in the interventricular septum was also very effective
to maintain a fast flow rate.

The second is the duration of initial EGTA-CIB perfu-
sion. A complete removal of Ca2+ from the coronary ar-
tery was absolutely necessary before the application of en-
zymes. When EGTA-CIB perfusion was too short and the
Ca2+ removal was incomplete, the perfusion flow stopped
after a switch to the enzyme solution, and this led to poor
tissue digestion and very severe damages to the isolated
cells. Also, many small white spots developed on the
heart’s surface along the coronary artery. On the other
hand, when the perfusion was too long the cells were “par-
adoxically” damaged by the Ca2+-free environment in
EGTA-CIB, and they had an impaired Ca2+ tolerance [29]
as also reported by Wolska and Solaro [17]. Although the
duration of initial EGTA-CIB perfusion involves a trade-
off, 3–4 min was adequate for the heart of adult mice.

The third is a thorough tissue digestion. This requires a
certain level of proteolytic activity; however, that in the
collagenase (CLS-2, Worthington Biochemical) is usually
insufficient. Therefore in this technique, trypsin (type I,
Sigma) and protease (type XIV, Sigma) were used to facil-
itate tissue digestion and single-cell dispersion, respec-
tively. Because their optimal doses varied with the colla-
genase’s lot and the mouse’s age, the doses were adjusted
in the range 0.03–0.12 mg/ml to achieve a thorough tissue
digestion. In general, more doses were necessary for older
animals and for the collagenase’s lots with lower protease
activity.

The fourth is the anesthesia. The dose of pentobarbital
sodium was unexpectedly, but strongly influential on the
cells’ quality, and an insufficient dose resulted in sizable
cell damage. Thus a highly overdosed amount (300 mg/
kg, i.p.) was used in this technique. The effect may be at-
tributed to the coronary-dilating action of pentobarbital
[34], which would facilitate a fast perfusion of the heart.
The effect might also be attributed to the action of pento-
barbital to suppress catecholamine release from adrenal
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chromaffin cells at a comparable level (500 µM, or 124
mg/l, i.v.) to that used in this technique (300 mg/kg, i.p.)
[35]. This action would prevent Ca2+-overloading of the
cells that would be caused by an elevated plasma cate-
cholamine level during the surgery [36].

Regarding water quality, it was not very critical in this
technique. No obvious difference was found in the cells’
quality between milli-Q water and regular distilled water.

Properties of the isolated heart cells
The unloaded contraction of the cells showed a nega-

tive frequency dependence (Fig. 4). This agrees with pre-
ceding reports that described a negative force-frequency
relationship in single mouse heart cells [17, 19]. However,
in the range of physiological heart rates (200–600 bpm, or
3.3–10 Hz), the contraction amplitude showed no detect-
able frequency dependence. This observation conforms
with the other reports that showed the negative force-fre-
quency relationship of mouse heart muscle, which devel-
oped only at stimulation frequencies lower than 1–2 Hz
[22, 23].

The duration of the action potential’s overshoot, or
APD–18mV, had a large variation among the cells (Fig. 5).
In good agreement to this, a large variation was also ob-
served in the Ito amplitudes that determine the rate of the
repolarization of the overshoot (Fig. 6). The variations in
the APD–18mV and in the Ito amplitudes may indicate the
regional heterogeneity of repolarizing K+ current reported
in mouse heart cells [37, 38].

The β-adrenergic stimulation by isoproterenol induced
a large increase of the ICa (77 ± 20% at 1 µM, Fig. 7).
Moreover, the values of the EC50 and Hill coefficient of
this response (45 nM and 1.1, respectively) were near
those reported for mouse heart cells under comparable
conditions: 36 nM and 1.0 [7], and 57.1 nM and 1.0 [6].
These observations indicate that the β-adrenoceptor–me-
diated signal transduction system in the cells is normal
and fully functional.
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