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a b s t r a c t
Introduction: Simultaneous recording of electrical potentials from multiple cells may be useful for
physiological and pharmacological research. The present study aimed to establish an in vitro cardiac hypoxia
experimental platform on the microelectrode array (MEA). Methods: Embryonic rat cardiac myocytes were
cultured on the MEAs. Following ≥ 90 min of hypoxia, changes in lactate production (mM), pH, beat
frequency (beats per min, bpm), extracellular action potential (exAP) amplitude, and propagation velocity
between the normoxic and hypoxic cells were compared. Results: Under hypoxia, the beat frequency of cells
increased and peaked at around 42.5 min (08.1 ± 3.2 bpm). The exAP amplitude reduced as soon as the cells
were exposed to the hypoxic medium, and this reduction increased signiﬁcantly after approximately 20 min
of hypoxia. The propagation velocity of the hypoxic cells was signiﬁcantly lower than that of the control
throughout the entire 90+ min of hypoxia. The rate of depolarisation and Na+ signal gradually reduced over
time, and these changes had a direct effect on the exAP duration. Discussion: The extracellular
electrophysiological measurements allow a partial reconstruction of the signal shape and time course of
the underlying hypoxia-associated physiological changes. The present study showed that the cardiac
myocyte-integrated MEA may be used as an experimental platform for the pharmacological studies of
cardiovascular diseases in the future.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction
Cultured heart cells are useful for the study of cardiac pathology.
Indeed, isolated rat cardiac myocytes have been used as an experimental model in the study of anoxic cell injury since the early 1980s
(Rajs & Harm, 1980). One major advantage is that these cells can be
easily obtained from embryonic or neonatal animals, and they provide
the means of studying cellular morphology, biochemistry, and
electrophysiological characteristics of the mammalian heart (Chlopcikova, Psotova, & Miketova, 2001). Thus far, cultured cardiac myocyte
models have proven to be very useful for the study of hypoxic injury
(Orita et al., 1995; Liu, Chen, Yang, Cheng, 2001; Bollensdorff, Knopp,
Biskup, Zimmer, & Benndorf, 2004; Eigel, Gursahani, & Hadley, 2004)
and hypoxic preconditioning (Webster, Discher, & Bishopric, 1995;
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Hausenloy, Yellon, Mani-Babu, & Duchen, 2004). The use of isolated
cardiac myocyte models to study cardiac functions has been reviewed
(Diaz & Wilson, 2006). The effects of cardiac hypoxia are often
correlated with the functionality of the cells before and after hypoxic
episodes using a patch-clamp approach (Liu et al., 2001; Bollensdorff
et al., 2004). There is no doubt that the patch-clamp technique can
yield important information on the cellular electrophysiology of a few
cells. This approach, however, cannot provide a comprehensive
picture of cell-to-cell signal propagation characteristics, and continuous long-term recording is not practical — the microelectrode arrays
(MEAs) may provide the answers to these problems. The rationale
behind the use of MEAs is based on the integration of multiple cells on
microchips in order to detect changes of extracellular electrophysiological signals. This system enables the recording of many cells
simultaneously, which is useful when a global view of a population of
cells is desired as in the case of cardiac hypoxia.
Our previous studies have demonstrated the potential application
of cultured embryonic cardiac myocyte-integrated ﬁeld effect transistor arrays in pharmacological bioassay (Ingebrandt, Yeung, Krause,
& Offenhausser, 2001; Yeung, Ingebrandt, Krause, Offenhausser,
& Knoll, 2001; Ingebrandt, Yeung, Staab, Zetterer, & Offenhausser,
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2003). Parallel to this project, an MEA system that uses 64 planar gold
microelectrodes for signal recording has been developed (Krause,
2000; Yeung et al., 2001; Ecken et al., 2003; Zhang et al., 2005). The
characterisation of electrophysiological recordings of embryonic heart
activity using the MEA has been described (Reppel et al., 2004).
Through signiﬁcant improvement over the past few years, the
present system has much higher signal-to-noise ratio and is much
more reliable than our previous system (Wrobel et al., 2007). It is thus
ideal for observing the electric activity of cells over a relatively long
period of time. Furthermore, despite only extracellular signals are
being recorded, this system is so sensitive that even changes in
extracellular action potential signal shapes can be detected (Ingebrandt
et al., 2001; Yeung et al., 2001; Yeung et al., 2007).
The purpose of this study was to establish an in vitro experimental
platform of cultured cardiac myocytes on the MEA and to use this system
to monitor the electrophysiological changes of the entire syncytium due
to acute hypoxia. The obtained electrophysiological observations were
compared with the presently known physiological changes, such as
lactate concentration, pH, and osmolarity, of the heart under hypoxia.
This study aimed to show that such a cell-integrated electronic system
may be useful for a variety of pharmacological studies of heart.
2. Methods
2.1. Cell culture solutions and reagents
The standard culture medium was Ham's F10 medium, containing
10% (v/v) foetal bovine serum (FBS), 0.5% (v/v) insulin, transferrin,
selenite (ITS) solution, 6 mM L-glutamine, and 2% (v/v) mixture of
penicillin/streptomycin (5000 U/ml penicillin and 5 mg/ml streptomycin) adjusted to pH 7.4.
Cell culture reagents were obtained from Sigma: F10 Ham's
(N6635), Hanks Balanced Salt Solution (HBSS, H6648), FBS (F7524),
pen-strep mixture (P9096), L-glutamine (G7513), trypsin-EDTA
(T4299), DNase II (D8764), ITS (I1884), ﬁbronectin (F0635).
2.2. Cell preparation
Hearts of embryonic days 16–19 Sprague–Dawley rats were
removed, minced, and placed into cold Ca2+/Mg2+-free HBSS. The
chopped hearts were then pooled and washed several times to remove
blood and other tissue fragments. After washing, the HBSS was replaced
with 8 ml of 0.05% crude trypsin-EDTA. After 8 min incubation at 37 °C,
the supernatant was discarded. The dissociation cycle then began with
another 2 ml of trypsin for 8 min preceded by the addition of 100 μl
DNase II solution (10,000 U/ml) for 1–2 min. The resulting supernatant
was collected and added into the culture medium to stop trypsin
digestion. This cell suspension mixture was centrifuged at 2000 rpm for
5 min. The pellet was resuspended using the standard culture medium.
The above dissociation cycle was repeated four to ﬁve times. All
procedures were carried out in sterile conditions.
The resultant cell suspensions were pooled and incubated for 2 h at
37 °C for the purpose of differential adhesion. This procedure allows
ﬁbroblasts to adhere to the culture dish preferentially over cardiac
myocytes, thus increasing the myocyte-to-ﬁbroblast ratio of the cell
suspension. Approximately 32,000 to 48,000 cells were seeded onto
each ﬁbronectin-primed MEA surface.
2.3. Experimental setup
2.3.1. Microelectrode arrays
The MEA chips used for the extracellular recordings were ﬁrst
described by Krause (2000). The chips were manufactured on glass
wafers (Boroﬂoat 33, SCHOTT GLAS, Mainz, Germany) using standard
optical lithography. The planar 64-channel gold MEAs (8 × 8) were
designed with diameters of either 10 or 20 µm and a pitch of either
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100 or 200 µm. In order to use the MEA several times, the chip surface
was passivated by an oxide–nitride–oxide (ONO) layer deposited by
plasma enhanced chemical vapour deposition (PECVD) consisting of
500 nm SiO2, 500 nm Si3N4, and 100 nm SiO2. Details of the fabrication
and the ﬂip-chip encapsulation processes have been previously
described (Krause, 2000; Krause et al., 2000; Ecken et al., 2003).
2.3.2. Ampliﬁer setup
The measurement setup for signal recordings with planar MEAs
consists of a preampliﬁer and a main ampliﬁer. In recent years,
the pre-ampliﬁer headstage of the system has been greatly improved,
and it now offers high sensitivity with a large bandwidth (Zhang et al.,
2005; Wrobel et al., 2007). This enables the recording of undistorted
extracellular action potential signal shapes from cardiac myocyte
cultures. The microelectrodes of the present setup are directly
connected to a high impedance operational ampliﬁer (Zhang et al.,
2005; Wrobel et al., 2007). This conﬁguration enables recordings
with planar gold microelectrodes as small as 10 µm in diameter;
therefore, signals from individual cells can be recorded. These signals
are termed extracellular action potentials (exAPs) as opposed to the
usually recorded ﬁeld potentials from large, low-impedance microelectrodes using the commercially available MEA systems (www.
multichannelsystems.com; www.plexoninc.com; www.med64.com).
A detailed description of the pre-ampliﬁer and its frequency characteristics can be found elsewhere (Wrobel et al., 2007). Data
acquisition was carried out with our standard 64-channel ampliﬁer
in combination with an A/D card (PCI 6071E, National Instruments,
Hong Kong) operated using the MED64 conductor 3.1 software (Alpha
MED Sciences Co. Ltd., Japan). This main ampliﬁer and software are
similar to the setup used in the study by Ecken et al. (2003).
2.3.3. Hypoxia recording chamber setup
The recording setup consisted of a headstage ampliﬁer with a Perspex
incubation chamber placed on top of it to reduce air movement and
excessive evaporation during experimentation (Fig. 1a). An outer
Perspex casing and a Faraday's cage were used to encompass the entire
headstage ampliﬁer to further eliminate ambient air current and external
electromagnetic noise, respectively. A vibration-free unit, which is made
up of alternate layers of solid steel and thick rubber, was placed under the
headstage ampliﬁer to prevent vibrations coming from the lab bench
(Fig. 1b). The temperature was maintained at 37 °C throughout.
2.4. Induction of hypoxia
The hypoxic medium was prepared by gassing the normal medium
with a mixture of 95% N2 and 5% CO2 for a minimum of 5 min, and the
concentration of dissolved O2 after gassing (0 to 0.5%) was veriﬁed
using a waterproof hand-held dissolved O2 meter (Eutech Instruments, Singapore). After taking a control recording of 60 s, the normal
medium was replaced with the pre-warmed hypoxic medium.
Because of a 5-min delay between changing the medium and
returning the MEA chip back onto the headstage ampliﬁer, the
moment when the hypoxic medium was added to the cell-containing
MEA was considered as 0 min. After this 5-min delay, the recording
was resumed while exposing the entire system to the same prewarmed and humidiﬁed hypoxic gas mixture throughout the recording period. A recording of 30 s was taken every 2 min for a minimum of
90 min of hypoxia. The results were compared with those obtained in
normoxic condition (95% air and 5% CO2).
2.5. Lactate release, pH and osmolarity measurements
Lactate is a by-product of carbohydrate metabolism. The amount of
lactate production, which affects the physiological state of the cells in
normoxic or hypoxic conditions, was evaluated colorimetrically. The
lactate reagent and lactate standards (20, 40, 80, and 120 mg/L), both
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unpaired t-test; and the osmolarity and pH measurements, ±S.E.M.,
before and after hypoxic insult were compared using Student's paired
t-test. In all cases, P b 0.05 indicates a signiﬁcant difference between
values.
3. Results
The present study measured some well-known physiological
changes that are associated with hypoxic insult in an attempt to
correlate these changes with electrophysiological measurements
obtained using the MEA.
3.1. The effect of continuous gassing

Fig. 1. The MEA recording setup. Top view of the (a) headstage ampliﬁer and (b) the
complete recording setup. The entire recording setup consists of a Faraday's cage (1), an
outer protective Perspex casing (2), an inner Perspex incubation chamber (3), a
thermocouple that measures the headstage temperature (4), the headstage ampliﬁer
(5), a thermostatically-controlled hot plate (6), and a vibration-free bench which is
made up of alternate layers of solid steel and thick rubber (7).

purchased from SIGMA, were used to verify the accuracy of the
readings. The enzymatic determination of lactate in the culture
medium was read using multiplate reader (Dynex Opsys MR) at
λ = 550 nm. The calculation of the ﬁnal lactate concentration is given
by: Absorbance of TestSamples ÷ Absorbance of Standard × Concentra(mM). The cells samples were analysed after 5, 10, 20, 40, 80, or 160 min
of hypoxia, and the results were compared with those obtained from the
normoxic control. pH and osmolarity measurements pre- and posthypoxic insult were determined using a standard pH meter (Type 911 pH,
Knick Portamess, Germany) and an osmometer (Osmomat 030, Gonotec,
Germany), respectively.

The normoxic culture medium usually contained 92.5% to 95.2%
dissolved O2 (8.30–8.47 mg/l). The concentration of dissolved O2 was
brought down to 0 to 0.5% following gassing of the culture medium
with 95% N2/5% CO2 gas mixture for at least 5 min. If this anoxic
solution was continuously gassed with this gas mixture, the amount of
dissolved O2 would remain below 1%. This was important as it
appeared that atmospheric O2 could diffuse back into this anoxic
culture medium without continuous gassing, causing a steady rise in
the amount of dissolved O2 to approximately 5.0%, 11.6%, and 25.2%
after 30 min, 60 min, and 90 min, respectively. While continuous
gassing was carried out throughout the recording period and that the
ﬂow rate was kept very low, it could not be done directly over the
medium so as to avoid excessive evaporation. As there was no
guarantee that the medium would be completely free of O2, it would
be more appropriate to designate this medium and the condition of
this study as ‘hypoxic’ rather than ‘anoxic’.
3.2. Lactate concentration and pH
The progressive increase in lactate concentrations over 160 min of
hypoxia (Fig. 2) was well correlated with a drop in pH. The pH of the
medium remained stable when the cells were exposed to the
normoxic gas mixture (7.47 ± 0.08 at 0 min versus 7.50 ± 0.04 at
90 min, n = 5), but it dropped to 7.26 ± 0.01 following 90 min of
hypoxia (n = 5, P b 0.05).
3.3. The effect of hypoxia on osmolarity
While normoxic (95% air/5% CO2) or hypoxic (95% N2/5% CO2)
gassing was not carried out directly on top of the cell-containing MEA
chip during recording, gassing its adjacent area might still increase the
rate of evaporation due to convection inside the incubation chamber.
Elevated evaporation could lead to dehydration, and this would
ultimately give rise to a hyperosmotic culture medium. As such,

2.6. Measurements and analysis of results
The extracellular signals were analysed using a custom-designed
software implemented in MATLAB® (Version 7.0, The MathWorks,
USA). The results are expressed in terms of (i) beat frequency (beats
per minute, bpm), which is a measure of functionality of the cultured
cardiac cells; (ii) exAP amplitude (mV), which is the combined
measurements of the positive peak of depolarisation (i.e. a measure of
the rate of depolarisation) and the negative peak of the sodium (Na+)
signal (i.e. a measure of the extent of Na+ entry); and (iii) propagation
velocity (cm/s), which is a measure of conductivity among the cardiac
cells. The means of these three parameters from all available channels
of each MEA chip were calculated (i.e. n = 1) before obtaining the ﬁnal
means of all the chips from the same treatment group. All
electrophysiological data are shown as mean ± S.E.M., and differences
between treatment groups were compared using Student's unpaired
t-test. The amounts of lactate present in the medium at different
durations of hypoxia versus control were compared using Student's

Fig. 2. The amount of lactate released from cells into the medium increased signiﬁcantly
after 10 min of hypoxia treatment (mM ± S.E.M.). Numbers in parentheses indicate the
percentage increase of lactate at the corresponding time points. The results were
analysed using Student's unpaired t-test (⁎P b 0.05, ⁎⁎P b 0.01, ⁎⁎⁎P b 0.001).
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osmotic pressure changes before and after recordings were recorded.
Continuous (90 min) gassing increased the osmotic pressure of the
medium from 290.4 ± 2.2 mosm (before any gassing, n = 5) to 302.2 ±
7.6 mosm (or 4.1%, n = 5) and 314.5 ± 18.0 mosm (or 8.3%, n = 4)
under normoxic and hypoxic gassing, respectively. These results
showed that while there were differences in osmolarity after gassing
as well as between different gassing mixtures, but they were
insigniﬁcant and that hypoxic gassing increased the culture medium
osmolarity only marginally more than normoxic gassing did.
3.4. Electrophysiology of cardiac myocytes
Under normoxic conditions, the cultured cardiac myocytes had a
basal beat frequency of 55.8± 9.1 bpm, an exAP amplitude of 0.4 ±
0.1 mV, and a propagation velocity of 7.1 ± 1.0 cm/s (n = 10). These
measurements remained stable over 90+ min of normoxic recording
(Fig. 3). These parameters displayed a particular pattern of change as the
duration of hypoxia increased. The beat frequency of cells increased
almost as soon as hypoxia had begun (Fig. 3a). The maximum beat
frequency was observed at approximately 42.5 min (88.1 ± 3.2 bpm,
n = 10), it then began to reduce gradually until it dropped below the
basal level (42.0 ± 6.9 bpm at 100+ min, n = 3). The exAP amplitude of
the cells reduced, albeit insigniﬁcant due to large standard errors, upon
exposure to the hypoxic medium, and this drop increased after about
20 min of hypoxia. The propagation velocity of the hypoxic cells was
signiﬁcantly lower than that of the control throughout the hypoxic
treatment, and this drop accelerated at just below 30 min. Both exAP and
propagation velocity reached their respective lows at about 75 to 80 min
(Fig. 3b and c, respectively).
The extracellular signal shapes of cardiac myocytes are composed
of several signal components, and the interpretations of signal shapes
have been described (Yeung et al., 2007). These signal shape
components are outlined as follows:
1. The fast up-spike is related to the depolarisation of the cell
membrane. The amplitude of this peak is proportional to the ﬁrst
derivative of the time-dependent membrane voltage VM(t).
2. The fast down-spike is related to the Na+ currents through the
small cleft between the membrane and the sensor surface.
3. The slow negative signal component is mainly the result of calcium
(Ca2+) inﬂux.
4. The slow positive signal is the result of the repolarising potassium
(K+) efﬂux.
The changes in the fast up-spike and fast down-spike were
progressively attenuated, indicating the rate of depolarisation and the
extent of Na+ inﬂux signal were reduced as a direct result of hypoxic
insult (Fig. 4a). These changes also affected the exAP durations, with
overall reductions between 6 and 22% over 60 min of hypoxia. The
magnitudes of both Ca2+ inﬂux and K+ efﬂux signals also reduced but
only very slightly.
The examination of the actual exAP signal shapes provided an even
better visualisation of the physiological changes. Individual signal
shapes showed that the overall rate of depolarisation of the cells was
severely diminished, the extent of the Na+ inﬂux signal was gradually
reduced, and the duration was progressively lengthened from 5 to
50 min of hypoxia. These changes indicated that the membrane
potential was gradually becoming hyperpolarised over the course of
hypoxic insult (Fig. 4b).
4. Discussion
This study provides an extracellular electrophysiological proﬁle of
cultured rat cardiac myocytes under hypoxic insult over time with the
aim of demonstrating the MEA can be used as an experimental
platform for functional studies. Cultured cells are useful for biomedical research, and the use of primary neonatal rat cardiac myocytes as

Fig. 3. Changes in beat frequency (bpm, a), exAP amplitude (mV, b), and velocity (cm/s, c),
±S.E.M., of cultured cardiac myocytes at different time points (0 to 90+ min) are shown.
As it took time to change medium and to return the MEA chip back onto the headstage
ampliﬁer, there would be a 5-min delay prior to the actual start of recording (†denotes this
5-min delay between the change of hypoxic medium and the actual resumption of
recording). The beat frequency was elevated up to 42.5 min of hypoxia; thereafter, it began
to reduce and dropped below the normoxic value after 100+ min of hypoxia (not included
in ﬁgure). The exAP amplitude reduced slightly as soon as the cells were exposed to the
hypoxic medium, and this drop increased after about 20 min of hypoxia. The propagation
velocity reduced signiﬁcantly throughout the entire 90+ min of hypoxia; however, this
reduction accelerated at just under 30 min. These time-dependent observations over the
course of hypoxic insult are indicated by the shaded boxes. Both exAP and propagation
velocity reached their respective lows at about 75 to 80 min. The results were analysed
using Student's unpaired t-test (⁎P b 0.05).

a functional model for physiological research has been reviewed
(Chlopcikova et al., 2001). The combination of this physiological
model with the present microelectrode system has provided a stable
platform for the study of cardiac hypoxia, and this may be useful for
pharmacological studies of the heart.
The heart is an energy demanding organ that can be easily damaged
when oxidative phosphorylation is inhibited either due to depletion of
adenosine triphosphate (ATP) or deprivation of oxygen. When either of
these happens, ATP and creatine phosphate concentrations would
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decrease; while the concentrations of adenosine diphosphate (ADP),
adenosine monophosphate (AMP), and phosphoinositide (Pi) would
increase (Halestrap, Clarke, & Khaliulin, 2007). During hypoxic or

ischaemic insult, the heart ceases to beat because the contractile
machinery is inhibited by the elevation of [ADP] and [Pi] as well as a
reduction of pH as a direct result of an accumulation of lactate
(Halestrap, Kerr, Javadov, & Woodﬁeld, 1998; Suleiman, Halestrap, &
Grifﬁths, 2001; Halestrap, Clarke, & Javadov, 2004). The elevation of
lactate concentration and its associated reduction in pH over the course
of hypoxia were veriﬁed in this study.
Continuous measurements show that atmospheric O2 could diffuse
back into the original ‘anoxic’ medium; therefore, continuous hypoxic
gassing was necessary in order to maintain a low O2 environment
inside the inner Perspex incubation chamber. Although this procedure
still elevated the osmolarity of the bathing medium in either normoxic
or hypoxic conditions over time, it did not mount to a signiﬁcant
difference from the control (i.e. before any form of gassing).
Furthermore, 90 min of normoxic recordings of all three physiological
parameters (i.e. beat frequency, exAP amplitude, and propagation
velocity) were relatively stable, indicating that this marginal change in
osmolarity did not have any signiﬁcant impact on the electrophysiological responses.
The present electrophysiological measurements have demonstrated some characteristic cellular phenomena as a result of hypoxia:
(1) The beat frequency of the cells was initially elevated (up to
42.5 min) followed by a gradual reduction (Fig. 3a). This
seeming anoxia-provoked tachycardia has also been found
in isolated spontaneously beating embryonic chick hearts
(Sedmera, Kucera, & Raddatz, 2002). While the beat frequency
was lower than the basal level at the end of the 90+ min of
hypoxia and that the amplitude and conduction velocity were
both reduced to very low levels, a complete cessation of beat
did not occur despite prolonged hypoxic insult. The Na+
current in the heart consists of two components: a very slowly
inactivating persistent Na+ (INa P) and a transient Na+ (INa T)
(Saint, 2008). It has been demonstrated that the INa P current is
enhanced during hypoxia (Ju, Saint, & Gage, 1996; Barry, 2006;
Saint, 2006; Wang, Ma, Zhang, Luo, 2007; Saint, 2008), while
the INa T current is reduced (Wang et al., 2007). It is this INa P
that contributes to Na+ loading and the resultant Ca2+
overload and arrhythmias (Belardinelli, Shryock, Fraser, 2006;
Saint, 2008). These changes in INa P and Ca2+ overload could
have accounted for the initial increase in beat frequency
observed. Furthermore, Ca2+ overload can contribute to ATP
depletion via the activation of Ca2+-dependent ATPases (Barry,
2006). This reduction in ATP formation would subsequently
give rise to the opening of ATP-dependent potassium (KATP)
channels and thus a reduction in mechanical activity of the
myocytes. These physiological changes would not only have
accounted for the eventual reduction in beat frequency, but also

Fig. 4. (a) The ﬁgure shows the characteristic signal shape components (1 to 4 indicated at
5 min normoxia) and the changes in these shapes under normoxia or hypoxia from 5 to
60 min: (1) the fast up-spike is indicative of the rate of membrane depolarisation; (2) the
fast down-spike is related to the sodium ion current; (3) the slow negative signal is mainly
due to the transient calcium inﬂux signal; and (4) the slow positive signal is due to the
repolarising potassium efﬂux signal. The overall signal shape reductions were correlated
with the duration of hypoxia, with progressive reductions in both signal components (1)
and (2). The magnitudes of the combined signal components (3) and (4) under hypoxic
condition, albeit not substantial, were also smaller than those obtained from the normal
cells at corresponding time points (horizontal parallel dotted lines). The overall exAP
duration (in second) at a particular point of hypoxia is indicated above each trace (actual
durations are marked using lines with arrows at both ends), and the net differences
between normoxic and hypoxic cells at corresponding time points are also shown as
percentages (boxes). (b) The ﬁgure shows that the rates of depolarisation (component 1)
from 5 to 50 min were severely diminished even after just 5 min of hypoxia. The sodium
signal magnitudes reduced and their durations lengthened progressively from 5 to 50 min
of hypoxia (component 2), indicating the electrochemical gradient of sodium during these
periods was gradually being reduced due to hypoxic insult. Normoxic traces across the
same time points are shown as comparison. Signal components (3) and (4) cannot be seen
at this time scale.

C.-K. Yeung et al. / Journal of Pharmacological and Toxicological Methods 59 (2009) 146–152

the reductions in exAP amplitude, exAP duration, and conduction velocity observed in the present study (see below).
(2) The exAP amplitude, which is the combined measurements of
the rate of depolarisation and the extent of Na+ entry, reduced
after approximately 20 min of hypoxia (Fig. 3b); and this
reduction was associated with a shortening of exAP duration
(Fig. 4a), which reﬂects the status of ionic ﬂuxes. The reduction
in exAP amplitude and the accompanied shortening of exAP
duration have also been demonstrated in isolated guinea pig
ventricular myocytes with comparable time course (∼ 15 min)
(Wang et al., 2007). The present results clearly show that the
rate of depolarisation was severely reduced in hypoxia, as has
been observed in rabbit atrioventricular node (Nishimura,
Tanaka, Homma, Matsuzawa, & Watanabe, 1989), and the
extent and rate of Na+ entry were progressively decreased
(Fig. 4b). These changes would have direct effects on the exAP
amplitude and duration. The reduction in exAP duration, and
probably also the amplitude, was likely the result of KATP
channel activation (Shaw & Rudy, 1997; Qi, Shi, Wang, Zhang,
& Xu, 2000; Reffelmann, Skobel, Kammermeier, Hanrath,
& Schwarz, 2001; Wu, Hayashi, Lin, & Chen, 2005), such as
the sarcolemmal KATP channel (Weyermann, Vollert, Busch,
Bleich, & Gogelein, 2004; Chen, Zhu, Wilson, & Cameron, 2005).
(3) The propagation velocity, which is a reﬂection of the conductivity and contractility of the cultured cardiac myocytes,
reduced following hypoxic treatment. It has been suggested
that hypoxia could impair atrioventricular nodal conduction by
reducing the slow inward current (Isi) and the delayed rectiﬁer
K+ (Kdr) current (Nishimura et al., 1989). The suppression of
the Isi may be the result of impaired phosphorylation due to
reduced ATP levels (Nishimura et al., 1989). It is known that
the Kdr channels regulate electrical activity of the cells by
providing outward K+ currents, thus inﬂuencing the resting
potential (Ishikawa, Eckman, & Keef, 1997). Indeed, both
intracellular K+ and resting membrane potential have been
shown to decrease under hypoxia (Nakaya, Kimura, & Kanno,
1985). Since hypoxia reduces the slow component (IKS) of the
Kdr channels (Hool, 2004), which are involved in the overall
repolarisation during the plateau phase of action potential
(Carmeliet, 1993), the propagation velocity would thus be
reduced as a result.

The present study using the MEA as an experimental platform
conﬁrmed that inﬂicting hypoxia on cardiac myocytes would cause
characteristic changes in beat frequency, exAP amplitude, exAP
duration, and propagation velocity. These changes are in good
agreement with what is generally known about the electrophysiological changes that would occur with cells in hypoxic conditions
(Nakaya et al., 1985; Shaw & Rudy, 1997; Wang et al., 2007).
The present MEA system is clearly applicable to research cardiac
functions. The detected exAPs and the associated changes demonstrated in this study allow a partial reconstruction of the shape and
time course of the underlying physiological and pathophysiological
changes of the cells as a result of hypoxia. One major drawback
observed in this study is the potentially large variations, as reﬂected
by the large standard errors of the electrophysiological measurements
obtained, because the ‘absolute’ number of cells cannot be controlled.
The number of cells seeded on each MEA would directly affect the time
it takes them to become physiologically compromised; therefore, the
resultant physiological changes would be different over the course of
hypoxic insult. Nonetheless, the thus obtained measurements from
different chips would still provide the same ‘pattern’ of change over
time. Furthermore, parallel biochemical and molecular analyses of the
treated cells could verify and substantiate the signiﬁcance of the
extracellular recordings obtained using the MEA.
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5. Conclusions
The present cardiac myocyte-integrated MEA experimental platform is suitable for monitoring the electrophysiological functions of
metabolically-compromised cells over a relatively long period of time.
This system could be useful for the pharmacological studies of a
variety of heart problems. The measured extracellular electrophysiological parameters can provide valuable information on cellular
functions, and this system can be used in conjunction with biochemical and molecular techniques in order to provide a comprehensive picture of cellular behaviour in different pathophysiological
conditions.
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