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Electrical recordings from rat cardiac muscle cells using field-effect transistors
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Extracellular electrophysiological recordings were made from cardiac cells cultured for up to seven days
over microfabricated arrays of field-effect transistors. The recorded signals can be separated mainly into two
types of cell transistor couplings: one that can be explained entirely by purely passive circuitry elements, and
a second where voltage-gated ion channels contribute greatly to the measured extracellular signal.
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PACS numbe(s): 87.17.Nn, 87.80.Tq, 73.40.Mr

[. INTRODUCTION based recording device from which extracellular recordings
from a monolayer of cultured myocardial cells can be made
Impulse propagation in the cardiac muscle tissue is detersimultaneously with intracellular measurements of the mem-
mined by both activeincluding ion channels, ion exchang- brane voltage. We present five representative measurements
ers, and ion pumpsand passivdmembrane resistance and of the various types of couplings. We simulate the size and
capacitance, size and shape of individual cells, cell assenshape of the recorded extracellular signals by means of a
blage, topology and density of gap junctions, and the spatiahodel based on passive circuit elements in combination with
organization of the extracellular spaqeoperties of the car- time- and voltage-dependent properties of membrane cur-
diac muscle cells. The spontaneous rhythmic electrical andents modeled using equations of the form originally pro-
mechanical activity of cultured myocardiac cells is widely posed by Hodgkin and Huxley. This clearly indicates the
used to study cardiac physiology. Electrical activity in tissueinfluence of voltage-gated ion channels on the recorded ex-
culture is usually recorded using intracellular glass micropitracellular signals.
pettes and patch clamp pipettes, or metal electrodes. How-
ever, it is difficult to use these techniques for extended peri- Il. EXPERIMENTAL SETUP
ods of time because of cell movement, breakage, or damage.
By using semiconductor planar technology, substrate- Field-effect transistor arrays used in this study were fab-
embedded metal microelectrod@dME’s) of various sizes ficated using standard silicon planar technology. The array
and shapes have been built for long term recording frontonsisted of 16p-channel FETs with nonmetallized gates
cardiac cell§1-3] and neurong4—6]. Field-effect transis- [14]. The sizes of the gates ranged betweerx 28um?
tors (FETS have also been used to record from electricallydown to 10<1 wm? and were arranged in ax44 matrix
active cells and tissues. A large FET with a nonmetallizedwith the centers 200um apart. The chips were mounted on
gate was applied to record extracellular voltage from musclétandard 28 DIL ceramic chip carrigiNGK Spark Plug Co.,
tissue[7], and FET arrays with “floating” gold gates have LTD, Japan, wire-bonded, and encapsulated using a silicone
been used to record from hippocampal sli€8s More re-  polymer(Sylgard 184 and 96-083, Dow Corning ogether
cently, recordings from individual invertebrate neurons werewith a glass ring affixed to the chip carrier, the encapsulated
made using FETs with open gates. device forms a small culture dish. Electrical measurements
Various methods of describing the coupling of signalswith the FET were carried out with a Ag/AgCl wire as a
from electrogenic cells with either MME or FET have beenreference electrode which defines the gate potential. Mea-
proposed in the literature. The coupling of signals from largesurements were performed in the third quadrant in which the
invertebrate neurons with MME was described using equivausual driving conditions for the drain-source voltagé,§)
lent circuit models in a qualitativil 1] way or by calculating was —2.0 V and the Ag/AgCl-source voltagé/gs) was
the extracellular potential field generated by a transmem=2.0 V, resulting in a transconductance g
brane current using the finite element methd]. The cou- =dlps/dVgg) between 0.1 and 0.4 mS depending on the
pling of signals from large invertebrate neurons with FETgate size. In these conditions the leakage current from the
was described in detail using equivalent circuit models andource (gs) was negligible.
distributed systems as given by two-dimensional cable The cardiac myocytes were prepared following a tech-
theory [9,10]. Recently, these models have been modifiechiqgue that has been described in detail elsewhds®.
taking into account the contribution of voltage-gated ionBriefly, the hearts were removed from one to three-day old
channels of the cell membrane in the contact redid;. rats, finely minced and dissociated and plated onto the re-
We report here the development and application of a FETording devices in a serum-containing medium. Prior to plat-
ing, the FET arrays were cleaned with 25% sulfuric acid,
washed with Milli-Q water, sterilized with 70% ethanol, and
*Electronic address: offenhaeusser@mpip-mainz.mpg.de coated with fibronecti16]. The fibronectin (10xg/ml in
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FIG. 1. Schematic view of the cell-device assembly. A mono- N T W T
layer of rat cardiac myocytes is cultured on the FET surface for 0 2 4 6 8 10
both an extracellular recording by FET and intracellular recording time [s]

by microelectrode. The dimensions of the assembly are as follows.
cardiac myocyte, ca. 7Qmx25 um; FET, gate length

¢ FIG. 2. Electrical recording from rat cardiac myocytes after four
1-12 um and gate width 8—28.m.

days in culture. Measurements performed simultaneously by FET
(lower trace and microelectrodéupper tracgfor 10 sec. The ex-

) ) . tracellularly recorded trace is scaled as drain-source culrggrand
HBSS was applied to the devices for a period of 1 hr, afterag effective voltage in the junction ar¥g determined by the trans-
which the substrates were washed with sterile Milli-Q watefier characteristics.

and allowed to air dry in sterile conditions. Finally, approxi-

mately 80 ul of a suspension containing betweerx 50°

and 9x10° cells/ml were used to fill the culture dish of the Figure 2 shows typical recordings from cardiac muscle cells
FET array, which resulted in a cell density of approximatelyPerformed simultaneously with an intracellular microelec-
3x 10" cells/cnf. The culture was incubated at 37°C in a trode (upper trace and a FET(lower trace. Intracellular
humidified atmosphere. Under these conditions, within 2—3ecordings were made from cells grown sevesah away
days, a confluent monolayer of cells exhibiting spontaneou§om the recording site of the FET. The fast rising of the
rhythmic activity developed. intracellular voltageVy, (microelectrode, upper trace of Fig.

The electrical activity of these cells was studied starting?) causes first a sharp increase followed by a long-lasting
on the third day after plating. For recording, the FET arraydecrease in the drain-source currdgt of the transistor
was connected to a specially built 16-channel preamplifiefFET, lower trace of Fig. 2 [Due to the measurement con-
mounted under the microscopk7]. During experiments, the ditions (third quadrant, negative driving voltages and there-
offset currents arising from the driving conditions of all 16 fore negative drain-source currgra positive voltage change
channels were compensated and recorded signals were afi-the gate causes an increasd g (decrease of absolute
plified by a gain of 100. No filtering other thaa 3 kHz |ps).] From the transfer characteristics of each transistor, the
low-pass filter unit(3 dB) was used which was included in corresponding gate-source volta§fe;s can be calculated,
the amplification system. Up to four selected channels werahich corresponds to the voltage in the junction ava
monitored using a computer with an ADC card connected t@nd it was found that extracellular action potentials with am-
the electronic setup. In some experiments, simultaneous exylitudes larger than 0.3 mV could be recorded. The recorded
tracellular and intracellular recordings were made using glasgoltages were about 5-10 times greater than the background
microelectrodes filled with 3 M KCI and mounted in a noise.
holder-preamplifier headstagé uigs & Neumann, Ger- In Figs. 3 and 4, a more detailed view of typical record-
many). In the case of intracellular recordings, the headstagéngs is shown. Figwr 3 | shows the action potentiéAP) of
signal was amplified using a whole cell amplifigist Elec-  cardiac myocytes recorded with a glass microelectrode. The
tronic, Germany that could be connected to the computeroverall duration of the AP was between 300 and 400 ms.
and to an oscilloscope. The temperature was kept constant at In less than 5% of the experiments, extracellular signals
37°C using a heater pad fitted to the FET preamplifier. Inwith sharp peaks in the rising phase of the AP were recorded
Fig. 1 the principal setup for the described experiment igFig. 3 Il). The duration of these positive peaks was between
schematically shown. 1 and 2 ms with amplitudes between 0.2 and 1.0 mV. In
analogy to the nomenclature used for the description of
neuron-transistor coupling9,10] we will use the term
“ A-type” to describe this kind of signal.

In fully developed cultured cardiac cells, the action poten-  Figure 3 Il shows the largest extracelluar signal we re-
tial is generated by the sodium, calcium, and potassium cureorded with the FETs. The signal is monophasic and has a
rents across the cell membrane. The inward sodium current shape almost identical to the intracellular signals we ob-
the initial event triggering a fast-rising action potential. Theserved (Fig. 3 ). The amplitudes of these signals, which
calcium current carries the plateau phase of the action potettasted approximately 300 ms, was up to 25 mV. Signals of
tial and the outward potassium current repolarizes the celkhis type were observed in less than 5% of the experiments

IIl. RESULTS AND DISCUSSIONS
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FIG. 3. More detailed view of the action potential from Fig. 2 FIG. 4. Extracellular recording observed most often with a sharp
recorded with glass microelectrodeace ). The other traces show positive followed by a negative pedk D1-type,” trace I\). In the
extracellular recordings with a sharp peak in the rising phase of thether traces the sharp peaks at the beginning of the AP are followed
AP (* Atype,” trace I) and with a shape almost identical to the by a second part lasting much longérD2-type,” trace V; “D3-
intracellular signal* B-type,” trace IlI). type,” trace V).

and will be called ‘B-type” to describe it analogously to . ) .

[9,10]. with amplitudes up to s_evera_l hu_ndrgad/. We will use the
Figure 4 IV shows the type of signal we observed most€rm “D3-typ” to describe this signal. ,

often (>75%). The sharp rise of the extracellular signals at !N order to explain the recorded signals, the point-contact

the beginning of the AP represents about 10-50% of thé&nodel shovx_/n in Fig. 5 was used. The_junctlon is described

overall signal. The second part of the signal with a negativdy the passive elements of gate capacitaDgg, membrane

peak seems to resemble the overshooting Mamponent of ~ CapacitanceC,, and seal resistandg, in addition to the

the action potential. The overall duration of this type of ex-Na', Ca&", K* and leakage currents modeled by Hodgkin-

tracellular signal was about 5—10 ms with amplitudes up to gluxley elements. The extracellular voltagg(t) was simu-

mV. We will use the term D1-type” to describe this signal.

Figure 4 V shows another type of extracellular recording. I
Again, the sharp rise of the extracellular signals at the begin- M _
ning of the AP represents about 10—50% of the overall sig- cardiac
nal. The second part of the signal starts with a negative peak . myocyt

similar to the one described in Figure 4 IV. After a short
recovery, a second part followed and lasted much longer.

The negative parts of these signals seems to resemble a com-
bination of the overshooting Naspike and C&" component —
of the action potential. The overall duration of the second

part of this type of extracellular signal was about 200—300 e

ms with amplitudes up to several hundret. We will use ——__

the term “D2-type” to describe this signal, which we ob-
served in less than 5% of our recordings.
Figure 4 VI shows extracellular signals that we recorded

in approximately 10% of our experiments. Again, the sharp g\, 5. Equivalent circuitry used for description of the depen-
rise in the extracellular signals at the beginning of the APyence of voltage/; in the junction area coupled into the FET de-
represents about 10-50 % of the overall signal. The secongce on the membrane voltagé, . In addition to the passive elec-
part of the signal shows only a single negative peak similagronic elements €,5,C;y,R;) in the junction area, the ionic
to the last part described in Fig V and it is probable that currents of Nd, C&*, K™ and the leakage current modeled by
this negative part is dominated by the?Cacomponent of  Hodgkin and Huxley are considereld,; represents the current in-
the action potential. The overall duration of the second parfected by the neighboring cells, wherdag represents the sum of
of this type of extracellular signal was about 200—300 msghe ionic currents through the membrane used for the simulation.
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FIG. 6. Using theHEART software based on the theory of  F|IG. 7. In addition to the passive electronic elements, ionic
Hodgkin and Huxley for a standard single-ventricular cell, the ac-currents were considered. The short negative peak in trace IV
tion potential was simulatedrace ). The “A-" and “ B-types” can  (“ D1-type”) is given by an enhancement of the ionic current in the
be explained only by passive electronic elements. The simulation gfinction area(variations ofXyacak are shown in the inset in a
the “A-type” (trace I)) uses mainlyC;y andR, acting as high-pass detailed view. Signals of ‘D2” (trace V) and “D3" (trace V)
elements. The B-type” is mainly determined by the ratiB{/R;  type can be explained by an enhancement of@&" current in
(trace 1)) the junction aredfactor Xc,>1). The sharp negative peditace

V) in the rising phase of the AP is only visible if tika* current is
also enhanceffactor Xy ,>1).
lated according to Eq(1) considering the currentg",\,I
=Cyuld(Vy—Vy)/dt]+ =1}, through the membrane in
contact with the gate together with the currehf  gye to the interaction with neighboring ceftmmpound AR,
=(1/R;)V, along the cleft between membrane and gate andemperature, or quantitative differences in channel conduc-
the currentl ;= C,c(dV,/dt) through the gate oxide. tivities which we did not adapt.
For the simulation of the extracellular voltayg(t) we
CJG%JF iVJ: JMd(VM_VJ) +> My, (D numerically integrated Eq1). For the calculation we con-
dt R dt ] sidered the influence of time-dependent currbgf, |ca,
, Ik, and leakage current. The contribution of other currents

The current through the ion channélg, can be simu- was neglected. For the passive elements in the contact area a
lated by voltage-gated time-dependent and -independent cogate capacitance of;5=0.4 pF and a seal resistangy
ductivities G' based on the theory of Huxley and Hodgkin =1 M were chosen. A membrane capacitanceQgf,

[18]. We calculated both the intracellular voltagg and the =15 pF was used assuming a contact area of about
various currents through the membrahg, using the 100 um?. The simulated signals are shown in Figs. 6 and 7.
OXSOFT HEART simulation software in which models of The “A-type” extracellular signalFig. 6 Il) can be ex-
single cardiac cells have been implemented by the Noblglained by a convolution of the intracellular voltayg,(t)
group[19]. To simulate the action potential shown in Fig. 3 with high-pass filter elements mainly consisting of the ca-
I, we used the standard single-ventricular cell md@él. In  pacitance of the membrai@y,, and the seal resistan&g of

this model the cardiac cell with a length of 126m and a  the junction, neglecting contributions from ion channels and
diameter of 15um is assumed, resulting in an overall mem- gate capacitance. Therefore, shape and amplitude of this
brane capacitance of 200 plE\=1.5 uF/cn?). The fol-  peak can be described by the time constapt C;yR;) of
lowing maximal ionic conductances were usedy, this high-pass filter element.

=18.75 mS/crh, gg:7.5 mS/cm, and gOCa:8 mS/cn3. For the “B-type” junction (Fig. 6 lll), capacitive current
The action potential is elucidated by a stimulus currggt IS negligible and current flow is determined mainly through
of 6 nA lasting for 2 ms and starting at 100 ms. Using thesdhe ratioR'"/R;. This kind of signal can be explained by
parameters, the duration of the simulated f&Rg. 6 |) is  assuming that the seal resistarRgof the junction is in the
about 170 ms with an amplitude of about 140 mV. Shape andange of the leakage membrane resistalﬁ}i')él in the junc-
overall length differs from the measured APs which might betion with a reversal voltage equal to the membrane voltage.
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This can be explained either by assuming that the seal resig-radius of about 5um we can estimate the seal resistance
tanceR; is a factor of 1000 larger than expected or by theof the coupling[10]. With these assumptions, the seal resis-
fact that the leakage membrane resistaRg® is small com-  tance of the cell to the substrate-embedded deted®yr (
pared to the usual membrane resistafleaky membrane ~1 MQ) is in the range of the strong-coupling measure-
model[10]). _ ments done with invertebrate neuroi® &2 MQ) [10]. In

In order to simulate the D1-type” extracellular signal, ihis model the specific seal resistange- p/d,=57R, de-

we scaled the sodium, potassium, and calcium current derb'ends on the specific resistance of the electrglytnd the

ﬂtgeg 1'8 5t1h2 4contar1]ct a_reallr b¥ _factor?N Oxga,Ca,K d cell membrane-substrate distarstg using a specific resis-
—99.4,0.9,4,2,%:as Snown in Hg. .(\nsei). € ObSEvVed  1ance of p=100€) cm, this results in distanced; in the
a compensation of the capacitive signal and a negative re-

. o fange of 50 nm. Studies of cell-substrate separation using
sponse when the ion channel current density in the Contac?eﬂection interference contrast microscopy showed that car-
area is enhancedX{,cak>1) compared to the overall Py

membrane similar to th&1 junction introduced for the diac muscle cells have only a few focal contacts in this range
neuron-silicon coupling13]. An almost complete vanishing [2_1]' AIthou.gh these data were obtained with glass cover
signal is observed in the case of even by distributed currentiPS: We think they are most likely relevant to the problem

densities Ky, cax=1) except for the capacitive transient of of cell adhesion on silicon oxide due to the similar surface
the “stimulus. Cljrrent”linj and a signal similar to the A- chemistry of glass and silicon oxide, both modified with fi-

type” junction is found in the case of reduced current den-bronectin. These studies indicate that the high seal resistance

sities Xna.cak<1). This model allows one to explain the might be influenced by the confluent cell monolayer.
second part of the signal as being due to enhanced ion cur- From our simulations, it is obvious that the signal is de-
rent densities. The upstroke at the beginning of the signaermined not only by the linear circuit consisting of passive
seems to be due to the stimulus currepf that comes from membrane elements. Current injection from the cell into the
neighboring cells. The best simulation of the measured signalontact area plays a major role. Interestingly, we found from
(Fig. 4 1V) was obtained witlKy, cax=2. our simulations that the positive part of th®*type” signals
The “D2-type” extracellular signal was simulated by is mainly due to the “stimulus current” that comes from
scaling the calcium current density in the contact area byeighboring cells and will remain the only signal if an equal
factors of X¢,=0.1,1,10,25,50 while keeping the other ion current density for the contact area and the overall cell mem-
current densities in the contact area twice the current densprane is assumed. From our simulations we found that the
ties in the overall membraneX{, x=2). Figue 7 V shows  negative part of the D-type” signals is due to an enhanced
again the positive peak due to stimulus current and the negaurrent density in the contact area. The shape and duration of
tive peak mainly due to the enhanced sodium current densityig part seems to be determined by sodium and/or calcium

followed by a second part when the calcium current density ,rrents. Surprisingly, we never found any signal that was
was greatly enhanced. The inset of Fig. 7 V shows that thigj; minated by the potassium current.

change in calcium current density will not influence the
negative peak due to sodium current. The best simulation
the measured signdFig. 4 V) can be obtained withXc,

The influence of the ion currents on the recorded signals
O(gpens up the possibility of using this recording device for
current measurements that might be of interest for long-term
=30. . . . investigations of membrane current profiles and pharmaceu-
In order to simulate the D3-type” extracellular signal, {ic5| tests. The model circuit considering the ionic current
the calcium current.densn.y in the contact.area was kept C‘?”through the membrane, in addition to the passive membrane
stant atX¢,= 50 while sodium and potassium current densi-glements, shows good agreement with the experimental re-
ties in the contact area were scaled by factorsX@hk  gyits. In addition, we have tested the cardiac muscle cel/FET
=0,0.1,0.5,1,2. Figure 7 VI shows again the positive pealgssemplies over several days, recording similar signals from
due to stimulus current and a long lasting negative peakhe corresponding transistors, indicating the possibility of

mainly due to the enhanced calcium current density. Thenaintaining long-term electrical contact with the cultured
inset of Fig. 7 VI shows that reduced or regular sodium ang.gs.

potassium current densities have little influence on the shape
of the negative peak. The best simulations of the measured
signal (Fig. 4 VI) were obtained withXc,=50 and Xy, ACKNOWLEDGMENTS
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