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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 number~s!: 87.17.Nn, 87.80.Tq, 73.40.Mr
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I. INTRODUCTION

Impulse propagation in the cardiac muscle tissue is de
mined by both active~including ion channels, ion exchang
ers, and ion pumps! and passive~membrane resistance an
capacitance, size and shape of individual cells, cell ass
blage, topology and density of gap junctions, and the spa
organization of the extracellular space! properties of the car-
diac muscle cells. The spontaneous rhythmic electrical
mechanical activity of cultured myocardiac cells is wide
used to study cardiac physiology. Electrical activity in tiss
culture is usually recorded using intracellular glass micro
pettes and patch clamp pipettes, or metal electrodes. H
ever, it is difficult to use these techniques for extended p
ods of time because of cell movement, breakage, or dam
By using semiconductor planar technology, substra
embedded metal microelectrodes~MME’s! of various sizes
and shapes have been built for long term recording fr
cardiac cells@1–3# and neurons@4–6#. Field-effect transis-
tors ~FETs! have also been used to record from electrica
active cells and tissues. A large FET with a nonmetalliz
gate was applied to record extracellular voltage from mus
tissue@7#, and FET arrays with ‘‘floating’’ gold gates hav
been used to record from hippocampal slices@8#. More re-
cently, recordings from individual invertebrate neurons w
made using FETs with open gates@9#.

Various methods of describing the coupling of sign
from electrogenic cells with either MME or FET have be
proposed in the literature. The coupling of signals from la
invertebrate neurons with MME was described using equ
lent circuit models in a qualitative@11# way or by calculating
the extracellular potential field generated by a transme
brane current using the finite element method@12#. The cou-
pling of signals from large invertebrate neurons with FE
was described in detail using equivalent circuit models a
distributed systems as given by two-dimensional ca
theory @9,10#. Recently, these models have been modifi
taking into account the contribution of voltage-gated i
channels of the cell membrane in the contact region@13#.

We report here the development and application of a F
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based recording device from which extracellular recordin
from a monolayer of cultured myocardial cells can be ma
simultaneously with intracellular measurements of the me
brane voltage. We present five representative measurem
of the various types of couplings. We simulate the size a
shape of the recorded extracellular signals by means
model based on passive circuit elements in combination w
time- and voltage-dependent properties of membrane
rents modeled using equations of the form originally p
posed by Hodgkin and Huxley. This clearly indicates t
influence of voltage-gated ion channels on the recorded
tracellular signals.

II. EXPERIMENTAL SETUP

Field-effect transistor arrays used in this study were f
ricated using standard silicon planar technology. The ar
consisted of 16p-channel FETs with nonmetallized gate
@14#. The sizes of the gates ranged between 2839 mm2

down to 1031 mm2 and were arranged in a 434 matrix
with the centers 200mm apart. The chips were mounted o
standard 28 DIL ceramic chip carriers~NGK Spark Plug Co.,
LTD, Japan!, wire-bonded, and encapsulated using a silico
polymer ~Sylgard 184 and 96-083, Dow Corning!. Together
with a glass ring affixed to the chip carrier, the encapsula
device forms a small culture dish. Electrical measureme
with the FET were carried out with a Ag/AgCl wire as
reference electrode which defines the gate potential. M
surements were performed in the third quadrant in which
usual driving conditions for the drain-source voltage (VDS)
was 22.0 V and the Ag/AgCl-source voltage (VGS) was
22.0 V, resulting in a transconductance (gm
5dIDS /dVGS) between 0.1 and 0.4 mS depending on t
gate size. In these conditions the leakage current from
source (I GS) was negligible.

The cardiac myocytes were prepared following a te
nique that has been described in detail elsewhere@15#.
Briefly, the hearts were removed from one to three-day
rats, finely minced and dissociated and plated onto the
cording devices in a serum-containing medium. Prior to p
ing, the FET arrays were cleaned with 25% sulfuric ac
washed with Milli-Q water, sterilized with 70% ethanol, an
coated with fibronectin@16#. The fibronectin (10mg/ml in
2171 © 1999 The American Physical Society
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HBSS! was applied to the devices for a period of 1 hr, af
which the substrates were washed with sterile Milli-Q wa
and allowed to air dry in sterile conditions. Finally, approx
mately 80 m l of a suspension containing between 53105

and 93105 cells/ml were used to fill the culture dish of th
FET array, which resulted in a cell density of approximate
33107 cells/cm2. The culture was incubated at 37°C in
humidified atmosphere. Under these conditions, within 2
days, a confluent monolayer of cells exhibiting spontane
rhythmic activity developed.

The electrical activity of these cells was studied start
on the third day after plating. For recording, the FET arr
was connected to a specially built 16-channel preampli
mounted under the microscope@17#. During experiments, the
offset currents arising from the driving conditions of all 1
channels were compensated and recorded signals were
plified by a gain of 100. No filtering other than a 3 kHz
low-pass filter unit~3 dB! was used which was included i
the amplification system. Up to four selected channels w
monitored using a computer with an ADC card connected
the electronic setup. In some experiments, simultaneous
tracellular and intracellular recordings were made using g
microelectrodes filled with 3 M KCl and mounted in
holder-preamplifier headstage~Luigs & Neumann, Ger-
many!. In the case of intracellular recordings, the headst
signal was amplified using a whole cell amplifier~List Elec-
tronic, Germany! that could be connected to the compu
and to an oscilloscope. The temperature was kept consta
37 °C using a heater pad fitted to the FET preamplifier.
Fig. 1 the principal setup for the described experimen
schematically shown.

III. RESULTS AND DISCUSSIONS

In fully developed cultured cardiac cells, the action pote
tial is generated by the sodium, calcium, and potassium
rents across the cell membrane. The inward sodium curre
the initial event triggering a fast-rising action potential. T
calcium current carries the plateau phase of the action po
tial and the outward potassium current repolarizes the c

FIG. 1. Schematic view of the cell-device assembly. A mon
layer of rat cardiac myocytes is cultured on the FET surface
both an extracellular recording by FET and intracellular record
by microelectrode. The dimensions of the assembly are as follo
cardiac myocyte, ca. 70mm325 mm; FET, gate length
1 –12 mm and gate width 8 –28mm.
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Figure 2 shows typical recordings from cardiac muscle c
performed simultaneously with an intracellular microele
trode ~upper trace! and a FET~lower trace!. Intracellular
recordings were made from cells grown severalmm away
from the recording site of the FET. The fast rising of th
intracellular voltageVM ~microelectrode, upper trace of Fig
2! causes first a sharp increase followed by a long-las
decrease in the drain-source currentI DS of the transistor
~FET, lower trace of Fig. 2!. @Due to the measurement con
ditions ~third quadrant, negative driving voltages and the
fore negative drain-source current!, a positive voltage change
at the gate causes an increase inI DS ~decrease of absolut
I DS).# From the transfer characteristics of each transistor,
corresponding gate-source voltageVGS can be calculated
which corresponds to the voltage in the junction areaVJ ,
and it was found that extracellular action potentials with a
plitudes larger than 0.3 mV could be recorded. The recor
voltages were about 5–10 times greater than the backgro
noise.

In Figs. 3 and 4, a more detailed view of typical recor
ings is shown. Figure 3 I shows the action potential~AP! of
cardiac myocytes recorded with a glass microelectrode.
overall duration of the AP was between 300 and 400 ms

In less than 5% of the experiments, extracellular sign
with sharp peaks in the rising phase of the AP were recor
~Fig. 3 II!. The duration of these positive peaks was betwe
1 and 2 ms with amplitudes between 0.2 and 1.0 mV.
analogy to the nomenclature used for the description
neuron-transistor coupling@9,10# we will use the term
‘‘ A-type’’ to describe this kind of signal.

Figure 3 III shows the largest extracelluar signal we
corded with the FETs. The signal is monophasic and ha
shape almost identical to the intracellular signals we
served~Fig. 3 I!. The amplitudes of these signals, whic
lasted approximately 300 ms, was up to 25 mV. Signals
this type were observed in less than 5% of the experime

-
r
g
s:

FIG. 2. Electrical recording from rat cardiac myocytes after fo
days in culture. Measurements performed simultaneously by F
~lower trace! and microelectrode~upper trace! for 10 sec. The ex-
tracellularly recorded trace is scaled as drain-source currentI DS and
as effective voltage in the junction areaVJ determined by the trans
fer characteristics.
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and will be called ‘‘B-type’’ to describe it analogously to
@9,10#.

Figure 4 IV shows the type of signal we observed m
often (.75%). The sharp rise of the extracellular signals
the beginning of the AP represents about 10–50% of
overall signal. The second part of the signal with a nega
peak seems to resemble the overshooting Na1 component of
the action potential. The overall duration of this type of e
tracellular signal was about 5–10 ms with amplitudes up t
mV. We will use the term ‘‘D1-type’’ to describe this signal

Figure 4 V shows another type of extracellular recordin
Again, the sharp rise of the extracellular signals at the be
ning of the AP represents about 10–50% of the overall s
nal. The second part of the signal starts with a negative p
similar to the one described in Figure 4 IV. After a sho
recovery, a second part followed and lasted much lon
The negative parts of these signals seems to resemble a
bination of the overshooting Na1 spike and Ca21 component
of the action potential. The overall duration of the seco
part of this type of extracellular signal was about 200–3
ms with amplitudes up to several hundredmV. 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 record
in approximately 10% of our experiments. Again, the sh
rise in the extracellular signals at the beginning of the
represents about 10–50 % of the overall signal. The sec
part of the signal shows only a single negative peak sim
to the last part described in Fig. 4 V and it is probable tha
this negative part is dominated by the Ca21 component of
the action potential. The overall duration of the second p
of this type of extracellular signal was about 200–300

FIG. 3. More detailed view of the action potential from Fig.
recorded with glass microelectrode~trace I!. The other traces show
extracellular recordings with a sharp peak in the rising phase of
AP ~‘‘ A-type,’’ trace II! and with a shape almost identical to th
intracellular signal~‘‘ B-type,’’ trace III!.
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with amplitudes up to several hundredmV. We will use the
term ‘‘D3-typ’’ to describe this signal.

In order to explain the recorded signals, the point-cont
model shown in Fig. 5 was used. The junction is describ
by the passive elements of gate capacitanceCJG , membrane
capacitanceCJM , and seal resistanceRJ in addition to the
Na1, Ca21, K1 and leakage currents modeled by Hodgk
Huxley elements. The extracellular voltageVJ(t) was simu-

e

FIG. 4. Extracellular recording observed most often with a sh
positive followed by a negative peak~‘‘ D1-type,’’ trace IV!. In the
other traces the sharp peaks at the beginning of the AP are follo
by a second part lasting much longer~‘‘ D2-type,’’ trace V; ‘‘D3-
type,’’ trace VI!.

FIG. 5. Equivalent circuitry used for description of the depe
dence of voltageVJ in the junction area coupled into the FET d
vice on the membrane voltageVM . In addition to the passive elec
tronic elements (CJG ,CJM ,RJ) in the junction area, the ionic
currents of Na1, Ca21, K1 and the leakage current modeled b
Hodgkin and Huxley are considered.I in j represents the current in
jected by the neighboring cells, whereasI M represents the sum o
the ionic currents through the membrane used for the simulatio
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2174 PRE 60CHRISTOPH SPRO¨ SSLERet al.
lated according to Eq.~1! considering the currentI JM
M

5CJM@d(VM2VJ)/dt#1( i I JM
i through the membrane in

contact with the gate together with the currentI J
5(1/RJ)VJ along the cleft between membrane and gate
the currentI JG5CJG(dVJ /dt) through the gate oxide.

CJG

dVJ

dt
1

1

RJ
VJ5CJM

d~VM2VJ!

dt
1(

i
I JM

i . ~1!

The current through the ion channelsI JM
i can be simu-

lated by voltage-gated time-dependent and -independent
ductivities Gi based on the theory of Huxley and Hodgk
@18#. We calculated both the intracellular voltageVM and the
various currents through the membraneI JM

i using the
OXSOFT HEART simulation software in which models o
single cardiac cells have been implemented by the No
group@19#. To simulate the action potential shown in Fig.
I, we used the standard single-ventricular cell model@20#. In
this model the cardiac cell with a length of 120mm and a
diameter of 15mm is assumed, resulting in an overall mem
brane capacitance of 200 pF (cM51.5 mF/cm2). The fol-
lowing maximal ionic conductances were used:gNa

0

518.75 mS/cm2, gK
0 57.5 mS/cm2, and gCa

0 58 mS/cm2.
The action potential is elucidated by a stimulus currentI in j
of 6 nA lasting for 2 ms and starting at 100 ms. Using the
parameters, the duration of the simulated AP~Fig. 6 I! is
about 170 ms with an amplitude of about 140 mV. Shape
overall length differs from the measured APs which might

FIG. 6. Using theHEART software based on the theory o
Hodgkin and Huxley for a standard single-ventricular cell, the
tion potential was simulated~trace I!. The ‘‘A-’’ and ‘‘ B-types’’ can
be explained only by passive electronic elements. The simulatio
the ‘‘A-type’’ ~trace II! uses mainlyCJM andRJ acting as high-pass
elements. The ‘‘B-type’’ is mainly determined by the ratioRL

JM/RJ

~trace III!.
d

n-

le

e

d
e

due to the interaction with neighboring cells~compound AP!,
temperature, or quantitative differences in channel cond
tivities which we did not adapt.

For the simulation of the extracellular voltageVJ(t) we
numerically integrated Eq.~1!. For the calculation we con
sidered the influence of time-dependent currentI Na , I Ca ,
I K , and leakage current. The contribution of other curre
was neglected. For the passive elements in the contact a
gate capacitance ofCJG50.4 pF and a seal resistanceRJ
51 MV were chosen. A membrane capacitance ofCJM
51.5 pF was used assuming a contact area of ab
100 mm2. The simulated signals are shown in Figs. 6 and

The ‘‘A-type’’ extracellular signal~Fig. 6 II! can be ex-
plained by a convolution of the intracellular voltageVM(t)
with high-pass filter elements mainly consisting of the c
pacitance of the membraneCJM and the seal resistanceRJ of
the junction, neglecting contributions from ion channels a
gate capacitance. Therefore, shape and amplitude of
peak can be described by the time constant (tH5CJMRJ) of
this high-pass filter element.

For the ‘‘B-type’’ junction ~Fig. 6 III!, capacitive current
is negligible and current flow is determined mainly throu
the ratioRL

JM/RJ . This kind of signal can be explained b
assuming that the seal resistanceRJ of the junction is in the
range of the leakage membrane resistanceRL

JM in the junc-
tion with a reversal voltage equal to the membrane volta

-

of

FIG. 7. In addition to the passive electronic elements, io
currents were considered. The short negative peak in trace
~‘‘ D1-type’’! is given by an enhancement of the ionic current in t
junction area~variations ofXNa,Ca,K are shown in the inset in a
detailed view!. Signals of ‘‘D2’’ ~trace V! and ‘‘D3’’ ~trace VI!
type can be explained by an enhancement of theCa21 current in
the junction area~factor XCa@1). The sharp negative peak~trace
V! in the rising phase of the AP is only visible if theNa1 current is
also enhanced~factor XNa.1).
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This can be explained either by assuming that the seal re
tanceRJ is a factor of 1000 larger than expected or by t
fact that the leakage membrane resistanceRL

JM is small com-
pared to the usual membrane resistance~leaky membrane
model @10#!.

In order to simulate the ‘‘D1-type’’ extracellular signal,
we scaled the sodium, potassium, and calcium current d
sities in the contact area by factors ofXNa,Ca,K
50,0.1,0.5,1,2,4 as shown in Fig. 7 IV~inset!. We observed
a compensation of the capacitive signal and a negative
sponse when the ion channel current density in the con
area is enhanced (XNa,Ca,K.1) compared to the overa
membrane similar to theC1 junction introduced for the
neuron-silicon coupling@13#. An almost complete vanishing
signal is observed in the case of even by distributed cur
densities (XNa,Ca,K51) except for the capacitive transient
the ‘‘stimulus current’’I in j , and a signal similar to the ‘‘A-
type’’ junction is found in the case of reduced current de
sities (XNa,Ca,K,1). This model allows one to explain th
second part of the signal as being due to enhanced ion
rent densities. The upstroke at the beginning of the sig
seems to be due to the stimulus currentI in j that comes from
neighboring cells. The best simulation of the measured sig
~Fig. 4 IV! was obtained withXNa,Ca,K52.

The ‘‘D2-type’’ extracellular signal was simulated b
scaling the calcium current density in the contact area
factors ofXCa50.1,1,10,25,50 while keeping the other io
current densities in the contact area twice the current de
ties in the overall membrane (XNa,K52). Figure 7 V shows
again the positive peak due to stimulus current and the n
tive peak mainly due to the enhanced sodium current den
followed by a second part when the calcium current den
was greatly enhanced. The inset of Fig. 7 V shows that
change in calcium current density will not influence t
negative peak due to sodium current. The best simulatio
the measured signal~Fig. 4 V! can be obtained withXCa
530.

In order to simulate the ‘‘D3-type’’ extracellular signal,
the calcium current density in the contact area was kept c
stant atXCa550 while sodium and potassium current den
ties in the contact area were scaled by factors ofXNa,K
50,0.1,0.5,1,2. Figure 7 VI shows again the positive pe
due to stimulus current and a long lasting negative p
mainly due to the enhanced calcium current density. T
inset of Fig. 7 VI shows that reduced or regular sodium a
potassium current densities have little influence on the sh
of the negative peak. The best simulations of the measu
signal ~Fig. 4 VI! were obtained withXCa550 andXNa,K
51.

IV. CONCLUSION

To get a better understanding of the coupling, we have
discuss various possible situations. In a first attempt we
assuming that there is no effect due to the confluent
layer, i.e., the coupling of the cardiac myocyte is discus
as a single cell coupling. From the simulations of the sign
we have measured so far, in addition to experimental data
the specific membrane resistance and capacitancecM
51•••2 mF/cm2,r M510•••20 kV cm2) for cardiac
muscle cells and assuming a circular coupling geometry w
is-
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a radius of about 5mm we can estimate the seal resistan
of the coupling@10#. With these assumptions, the seal res
tance of the cell to the substrate-embedded detectorRJ

'1 MV) is in the range of the strong-coupling measu
ments done with invertebrate neurons (RJ.2 MV) @10#. In
this model the specific seal resistancer J5r/dJ55pRJ de-
pends on the specific resistance of the electrolyter and the
cell membrane-substrate distancedJ : using a specific resis
tance of r5100V cm, this results in distancesdJ in the
range of 50 nm. Studies of cell-substrate separation us
reflection interference contrast microscopy showed that
diac muscle cells have only a few focal contacts in this ran
@21#. Although these data were obtained with glass co
slips, we think they are most likely relevant to the proble
of cell adhesion on silicon oxide due to the similar surfa
chemistry of glass and silicon oxide, both modified with
bronectin. These studies indicate that the high seal resist
might be influenced by the confluent cell monolayer.

From our simulations, it is obvious that the signal is d
termined not only by the linear circuit consisting of passi
membrane elements. Current injection from the cell into
contact area plays a major role. Interestingly, we found fr
our simulations that the positive part of the ‘‘D-type’’ signals
is mainly due to the ‘‘stimulus current’’ that comes from
neighboring cells and will remain the only signal if an equ
current density for the contact area and the overall cell me
brane is assumed. From our simulations we found that
negative part of the ‘‘D-type’’ signals is due to an enhance
current density in the contact area. The shape and duratio
this part seems to be determined by sodium and/or calc
currents. Surprisingly, we never found any signal that w
dominated by the potassium current.

The influence of the ion currents on the recorded sign
opens up the possibility of using this recording device
current measurements that might be of interest for long-te
investigations of membrane current profiles and pharmac
tical tests. The model circuit considering the ionic curre
through the membrane, in addition to the passive membr
elements, shows good agreement with the experimenta
sults. In addition, we have tested the cardiac muscle cell/F
assemblies over several days, recording similar signals f
the corresponding transistors, indicating the possibility
maintaining long-term electrical contact with the cultur
cells.
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