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Frequency dependent signal transfer in neuron transistors
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Nerve cells are attached to open, metal-free gates of field-effect transistors submersed in electrolyte. The
intracellular voltage is modulated by small ac signals from 0.1 Hz to 5000 Hz using a patch-clamp technique.
The source-drain current is affected in amplitude and phase through a modulation of the extracellular voltage
in the cleft between transistor and cell. The ac-signal transfer is evaluated on the basis of linear response
theory. We use the model of a planar two-dimensional cable which consists of the core of an electrolyte
sandwiched between the coats of a cell membrane and silicon dioxide of the transistor surface. Comparing
experiment and model we obtain the resistances of core and coat, i.e., of the seal of cell and surface and of the
attached membrane. The resistance of the membrane varies in different junctions. It may be lowered by two
orders of magnitude as compared with the free membrane. This drop of the membrane resistance correlates
with an enhancement of the seal resistance, i.e., with closer adhesion. The linear ac-transfer functions are used
to compute the signal transfer of an action potential. The computed response is in good agreement with the
observations of excited nerve cells on transistf84.063-651X97)13801-9

PACS numbds): 87.22~q, 73.40.Mr, 87.80ts

[. INTRODUCTION the B junction the conductance of the membrane might be
enhanced by the attachment. The interpretation was ambigu-

In a neuron transistor the elementary units of brains ar@us because the data were reliable only up to about 1000 Hz.
connected directly to the elementary elements of computers In this paper we describe an improved experimental tech-
[1]. Voltage transients across a cell membrane modulate thique: We use a single electrode patch clamp which avoids
source-drain current through the insulating silicon dioxide ofdamage of the neuron. We measure, in this configuration, the
an open gate without the flow of electrochemical currentvoltage modulatiorVp in the patch pipette, the currehg
across the interfacg?]. It was possible, also, to reverse the through the pipette, and the modulation of the source-drain
coupling and to stimulate a neuron through the insulating
silicon dioxide in an appropriate microstructur&]. Such Vi(t)
neuron-silicon junctions may be the basis for the develop- P
ment of hybrid networks for technological and medical ap-
plication. However, as a next step we have to achieve a bet- 1,(t) electrolyte
ter understanding of the physics of the signal transfer in P
order to optimize the junctions for large-scale integration. -

The setup of a neuron transistor is shown in Fig. 1. An
individual neuron is attached directly to a metal-free neuron —
insulated-gate field-effect transistor. Silicon and neuron are
surrounded by an electrolyte kept on ground potential. A Vu(®)
change of the intracellular voltagé,, affects the voltage in
the junction area and modulates the source-drain current of

1"

the transistor at its working point. Two kinds of signals were D p p_S
observed as a response to an action potential in the neuron n-silicon B
[2], a weak biphasic signal which resembles the damped first

derivative of the intracellular voltagéan A-type junction ||+

and a strong monophasic signal which resembles the action I |

potential in its shape with an amplitude up to 30&B-type
junction). Usually a given assembly has the features of an

. . . FIG. 1. Neuron transistor. A nerve cell in electrolyte is attached
A-type or aB-type coupling. Intermediate couplingé\B y

to a metal-free insulated-gate field-effect transistor. The channel is
type) are rare. . of p type. Bulk silicon @), source §), and drain D) are kept on
In a previous papdr] we presented experimental data on 5 positive voltage with respect to the electrolyte. The cell is fused to

the transferl of ac signals which su.gggsted' that an mta(;t cell patch pipette. A voltag¥, , with respect to ground, is applied to
membrane is attached to the gate infajunction whereas in  the pipette. As a result a currehs flows into the pipette which
affects the voltag®/y, across the cell membrane. This intracellular
voltage modulates the voltage in the junction between the mem-
* Author to whom correspondence should be addressed. Electronlirane and the silicon dioxide which controls the source-drain cur-
address: fromherz@biochem.mpg.de rentl in the transistor.
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currentl 5. Using three two-phase lock-in amplifiers we at- metal electrode. The change of the source-drain current in
tain a better signal-to-noise ratio. On the basis of these dathe silicon is proportional to the change of the gate voltage
we are able to determine the complex voltage transfer fronfor small signals around the working point with appropriate
the neuron to the gate in a range from 0.1 Hz up to 5000 Hbias voltages. The metallic gate can be replaced by a con-
and to evaluate simultaneously the impedance spectrum aluctive electrolyte. In a neuron transistor we keep the bulk
the neuron. We present a thorough theoretical description cfilicon, the source and the drain on defined voltages with
the neuron-silicon junction which relies on the physics of arespect to the bath on ground potentigailg. 1). Any change
two-dimensional cablelike structure as used in a recent pap@f the local voltage on the gate—as caused in a neuron-
[5]. The evaluation of amplitude and phase of voltage transsilicon junction by neuronal activity—modulates the source-
fer allows us to elucidate the nature of coupling in a neurordrain current as in a usual MOS-FET configuration. Thus an
transistor. open transistor probes the local time-dependent voltage
We are aware that the model of a two-dimensional cablé/;(x,y,t) in the junction. If the open gate is large we have to
remains somewhat formal as long as no independent struevaluate a certain average of the voltage profile.
tural data on the neuron-silicon junction are available. The Neuron membraneThe total current through a plasma
situation will change when the method of fluorescence intermembrane is a superposition of the capacitive current and of
ference contrast microscopy in RE6] will allow a mapping  ionic currents through specific ion channels. With the spe-
of the distance between membrane and gate. cific capacitance), of the membrane and with the specific
Unspecified interaction of neural excitation and transistorconductancey}, for the ion species we obtain the current
was reported some time ago. In 1976 Bergveld, Wiersmagensity
and Meertens placed a transistor with an open gate into a
tissue and observed a modulation of the source-drain current ) dVy i i
[7]. They did not define the potential of the silicon device IMm=Cn WJFE Im(Vm—Vo). @
with respect to the tissue. The size of the gate was by two
orders of magnitude larger than a nerve cell. In 1981 Jobling, ¢ a given intracellular voltag/,, the ionic current is
Smith, and Wheal inserted transistors with a metallized gatgjyen by the difference of that voltage and of the reversal
into a neural tissu€g]. It is the crucial issue of the previous voItageV‘O which originates in unequal concentrations of

studies on neuron transistdid-5] and of the present paper jons across the membrane and in selective conductances of
that a close contact is made between an individual nerve ce!he ions channels.

and an individual transistor under well defined control of the In general the conductancgéM depend on the voltage

electrical conditions of both elements. V. They exhibit an autonomous dynamics as described,
In the first part of this paper we present the theoretlcag_g_, by the classical Hodgkin-Huxley equatidi€§. In the
framework of the neuron transistor using concepts of thepresent investigation we keep the membrane at a holding
cable theory. Then we describe the experimental setup anghitage which is around the intrinsic resting voltage of the
the approach to measure impedance and voltage transfer. QB,rons and superpose ac voltages of small amplitude. Thus
this basis we consider three different neuron transistor§e tgke care that the membrane voltage is beyond the range
which represent aA-type and aB-type junction and an in-  yhere the nonohmic features become important. Rewriting
termediateAB-type coupling. Finally the ac-transfer func- ine current in terms of the total conductargg and of the

tions are used to compute the signal transfer of the aCtiOFbsting voltageVs we obtain Eq(2). We assume,, =const
potential of an excited neuron. around the holding voltage

: dVy
Il. THEORY im=Cu —g; TIm(Vu—Var),
In this section we describe the theory of neuron-silicon
junctions as a basis for design and interpretation of the ex- i \/i
. ; : . . 29uVo
periments. First we note crucial features of transistors and gMzz Ou. Vr= ] 2
membranes in a linear approximation. Then we introduce the 9m

concept of a two-dimensional “sandwich cable.” We derive o )
the pertinent cable equation and solve it for a simple geom- If the neuron is stimulated with an ac voltage of an am-
etry. Finally we consider the reduced model of a “point con-Plitude Vy(w) at an angular frequency, the batteryVg

tact.” plays no role and we obtain for the complex current
We decompose the neuron-silicon coupling in a neuron _ _
transistor in two parts: (i) A voltage profile is formed in the j(w)=(gutiwcy)V(w). 3

junction between cell membrane and silicon chip which de-
pends on the neural stimulation and on the geometry and the Sandwich cableWwhen a neuron is attached to the surface
electrical properties of the junction(ii) This voltage af- of oxidized silicon, a conductive cleft of electrolyte is left
fects the source-drain current in an open transistor as désetween neuron and chip. It is insulated from the conductive
scribed by the current-voltage relationship at its workingsilicon by silicon dioxide and from the conductive cell
point. plasma by the plasma membrane, as illustrated in Rig. 2
Wet transistor.In a common metal-oxide-semiconductor This junction has the features of a cable: The cleft forms a
(MQYS) field-effect transistofFET) the source-drain current core and the silicon dioxide and the membrane form the
is controlled by the voltage applied to the gate, which is acoats. We call this arrangement a “sandwich cable.”
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electrical stimulation of the neuron gives rise to a current
through the membrane in the junction: It spreads along the
core to the bulk electrolyte and also through the lower coat to
% neuron the silicon. As a result, a voltage profNg(x,y,t) is built up
in the junction which depends on the space coordinatgs
and the timet.
This “sandwich cable” has two pecularities as compared
to a common cable: (i) The core-coat conductor is two di-
mensional(ii) The cable is stimulated through the coat with
conductor the periphery of the core kept on constant potential.
Cable equationAn equation for the dynamics of the volt-
= ageV,(x,y,t) is obtained by applying Kirchhoffs’ law and
M(t) Ohm’s law to each infinitesimal area element of the sand-
wich cable. Taking into account the capacitive and ohmic
currents through the membrane, the capacitive current
through the silicon dioxide and the ohmic current along the
cleft we obtain

electrolyte

Iy

aV, 1
(CJM+CJG) +gJMVJ \% r__VVJ
i

Ny
=Com +9im(Vu—Vir). (4

The left hand side has the typical structure of a two-
dimensional cable equatiqd0—12. The lateral stimulation
by a voltageV,,(t) is expressed by the right hand side. If we
superpose an ac voltayg, (w) to a dc voltage, we obtain for
the profile of the complex ac voltagé(x,y, ) in the junc-
tion

1
(gJM+iwCJM+iwCJG)\_/J_v(r_j Vv

=(gmtioc;u)Vu . (5

- Plate-contact modelWe consider a circular junction of
- radius a; which is homogeneous with constant values of

FIG. 2. Sandwich cable(@ Structure. A cell membrane be- 9im» Cam, Cyg, andr;. The profile of the ac voltage

tween the conductive cell plasma and the bulk electrolyte is atV;(@,) along the radial coordinate for a periodic stimu-

tached to an insulating filntsilicon dioxide on a conducting sub- lation Vy(w) is given by Eq.(6) with the length constant

strate (silicon). (b) Circuit with differential elements: Specific and the time constant of the cable and with the time con-

capacitance of the membrarg,,, specific conductance of the stantr;, of the membrane:

membraney;y, , batteryV g, specific capacitance of silicon dioxide

Cjg, and sheet resistanag. The system is driven by the time- 2 d> N\?d

dependent voltagd/(t) in the cell. The response is a time- A @Jrgﬁ_(lﬂ‘”) Viy(@)=—(1+iwmu)Vu,
dependent voltage profil¥;(x,y,t) in the two-dimensional core.

(c) Point-contact model ywth capacitance _and resmta@_@,@ and . 1 B Ciw+Cis _Cym

Rjm of the membrane, with the batte¥ig , with the capacitance of A= , T= , TIME——. (6)
silicon dioxideC,g in the junction and with the seal resistariRg. damly Yam ALY

The bias voltage of the silicon is indicated. We solve Eq.(6) with the periphery kept on ground po-

tential Vj(w,a;)=0. The transfer function h(w,a)
=V;(w,a)/Vy(w) is given by Eq.(7) in terms of the modi-
ged Bessel function of order zeig with the complex damp-
Ing constanty,, .

We may visualize the sandwich cable by the circuit of
Fig. 2(b). There the continuous system is described by dis
crete compartments. The membrane in the junction has
specific capacitance;, and a specific conductanagyy
with a resting voltage/;g. The specific capacitance of the

silicon dioxide on the gate is;g. The core is described by a h(w,a)= ! 1OTm | o(7.,2) '
sheet resistance;=p,/d which is determined by the dis- It+iwr lo(70@y)
tanced of membrane and chip, and by the specific conduc- .
tance of the electrolyte; in the junction. The parameters , ltioT
e Yo~ 2 . (7)
Cim» Uym: Cic, I'y, andV ;g may depend on the position. An A
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FIG. 3. Theoretical transfer functioh=V;/V\, vs the frequencyv=w/27 at different positions along the radiuws of a circular
homogeneous contact with a radas=10 um. Left: amplitudd h|. Right: phasep;, . The parameters am =5 uF/cn?, g;y=0.1 mS/cr,
¢;6=0.3 uFlen?, andr ;=1 GQ.

In the limit of high frequency the second factor of Ed) There the imaginary component in the argument of the
equals one. The transfer becomes independent of the positi@essel function becomes significant. With
and is controlled by the capacitive voltage division in the(c;y+¢;c)asr;=5.3 ms we expect an enhanced transfer at
upper and lower coat according to about 30 Hz as it occurs in the center of the junciiBiy. 3.

The enhancement of the amplitude is connected with a drop
TIm CiMm of the phase. This second transition depends on the position
hsz = m 8 as illustrated in Fig. 3. As a result there are phase shifts along

the junction. In a certain range of frequency centripedal cur-
rents occur which may enhance the local response in the
junction. The local transfer function is then above one as
seen in Fig. 3. At a very high frequency the transfer is con-
trolled by the capacitances of the coats according to(&q.
with h,,=0.94. There the phase is zero again.
Averaged plate. A transistor probes the voltage
— M (9) V,(X,y,w) at a defined location in the junction if its size is
lo(@s/N)’ small in comparison to the length constant of the junction. If
the transistor channel is short but wide, different components
As an example we compute a junction of radais=10  of the source-drain current are modulated by different volt-
pum and widthd=1 nm. At a specific resistancg;=100 ages. If the channel is long, the modulation of the source-
Q cm the sheet resistancerig=1 G(). We choose a capaci- drain current may be a complicated function of the voltage
tancec,, =5 uF/cnf and a conductancg;,,=0.1 mS/cmi  profile on the gate. We consider here only a simple
of the membrane and a capacitagg=0.3 uF/cnf of the  case: We assume that the source-drain current is modulated
silicon dioxide. The time and length constant are theit3 by an average over the total adhesion region with equal
ms and\=31.6 um. The time constant of the membrane is weight of each area element. The average transfer in a ho-
7;m=50 ms. The spectra of amplitude and phase are plottethogeneous circular junction of radias is
in Fig. 3 versus the frequenay= w/27 for various positions

In the limit of low frequency the first factor of E(8)
equals one. The transfer profile is given by E). It has the
shape of a cupola. For a cable with little damping, i.e., with
a large length constant the cupola is very flat;

h0:1

a in the junction. 5 a lo(y.a)ada
At low frequency the amplitude is controlled by the — 1+iowTy )y 10\ Ve
ohmic resistances. The voltage profile arises from the cen- h(w,a;)= - 1- >
l+ior majlo(y,a;)

trifugal flow of the current entering through the membrane.
In our example the response is small as the length constant is

much larger th;n tkllle ra_\rdr:ps of th.e' J“”.C“OT‘- Ths piasg N The integral is evaluated numerically using analytical ex-
creases around 3 Hz. This transition is given by the tim&,,nsions of the Bessel function. The result is shown in Fig.

constant of the me_mbrane, .e., by the corjdith=1.__ 4(a). The parameters are chosen as above. The phase in-
There the stimulation changes from Ohmic to capacitive

. ) creases again around 3 Hz. The amplitude increases around
dominance. This phase change occurs all over the plate, the% Hz with a tail extending to higher frequencies. The domi-
is no phase difference within the junction. The amplitude

nating part is due to the central region of the junction, the tail

starts to increase when the impedance of the coat drops gf yhe neriphery. The overshooting of the amplitude disap-
high frequency such that the resistance of the core becom ars. For comparison a set of junctions is computed with

significant. A characteristic frequency is defined by sheet resistances=1 MQ—10 Q2. An enhanced seal resis-
) tance gives rise to a better transfer at low frequency and
w(CymtCyelagr;=1. (100 shifts the increase of the amplitude to lower frequency. The

(11)
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increase of the phase is not affected as it depends on the tinexide, respectively. We note that the transfer at infinite fre-
constant of the membrane alone. quency may be expressed by the three parameters as
Point-contact modelUsually we do not know the shape
of the junction nor the position of the transistor in the junc-
tion. Thus we are not able to apply a detailed structural
model of the junction. To plan and to evaluate experiments it
is useful to introduce the concept of a “point-contact
model” as illustrated in Fig. @). The membrane is de-
scribed by a global capacitan€y,, and a global resistance
R;m ., the silicon dioxide by a global capacitanCgg and the
core by a characteristic resistarRg. use Eq.(14) as an approximation of Eq12). In that fre-
The transfer functiorh(w)=V;(w)/Vy(w) is obtained quency range the phase is 90°:
again from Kirchhoff's law. It depends on three parameters,
the transfeih, at vanishing frequency, the time constagy,
of the membrane and a time constapif the junction as

C T
h@:&; M ho.
CimtCic 7

(13

At very low and at very high frequency the transfer is
governed by the resistances and by the capacitances of the
circuit, respectively. In both limits the phase is zero. At an
intermediate frequency witlvr;,,>1 and wr;<<1 we may

h(w)~iw7ymhg. (14

In general it is convenient to express the transfer function

ha) 1+iwTy (124 by its amplitude/h| and its phasep, according to Eqs(15)
he)= 1, Mo and (16)
2
R_] 2 2 ((1)’7"]) 2

= h|c= h hZ, 15
ho RJ"’RJM’ (12b) |_| 1+(wTJ)2 0 1+(w7'J)2 ( )

=R;mCim> 12¢ 1 T
TIM= Rgmam (129 tanp, = 1 (16)

Co 4 C o+ ot TIm
JM JG
NIRRT Ri(Cim+Cye)=RyCyum- (120 We see from Eq(15) that the time constant, determines

the transition of the amplitude from the low-frequency limit
The approximations ofy hold in the case of a high resis- to the high-frequency limit. Equatiofil6) shows that the
tance of the membrane and of a small capacitance of the gafdase vanishes at very high and at very low frequencies.

1.0 , . . ; . . : - . .

100
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180
leog
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,,

1000 10000 0.1 1 10 100
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10700 1000 10000
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FIG. 4. Theoretical transfer functioms=V,/V),, . (@) Averaged plate model with amplitudle| on the left and phasg;, on the right. The
parameters are;y=5 uF/cn?, g;u=0.1 mS/cm, andc;s=0.3 uF/cn? with a radiusa;=10 um. The sheet resistances are=10°—10°
Q as indicated(b) Point-contact model with amplituda| on the left and phasg, on the right. The parameters atgy=15.7 pF,R;y=3.2
GQ, C;5=0.94 pF, andR;=10°-10"° O as indicated.
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Point contact and plate contacto better understand the
nature of the point-contact model we evaluate its elements
Cim» Rym» Cya, andR; for a plate contact of radiues; with
the parameters;y, 9;m, Cig, andr;. We express the ca-
pacitanceC;,, and the resistand®;,, by the specific capaci-
tance and conductance of the membrane and by the total
contact area a€;y=c;yasm andRyy=(g;uasm) ! and
use a similar relation for the capacitance of the gate as
C,6=Cjca 2. To obtain a global seal resistanBg we de-
fine a representative location within the junction. The aver-
age radius in each segment of the platé2®)a;. We as- |
sume that the contact is concentrated in a narrow ring of that ‘ HHHOHDRRLE T

{
|
radius. This location is sealed from the periphery by a ring- o3 LRRAR M i T 'H |22\ ‘

shaped sheet. The length of that resistofli8)a; and its i~ _ ‘ a’d
average width is 2(5/6)a;. As a result we obtain for the ' ‘
seal resistance of the representative location

I

It is notable that the radius of the junction cancels in this
expression. For the plate contact considered above with I \ Ly
a;=10 um, c;y=5 uFlcn?, g;y=0.1 mS/cm, ¢;5=0.3
wFlcn?, andr ;=1 GQ we obtain as parameters of the point- . 5
contact modelC;,=15.7 pF,R;;,=3.2 G, C,5=0.94 pF, ! (. 7}
andR;=63.7 MQ. (

A set of transfer functions of the point-contact model is

shown in Fig. 4b) for CJ_M:15'7 pF, Ryy=3.2 &, FIG. 5. Neurochip(a) A chip of the size 10 mm 10 mm is wire
C;6=0.94 pF, and seal resistandég=1 MQ2—10 Q. The bonded to a plate with copper leads. A circular chamber of Plexi-

figure illustrates the transition from a low-frequency limit to 455 s attached to contain the electrolyf®. Central region of the
a high-frequency limit. A high seal resistance enhances thgnip. Sixteen transistors are arranged as<a 4rray. The distance
amplitude at low frequency and shifts the transition atof the gates is about 30@m. Each transistor has its own drain
o7;=1 to lower frequency. The increase of the phase occurgointing to the left or right. The common source is in the center.
at wyy=1. Apparently the changes of amplitude and phas&Retzius cells are attached to the metal-free gates of several transis-
are rather similar to those of the plate-contact mddéd). tors. Their diameter is about om.
4(a)]. The spectra of the plate contact with a sheet resistance
r, correspond well to those of the point contact with a seaboron glass and the mask oxide were removed. The width of
resistancer;=r /5. source and drain was about pfn, the length of the channel
was 6um. A field oxide(1 um thick) was grown at 1000 °C.
Around each channel we etched an area ofu8® diameter
in the field oxide. This region was covered by a thin gate
In this section we describe the fabrication of the transis-oxide with a thickness of 12 nifdry oxidation at 1000 °C
tors, the preparation of neurons, and the assembly of neurofhe p-doped lanes of the drains and the source lead radially
transistors. Then we discuss the methods offrom the transistors to contact pads on a circle of 6 mm,
measurement—of the impedance of the attached neuron amthich were opened in a last step and covered by sintered
of the voltage transfer from the neuron to the gate of thealuminium. Finally two chips of a size 10 n10 mm with
transistor. a single array of transistors were cut and stuck on a printed
Transistor.Chips of a size 30 mix10 mm were cut from plate(50 mmx70 mm) with copper lead$Fig. 5@)]. Drains
n-type silicon wafers with a 100 surfag®Vacker-Chemie, and sources were connected to the plate by aluminium wire
Burghausen After cleaning by the standard RCf/Radio  bonding. Finally a circular chamber was attached which
Corporation of Americaprocedure we oxidized them in wet shields the bond contacts from the bath solution. The cham-
oxygen at 1000 °C. Openings for sources and drains werber was made of Plexiglas. It was stuck onto the silicon with
structured by photolithography and etched with ammoniuna silicone glue and stabilized by a ring of Plexiglas. Within
fluoride solution(AF 87.5-12.5, Merck, DarmstgdiWe ar-  the chamber only silicon dioxide was exposed.
ranged two times 16 transistors on the chip, each set in a We checked each transistor by measuring the output and
quadratic array with a distance of 3@@n between the tran- transfer characteristics. We varied the potential of bulk sili-
sistors[Fig. 5(b)]. The transistors had individual drains and con with respect to the electrolyte which was kept on ground
shared a common source. Doping was achieved by depogpotential. The source-drain current was measured for differ-
tion of a boron glass by evaporation from planar sources oént values of the drain potential with the source kept on bulk
boron nitride (Sohio Engineered Materials, New YoQrlat  potential. From this set of data we defined a working point.
900 °C and a driving-in process at 1100 °C for 2 h. TheWe usually chose a voltagé-s=—3 V between electrolyte

Ill. MATERIALS AND METHODS
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and bulk silicon and a voltagé,s=—2 V between drain and Patch clamp.A neuron on a gate was contacted with
source. The source-drain current was then around 100—150 fire-polished patch pipettdopening 3—-4 um) using
uA. We calibrated each transistor at its working point bya micromanipulator. The pipette was filled with
superposing ac voltages to the bath potential and measurd¢0 mM KCI, 1.5 mM MgCl,, 10 mM EGTA
the modulation of the source drain current. [ethylene glycol-bis  (B-eminoethylether NN,
The transistor arrays could be reused many times and stiliiN'-tetraacetc ~ aci and 10 nM  HEPES
worked after several months of measurement. The sourcé(N-[2-hydroxyethylpiperazine-N-{2-ethanesulfonic acid
drain current at the working point differed somewhat fromat pH 7.4. The pipette was fused with the cell membrane by
measurement to measurement. This effect did not affect thauction and sometimes by a short electrical piils§. The

final result as the dc component of the source-drain currerp€al resistance was better than 300LM'he neurons were

was subtracted. No corrosion was visible even with gate oxX€Pt at & voltage of-40 to —60 mV to prevent spontaneous

ides as thin as 10 nm with a voltage upt& V applied to  MNg. _ o

the silicon. We think that the silicon dioxide is stable under W€ used a single-electrode patch-clamp amplifigpi-
these conditions because the positive potential prevents tfectronic, Tamm, GermanyA command signal of variable
invasion of cations into the oxide and into the silicon surfacd"€duéncy was applied to the amplifier. The actual ac modu-

and because any holes which might occur would be sealgition of the voltagev,, in the headstage of the pipette could
by anodic oxidation. differ from the command signal due to the feedback circuit

Neurons Five to ten centimeter long leechésirudo me-  ©f the amplifier. We measured the actual modulatiyroy a
dicinalis) were maintained at 4 °C in water. The segmentalWO-Phase lock-in amplifieStanford Instruments, Stanford

ganglia were dissected and pinned on a Sylgard coated didf 2ddition we measured the ac modulation of the curfgnt
containing Leibowitz L-15 medium(Gibco, Eggenstein t_hrough the pipette using a sgpond two—phase lock-in ampli-
supplemented with 3@g/ml gentamycinsulfatéSigma, 5 fier. We _dld not use any ampllfler_compensatlon. Thus the ac
mg/ml Glucose and 2% foetal calf serui@ibco) [13]. The ~ Modulation Vy of the voltage in the neuron was not
capsules around the ganglia were incubated in dispase aftmpPed:

collagenaséBoehringer, Mannheii(2 mg/ml L15 mediuh Impedance We measured the spectrum of thg complex
for 1 h. The Retzius cells were removed by aspiration into gMPedance&=V,/1, of a patched neuron on the chip for two
fire-polished pipette and washed in several drops of mediuff€asons: (i) We determined a representative circuit of the
[13]. About 20 to 30 Retzius cells were isolated from eachPiched neuron which was used to evaluate the actual intra-
leech. Due to the relatively large sitéiameter 50—8Qum) cellular vpltage\_/M. _(u) We obtained information about
these neurons are easy to handle. After dissociation, the nelfl€ €lectrical properties of the attached neuron.

rons were kept in a supplemented L-15 medium at 21 °C for The complete representative circuit of a patched neuron
5 to 24 h. Before attachment to a chip they were treated witiPn @ chip is shown in Fig.(@). The pipette is described by

collagenase and dispase for half an hour to clean the men@" CCESS resistang, and by a stray capacitan€sr. For
brane from connective tissue. Finally they were transferred€2sons discussed later we introduce an access capacitance
to serumfree L-15 medium. Ca . The free neuron membrane has a capacit@&ggand a

We used some of the Retzius cells to determine the eled®SiStanc®gy . The junction itself is described by the point-

trical parameters of their membrane. We found a considercontact model. _

able variance. The time constants wefg=10-50 ms, the To evaluate the impedance spectra we replace the com-
capacitances varied withi€,,=0.5-3 nF, and the resis- plete circuit by the S|_mpI|f|ed circuit of Fig.(6). The free
tances withinR,,=5-50 MQ when the neuron was kept at a Mémbrane and the_junction together are described by an
voltage ofV,,=—40 to —60 mV. From an estimate of the effective capacitanc€), and an effective resistanéy, , the

cell surface we obtained a specific capacitance of the menfiPette by an effective access resistafgeand an effective
brane of about,,=5 uFlcn? and a specific conductance Sray capacitanc€sr. The impedance is

aboutgy, =0.25 mS/crh. The conductance is in a range typi-

cal for neurons in their resting state.g., 0.67 mS/cfin the Vp(o) 1 I
squid axon[9]). The capacitance is much higher than 1 Z(w)=- == == tiwCgr
uFlcn? as assigned usually to plasma membranes. The ori- lp(@) Rat 1Ry +iwCy)

gin of this enhancement is unknown. It may be due micro- (18)

folding of the membrane.

Assembly.The surface of the chip in a chamber was The amplitude and the phase of the experimental data
cleaned by hot80 °C) basic peroxidg¢30% hydrogen perox- were fitted according to Eq(18) using a Levenberg-
ide, 25% ammonia and water at a volume ratio ):¥d&&¥  Marquardt algorithm. We estimated that the accuracy of
1-3 min wiping with kimwipe paper. After careful rinsing the parameter€,, andR,, is better than 6% and d®, and
with water, a drop of an aqueous solution of poly-L-lyside  Cg better than 10%.
mg/ml, MW 15 000—30 000 Sigma, Germanyas applied Transfer function The experimental transfer function is
to each gate area and dried. The chamber was filled witkhe ratio of the effective voltage on the gatg and of the
serumfree L-15 medium. Retzius cells were transferredoltage in the neurow,,
within 5 min to each gate under visual control in a stereomi-
croscopeWild M10, Heerbrugg, Switzerlandising a glass Y
pipette with an opening of 10@m. The cells adhered imme- h(w)= =3 (19)
diately after touching the surface. B Vm
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FIG. 6. Circuit of a neuron on a chip with fused patch pipet Complete circuit. The pipette is described by an access resisignce
an access capacitan€g , and a stray capacitan€. The free membrane is described by the capacit&igg and the resistanc@gy, .
The junction itself is represented by the point-contact model with a resisRyjg@nd a capacitancg;), of the membrane, a capacitance
C,c of the silicon dioxide and a seal resistariRg. (b) Reduced circuit. The whole neuron with the junction is described by an effective
membrane capacitand®, and an effective membrane resistaiRig. The pipette is given by an effective access resistdceand an
effective stray capacitand@gr.

The effective voltage in the junctioW;(w) is obtained dependent voltage transfer from the neurons to the transis-
from the modulation of the source-drain current. The modu+ors. We evaluate the results in terms of the sandwich cable
lation | 5(w) is observed by a two-phase lock-in amplifier using the point-contact model and the plate-contact model.
when the pipette is stimulated withs(w). We transform the  Finally we use the experimental ac-transfer functions to
result into a modulation of the voltage in the junctidi(w).  compute the signal transfer of an action potential. The three
The calibration is made without neuron by superposing an ageuron-silicon junctions presented here are representative ex-
signal to the electrolyte potential and observing the sourceamples of many experiments. The features of junctions 1 and

drain current. Such a calibratio_n implies t_hat an attache_ql; are observed frequently, whereas a junction such as No. 2
neuron does not affect the electrical properties of the transisg 5re

tor.

The unknown voltage/y,(w) in the neuron is computed
from the voltage in the headstalye(w) using the circuit as
determined by the impedance. We obtain

Impedance The impedance spectra of three neurons at-
tached to transistors are shown in Fig. 7. We discuss them
in terms of the representative circuit of Fig(bh At low
frequency the amplitude is given by the membrane resistance
Ry - With increasing frequency the parallel capacitance of
(20) the membraneC,, starts to contribute and the access resis-

tanceR, in series dominates. Finally the stray capacitance
Cgst becomes effective. As a result the amplitude drops in

We have to consider here explicitly the effective accesgwo steps with increasing frequency and the phase drops,
capacitance , which affects the voltage drop in the pipette. increases and drops again. There is an apparent difference in
We use two kinds of evaluation:(i) In a first approach we the three junctions: The primary drop of the amplitude and
determine the intracellular voltage with,=0. That is, we the dip in the phase is shifted to a higher frequency in the
assume that the voltage drop in the pipette is Ohfiiicin a  junctions 1 to 3.
second approach we estimate an access Capgci@p:g@ A fit of the data is drawn in Flg 7 with the parameters
on the basis of the experimenta| stray Capacitghge_ The summarized in Table I. We obtain falrly constant values of
necessity for the second procedure is_discussed below. Mfie access resistance and of the stray capacitance which are

Vi(w) _ U(Ry"+iwCy)
Ve(w) Ry +iwCy)+Ra/(1+iwRsCp)’

both cases we use the approximatRg~R, . aroundR,=1 MQ and Cs;=20 pF. Most significant is the
change of the time constant,=Ry,Cy, . The value of
V. RESULTS AND DISCUSSION Tm=17.7 ms in neuron 1 is typical for a free Retzius cell

after patching, a value such ag =0.88 ms, in neuron 3,
First we consider the impedance of neurons attached tbowever, is significantly lower. The change suggests an en-
transistors. On this basis we determine the frequencyhanced conductance in the attached part of the membrane.



55 FREQUENCY DEPENDENT SIGNAL TRANSFERN. .. 885

8 no
6 * ]
— —{-20
| Z | ¢z
de
MQ] 4 ReZ MO | K _| 4o [ded]
L 1 . _
- ) -60
0 IIIIII| I IIIIIUJ I IIIIIUJ 1 |||II|,|1 NI 1 "l Pt 1 IH!IL[I | IIlIII_IJ 1 IIIIIII|
1 10 100 1000 10000 1 10 100 1000 10000
12
10
|Z] g
MQ]
Re Z [MQ]
4 _
s L _|
0 ;iu]d | IIIIIIII 1 IIIIIIII | IIIIIUJ Lt _|_|_L|J,|_| 1 Illlluj 1 lIlIlllI ] II|||L|,| 1 IIIIlu]___
1 10 100 1000 10000 1 10 100 1000 10000
20 97
[deg]
-40
| -60
ReZ [MQ]
0 1 ] [HHT] [RENNT [ "l 111 "I _|_|_|_|_|_|] | I|IIIII| | IHIIH' iy i
1 10 100 1000 10000 1 10 100 1000 10000
v [Hz] v [Hz]

FIG. 7. Impedanc&=Vp/1p of the three neuron transistors 1, 2, and 3. Bode plot with amplitfideft) and phasep, (right) vs the
frequencyv. Nyquist plots InZ versus R& are shown as inserts. The drop of the amplitude and the dip of the phase are shifted to higher
frequencies in junctions 1 to 3. The data are fitted according to the circuit of . The parameters are given in Table I.

There is, however, a problem in comparing different junc-the standardized resistanBé,, drops from 35.4 M) to 9.6
tions because of the variability of the Retzius cells them-M() and 1.74 M) from junction 1 to 3.

selves. We assign the differences in the capacitance in Table Transfer function The spectral transfdi(w)=V,/V,, of

| to a_different size of the neurons. We scale then the resishe three neuron transistors is shown in Fig. 8. The mem-
tanceRy, to a capacitance dt,,=0.5 nF. Table | shows that brane voltage/,, was determined from the voltagé> ap-

TABLE |. Impedance measurement. Parameters of three neuron-silicon junctions as obtained from im-
pedance measurements using the circuit of Figh:6 Effective time constant of the membrang , effective
capacnanceCM, and resistanc®,, of the membrane, effective access resistaRgeand effective stray
capacitanc& st of the pipette. In addition, the normalized resmtaﬁ&,ﬁpof the membrane is given which is
scaled to a capacitance 6%,=0.5 nF/cnf.

T Cwm Ry Ry Ra Cst
Junction (mg) (nP (MQ) (MQ) (MQ) (pP
1 17.7 2.9 6.1 35.4 1.05 18.3
2 4.8 0.53 9.1 9.6 1.56 17.7

3 0.88 0.69 1.28 1.75 1.42 20.3
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plied to the pipette according to EQO0) with the parameters The experimental data are replotted in Fig. 9. The onset of
Ru :CumRa=~Ra taken from the impedance measurement.the transition is seen particularly well for the junction 2. We
An access capacitanég, was not taken into account. First fit a low-frequency limithy,=0.031 and a time constant
we discuss the spectra qualitatively, then we evaluate the;;=1.0 ms. In junction 1 the onset is shifted to lower fre-
amplitudegh| in terms of the point-contact model. In a next quency. Due to the small coupling at low frequency the
step we consider the phasgstaking into account an access evaluation is less defined. We assidp=0.0017 and
capacitanc€ 4 . Finally we consider the plate-contact model. 7;,,=14 ms. In junction 3 the onset is shifted to high fre-
At low frequency the amplitude in junction 1 is below quency. The linear part of the transition is hardly visible as
0.01. The phase is small there with a large error of the meahe onset is too close to the transition frequency itself. We
surement due to the small amplitude. The phase increasessign herd;=0.48 andr;,,=0.13 ms.
around 10 Hz up to 90°, whereas the amplitude grows in the The fit parameters are summarized in Table Il. The am-
range of 1000 Hz. In junction 3 the amplitude is ratherplitude at low frequencyh, is enhanced and the time con-
high—about 0.5—already at the lowest frequency. Aroundstant ;) is reduced in junction 1 to 3 by orders of magni-
1000 Hz it increases up to 0.9. A modest increase of théude. From Eq(13) we may evaluate the time constamtif
phase up to 30° occurs above 100 Hz. The transfer functiowe assume that the transfer at high frequency is constant in
of junction 2 is between that of junction 1 and junction 3:
The phase increases here around 100 Hz. The amplitude at 1 prrrmr——r ey
low frequency is small but with about 0.03 distinctly higher
than in junction 1. The enhancement of the amplitude occurs
at a similar frequency in all three junctions. The crucial dif- 0.1
ference in the junctions 1, 2, and 3 is the enhanced coupling
at low frequency and the displacement of the phase shift to '*
higher frequency. 001 L
Amplitude We fit the point-contact model to the ampli-
tudes alone according to EQL5). In a range well below the L .
transition frequencyw;<<1 we may write I

L)

T

ol P
1000

0001 lowowed v v v vyl
1 10 100

log; olh| =l0g;olho| + 3 10g;o( 1+ w?75y). (21) v [Hz]

Surprisingly the onset of the transition to the limit of high k. 9. Experimental amplitudth| of the transfer function vs
frequency depends on the time constant of the membrange frequency. Double-logarithmic plot for the junctions 1, 2, and
73w Not on the time constant;. In a double-logarithmic 3. The low frequency limits are fitted by a constagt The onset of
diagram the time constant, is defined by the intersection the transition to the high frequency limit is fitted by a line of slope
of the low-frequency limithy and of the transition region of one. The time constanty, is obtained from the intersection. The
slope one. parameter$y and 7y, are given in Table II.
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TABLE Il. Transfer function. Parameters of three neuron transistors: Amplitude at low freqbgncy
time constant of the membransg,, , time constant of the junction;, resistance of the membraRg,,, seal
resistanceR;, specific membrane conductangg, , averaged length constant sheet resistance;, and
distanced of membrane and silicon dioxide. The capacitances of the membrane and of the silicon oxide are
CJM:E)O pF andCJGZS pF

TIM T3 Rim R; dim A r d
Junction hg (m9) (us) (MQ) (MQ) (mS/cnf) (pm) (mQ) (nm)
1 0.0017 14.0 25 280 0.46 0.36 190 7.7 130
2 0.031 1.0 33 20 0.64 5.0 43 10.8 93
3 0.48 0.13 66 2.6 2.45 38.5 8 41.0 24

all junctions, given by the ratio of the specific capacitanceswith respect to the time constant of the membrapg. We
h.=cyu/(Cym+Cys). With cy=5 uFlcn? and c;5=0.3  compute, however, a drop of the phase at higher frequency in
uFlcnf we obtainh,.=0.94 andr;=25, 33, 66us for the the region of the transition defined layr;=1. That effect is
three junctions. The transition frequency differs only little in seen in junction 2, but not in junction 1 and(Big. 8).
the three junctions. We think that this discrepancy of amplitude spectrum and
_ The local time constant;y =14 ms of the membrane in phase spectrum is due to an additional capacitive pathway
junction 1 is very close to the effective time constantfrom the stimulating pipette into the gate. For example, the
TM:17.7 ms of the whole cell as obtained from the |mped'vo|tage in the p|pette may Coup|e through the Stray Capaci_
ance measurement. This coincidence shows that the formggnce Csy7 into the bath[Fig. 6@]. The signal is not
tion of this junction does not significantly affect the mem- grounded completely at high frequencies: The impedance of
brane. _ the capacitance is low and the resistance of the @atiund

On the other hand, the extremely small time constant k() becomes relevant there. The signal may couple then
7;w=0.13 ms in junction 3 indicates that there the attachfrom the bath into junction. In order to study these effects it
ment has lowered the membrane resistance by two orders @fould be necessary to vary systematically the experimental
magnitude. V\ie may relate this result with the small EffeCtiVGSetup' Such an investigation was beyond the present paper.
time constantr, =0.88 ms of the whole neuron as given by  To account for an unspecified capacitive pathway we in-
the impedance measurement. Let us assume that the junctigiyduce a formal access capacitar@@e of the pipette[Fig.
is formed by an area fraction of the total cell surface. The g(g)]. This capacitance enhances the signal transfer from the
effective time constanty may be expressed by the time headstage into the cell at high frequency. We have to deter-

constants of the free and attached membrapend 7,y mine the intracellular voltag¥,, according to Eq(20). We
estimate as an upper limit of the access capacitance
L lra @ (22 Ca=153,147,17.3 pF for the three junctions. These values

™ ™ TIM are given by the total stray capacitan€gs; obtained from

the impedancesTable 1) diminished by the stray capaci-
For a time constant of the free membrane in the order ofance 3 pF of the headstage. The resulting transfer function is
=10 ms we obtain withr,,=0.88 ms andr;,=0.13 ms  shown in Fig. 8. Apparently the experimental amplitudes
an area fraction ofx=0.14. This value is in a reasonable change little, even for this extreme case. The experimental

range considering the geometry of attachment. phase shifts, however, drop now at high frequency as it is
To determine the four electrical elements of the point-implied in the point-contact model.
contact model from the three parametkgsr;,, , 7; we have Plate-contact modelWe try to interpret the data also with

to define the absolute value of one element. Assuming the plate-contact model. We use the specific capacitances of

contact area 1000um® we obtain a total capacitance membranec;,,=5 uF/cn? and of silicon dioxidec;;=0.3

C;u=50 pF. The capacitance of the silicon dioxide is thenuF/cn? and choose a radius,=18 um to obtain an area of

C,c=2 pF. The resistances of the membratg, and of the 1000 um? as above. The fit parameters are then the specific

junction R; obtained from Eq(12) are summarized in Table conductance of the membragg,, and the sheet resistance

[I. The resistance of the junction is in the order of X)Mn ry.

all three systems. It is significantly enhanced in junction 3. At first we consider the time constamt;y,=cCju/dm

On the other hand, the resistance of the membrane decreasegkich is independent of the size of the junction and on the

drastically from junction 1 to 3 wittR;,,=280, 20, 2.6 M).  location of the transistor. We are allowed to take the experi-
It is the crucial difference between the different junctionsmental values as evaluated with the point-contact model

that the resistance of the membrane can differ by orders dfTable Il). With c;,=5 uF/cn? we obtain the conductances

magnitude. This effect is correlated with an enhanced resisg;,,=0.36, 5.0, 38.5 mS/cfrfor the three junctions. Even

tance of the junction. the largest value is within the typical range of a neuron mem-
Phase We compute the phases of the junctions accordindrane with open ion channels. For example, the conductance

to Eq. (16) using the parameters,, and r; evaluated from of open potassium channels in the squid axon is 36 mS/cm

the amplitudes. The result is shown in Fig. 8. The increase df9].

the phase at different frequencies in the three junctions is The amplitudeh, at low frequency depends on the length

described well. That is, amplitude and phase are consistegbnstant\ and on the size of the junction according to Eq.
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(8). We have to specify also the site of detection. The gate 20
with a length of 6um and a width of 3Qum probes a line
across a circular junction of 3é@m diameter. Without struc- 0
tural information we consider two limiting cases(i) The 20
gate is a pointlike detector in the center of the junctiofii) V. (©)
The gate averages the whole junction homogeneously. That ~ MY -40[
is, we use on one hand E() with a=0 and on the other
hand Eq.(11). We computeh, for various length constants |
and compare the results with the experimental values of -801}
Table Il. We obtain for each junction optimal length con-
stants for the two limiting case$221 um)/(157 um) for
junction 1, (50.6 um)/(35.4 um) for junction 2, and(10.2
um)/(5.6 um) for junction 3. The averages of the two cases
arex=190 um, 43 um, and 8um for junctions 1, 2, and 3. Vi(t)
In junction 1 the length constant is larger than the diameter,
in junction 2 it is similar to the diameter, and in junction 3 it
is shorter than the diameter.

The sheet resistance is given h§=1/g;yr;. From the
average length constants and the specific conductances we
obtainr ;=7.7 M(, 10.8 M, 41 M(). These values are by a
factor of 16.7 larger than the values & in the point-
contact model. This ratio is compatible with a ratio
r;/R;=5m according to Eq(17).

In a last step we determine the distartt®f membrane Vi
and silicon dioxide fronr ;=p;/d. We take the specific re-
sistance of bulk electrolyte witp;=100 () cm. We obtain
130 nm, 93 nm, 24 nm for the three junctions. The width of
the sandwich cable is about three orders of magnitude
smaller than its diameter. This result justifies the picture of
an extended cablelike structure.

Signal transfer.The complex ac-transfer function deter-
mines the ac component of an arbitrary time-dependent volt- V() 3
age from a neuron to a transistor. The ac component of the "7 2
responseV,(t) in the junction is given by a convolution of
the intracellular signaV,(t) with the Fourier transform of

0
ot
104

the transfer functiorh(w). It may be computed by Fourier 0]
transformation of the signal, filtering the spectrum with the
. . . . -10 . " A A
transfer function and Fourier backtransformation according 10 5 0 5 10 15 20
to Eq. (23 .
time [ms]
+ oo .
Vu(w)= fﬁw VM(t)eflwtdt, (239 FIG. 10. Computed response to neuronal excitation. An action
potential (AP) V\,(t) of a Retzius cell is shown in the uppermost
_ figure. The ac component of the voltayg(t) in the junction is
V(@) =h(w)Vu(w), (230 computed from the transfer function of the junctions 1, 2, and 3
1 o parametrized by the point-contact mod&hble II).
V()= — v lotd . 2 , : N
(1) 2 J_w Vi(w)ede (239 with excited neuronf2,4] and dubbedh-type junction. Even

details of the asymmetric biphasic response of Fig. 10 corre-

We compute the ac component of the response to an aspond to the experimental results.
tion potentialV,,(t) of a Retzius cell. We describe the trans-  An almost perfect image of the action potential is com-
fer functions of the junctions 1, 2, and 3 by the point-contactputed for junction 3—without the dc background, of course.
model according to Eq12) with the parameters summarized The amplitude is reduced only to about 50%. This strong and
in Table Il. The results are shown in Fig. 10. perfect coupling is due to the fact that the transfer function

The ac response of junction 1 to an action potential iSFig. 8) has a large constant amplitude and a vanishing phase
biphasic and rather weak with an amplitude of 2 mV. Itover the spectral range which covers the typical frequencies
resembles a weakened first derivative of the stimulus. Thisf the action potential. Such a strong coupling of an action
feature is due to the fact that the transfer functibiy. 8) has  potential was observed with excited neurons on transistors
a low amplitude over wide spectral range. A significant con{2,4] and dubbedB-type junction. All details of the
tribution occurs only above 100 Hz where the phase is neamonophasic response of Fig. 10 correspond to the experi-
90°. There the transfer function can be approximated by Egnental results. Thus thB-type coupling of action potentials
(14). In fact such a weak biphasic response was observeid not due an extremely high value of the seal resistance as
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proposed 2]. The high amplitude of the transfer function at by the junctions 1 and 3, respectively, in the present study.
low frequencies is caused by a low resistance of the men¥he transfer functions of the junctions allow us to compute
brane. the ac coupling of an action potential of excited neurons.
The response of junction 2 is between that of junction 1They are in perfect correspondence to a weak biphasic re-
and 3. The signal is biphasic as in junction 1 but has a dissponse(A type) and the strong monophasic respor&e
tinctly higher amplitude. Also that kind of response is ob-type) as reported in previous papdz4].
served sometimes with excited neurgAdB-type junction. The conceptual basis for the discrete nature of neuron-
It may be surprising that the effect of an action potentialsilicon junctions is not known. We cannot predict the type of
can be described by the transfer function of the linear rejunction formed from the procedure of assembly. It may be
gime. The result indicates that the membrane in the junctiomentioned, however, that we observe sometimes transitions
is quasistatic, i.e., that it has lost its nonlinear propertiefrom anA type to aB type by pressing the neuron onto the
which give rise to the action potential in the free part of thechip by an impaled electrode. It is possible even to induce
membrane. The modifications of the attached membrane—asversible transitions between @ type and aB type by
indicated by the changed conductance—are frozen on thgeriodically changing the applied pressiiié).

time scale of the action potential. A more detailed analysis of the adhesion region may lead
to a full rationalization of neuron transistors. One approach
V. CONCLUSIONS will be the use of many transistors in the same junction such

) ) that the electrical features of the two-dimensional cable are
We determined the transfer of ac signals from neurons i9eyealed. A first step into that direction was reported in a
transistors within the regime of linear response up to 500Qecent notd5]. Of crucial importance will be a study of the
Hz and measured simultaneously the impedance of the neyrycture of the junctions, in particular of the distance be-
rons. For an interpretation we used the concept of a “sandnyeen membrane and silicon dioxide. The method of fluores-
wich cable” at the interface of a nerve cell and a silicon cence interferometry as suggested recently may solve that
chip. This cable is two-dimensional, driven from one sideproplem[6]. Further tools will be the control of ion channels
and grounded at its periphery. We considered two models, @& the junction by a variation of the holding voltage, by an

homogeneous circular plate contact and an equivalent po“%{pplication of specific drugs and by genetic transfection of
contact. the cells.

We found that neuron-silicon junctions differ in the resis-
tance of the attached memb_rane z_;l_nd of the s_eal resistance ACKNOWLEDGMENTS
between membrane and oxidized silicon. Two kinds of junc-
tions predominate, those with a leaky seal and an unmodified We thank Adolf Kuttruff for his support with electronic
membrane and those with an enhanced seal and a membragm®blems. The project was supported by the Deutsche Fors-
with rather low resistance. These two types are representethungsgemeinschafGrant Fr 349/9.
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