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Frequency dependent signal transfer in neuron transistors

Rolf Weis and Peter Fromherz*
Department of Biophysics, University Ulm, D-89086 Ulm, Germany

and Department of Membrane and Neurophysics, Max-Planck-Institute for Biochemistry, D-82152 Martinsried, Mu¨nchen, Germany
~Received 24 July 1996!

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 transistors.@S1063-651X~97!13801-6#

PACS number~s!: 87.22.2q, 73.40.Mr, 87.80.1s
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I. INTRODUCTION

In a neuron transistor the elementary units of brains
connected directly to the elementary elements of compu
@1#. Voltage transients across a cell membrane modulate
source-drain current through the insulating silicon dioxide
an open gate without the flow of electrochemical curr
across the interface@2#. It was possible, also, to reverse th
coupling and to stimulate a neuron through the insulat
silicon dioxide in an appropriate microstructure@3#. Such
neuron-silicon junctions may be the basis for the devel
ment of hybrid networks for technological and medical a
plication. However, as a next step we have to achieve a
ter understanding of the physics of the signal transfer
order to optimize the junctions for large-scale integration

The setup of a neuron transistor is shown in Fig. 1.
individual neuron is attached directly to a metal-fr
insulated-gate field-effect transistor. Silicon and neuron
surrounded by an electrolyte kept on ground potential
change of the intracellular voltageVM affects the voltage in
the junction area and modulates the source-drain curren
the transistor at its working point. Two kinds of signals we
observed as a response to an action potential in the ne
@2#, a weak biphasic signal which resembles the damped
derivative of the intracellular voltage~an A-type junction!
and a strong monophasic signal which resembles the ac
potential in its shape with an amplitude up to 30%~aB-type
junction!. Usually a given assembly has the features of
A-type or aB-type coupling. Intermediate couplings~AB
type! are rare.

In a previous paper@4# we presented experimental data
the transfer of ac signals which suggested that an intact
membrane is attached to the gate in anA junction whereas in

*Author to whom correspondence should be addressed. Electr
address: fromherz@biochem.mpg.de
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the B junction the conductance of the membrane might
enhanced by the attachment. The interpretation was amb
ous because the data were reliable only up to about 1000

In this paper we describe an improved experimental te
nique: We use a single electrode patch clamp which avo
damage of the neuron. We measure, in this configuration,
voltage modulationVP in the patch pipette, the currentI P
through the pipette, and the modulation of the source-dr

ic

FIG. 1. Neuron transistor. A nerve cell in electrolyte is attach
to a metal-free insulated-gate field-effect transistor. The chann
of p type. Bulk silicon (B), source (S), and drain (D) are kept on
a positive voltage with respect to the electrolyte. The cell is fuse
a patch pipette. A voltageVP , with respect to ground, is applied t
the pipette. As a result a currentI P flows into the pipette which
affects the voltageVM across the cell membrane. This intracellul
voltage modulates the voltage in the junction between the m
brane and the silicon dioxide which controls the source-drain c
rent I D in the transistor.
877 © 1997 The American Physical Society
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878 55ROLF WEIS AND PETER FROMHERZ
current I D. Using three two-phase lock-in amplifiers we a
tain a better signal-to-noise ratio. On the basis of these
we are able to determine the complex voltage transfer fr
the neuron to the gate in a range from 0.1 Hz up to 5000
and to evaluate simultaneously the impedance spectrum
the neuron. We present a thorough theoretical descriptio
the neuron-silicon junction which relies on the physics o
two-dimensional cablelike structure as used in a recent p
@5#. The evaluation of amplitude and phase of voltage tra
fer allows us to elucidate the nature of coupling in a neu
transistor.

We are aware that the model of a two-dimensional ca
remains somewhat formal as long as no independent s
tural data on the neuron-silicon junction are available. T
situation will change when the method of fluorescence in
ference contrast microscopy in Ref.@6# will allow a mapping
of the distance between membrane and gate.

Unspecified interaction of neural excitation and transist
was reported some time ago. In 1976 Bergveld, Wiers
and Meertens placed a transistor with an open gate in
tissue and observed a modulation of the source-drain cur
@7#. They did not define the potential of the silicon devi
with respect to the tissue. The size of the gate was by
orders of magnitude larger than a nerve cell. In 1981 Jobl
Smith, and Wheal inserted transistors with a metallized g
into a neural tissue@8#. It is the crucial issue of the previou
studies on neuron transistors@2–5# and of the present pape
that a close contact is made between an individual nerve
and an individual transistor under well defined control of t
electrical conditions of both elements.

In the first part of this paper we present the theoreti
framework of the neuron transistor using concepts of
cable theory. Then we describe the experimental setup
the approach to measure impedance and voltage transfe
this basis we consider three different neuron transis
which represent anA-type and aB-type junction and an in-
termediateAB-type coupling. Finally the ac-transfer func
tions are used to compute the signal transfer of the ac
potential of an excited neuron.

II. THEORY

In this section we describe the theory of neuron-silic
junctions as a basis for design and interpretation of the
periments. First we note crucial features of transistors
membranes in a linear approximation. Then we introduce
concept of a two-dimensional ‘‘sandwich cable.’’ We deri
the pertinent cable equation and solve it for a simple geo
etry. Finally we consider the reduced model of a ‘‘point co
tact.’’

We decompose the neuron-silicon coupling in a neu
transistor in two parts: ~i! A voltage profile is formed in the
junction between cell membrane and silicon chip which
pends on the neural stimulation and on the geometry and
electrical properties of the junction.~ii ! This voltage af-
fects the source-drain current in an open transistor as
scribed by the current-voltage relationship at its worki
point.

Wet transistor.In a common metal-oxide-semiconduct
~MOS! field-effect transistor~FET! the source-drain curren
is controlled by the voltage applied to the gate, which is
ta
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metal electrode. The change of the source-drain curren
the silicon is proportional to the change of the gate volta
for small signals around the working point with appropria
bias voltages. The metallic gate can be replaced by a c
ductive electrolyte. In a neuron transistor we keep the b
silicon, the source and the drain on defined voltages w
respect to the bath on ground potential~Fig. 1!. Any change
of the local voltage on the gate—as caused in a neur
silicon junction by neuronal activity—modulates the sourc
drain current as in a usual MOS-FET configuration. Thus
open transistor probes the local time-dependent volt
VJ(x,y,t) in the junction. If the open gate is large we have
evaluate a certain average of the voltage profile.

Neuron membrane.The total current through a plasm
membrane is a superposition of the capacitive current an
ionic currents through specific ion channels. With the s
cific capacitancecM of the membrane and with the specifi
conductancegM

i for the ion speciesi we obtain the current
density

j M5cM
dVM
dt

1( gM
i ~VM2V0

i !. ~1!

At a given intracellular voltageVM the ionic current is
driven by the difference of that voltage and of the rever
voltage V 0

i which originates in unequal concentrations
ions across the membrane and in selective conductance
the ions channels.

In general the conductancesgM
i depend on the voltage

VM. They exhibit an autonomous dynamics as describ
e.g., by the classical Hodgkin-Huxley equations@9#. In the
present investigation we keep the membrane at a hold
voltage which is around the intrinsic resting voltage of t
neurons and superpose ac voltages of small amplitude. T
we take care that the membrane voltage is beyond the ra
where the nonohmic features become important. Rewrit
the current in terms of the total conductancegM and of the
resting voltageVR we obtain Eq.~2!. We assumegM5const
around the holding voltage

j M5cM
dVM
dt

1gM~VM2VR!,

gM5( gM
i , VR5

(gM
i V0

i

gM
. ~2!

If the neuron is stimulated with an ac voltage of an a
plitude VI M~v! at an angular frequencyv, the batteryVR
plays no role and we obtain for the complex current

jI~v!5~gM1 ivcM !VI ~v!. ~3!

Sandwich cable.When a neuron is attached to the surfa
of oxidized silicon, a conductive cleft of electrolyte is le
between neuron and chip. It is insulated from the conduc
silicon by silicon dioxide and from the conductive ce
plasma by the plasma membrane, as illustrated in Fig. 2~a!.
This junction has the features of a cable: The cleft form
core and the silicon dioxide and the membrane form
coats. We call this arrangement a ‘‘sandwich cable.’’
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55 879FREQUENCY DEPENDENT SIGNAL TRANSFER IN . . .
We may visualize the sandwich cable by the circuit
Fig. 2~b!. There the continuous system is described by d
crete compartments. The membrane in the junction ha
specific capacitancecJM and a specific conductancegJM
with a resting voltageVJR . The specific capacitance of th
silicon dioxide on the gate iscJG . The core is described by
sheet resistancer J5rJ/d which is determined by the dis
tanced of membrane and chip, and by the specific cond
tance of the electrolyterJ in the junction. The parameter
cJM , gJM , cJG , r J , andVJRmay depend on the position. A

FIG. 2. Sandwich cable.~a! Structure. A cell membrane be
tween the conductive cell plasma and the bulk electrolyte is
tached to an insulating film~silicon dioxide! on a conducting sub-
strate ~silicon!. ~b! Circuit with differential elements: Specific
capacitance of the membranecJM , specific conductance of th
membranegJM , batteryVJR , specific capacitance of silicon dioxid
cJG , and sheet resistancer J . The system is driven by the time
dependent voltageVM(t) in the cell. The response is a time
dependent voltage profileVJ(x,y,t) in the two-dimensional core
~c! Point-contact model with capacitance and resistanceCJM and
RJM of the membrane, with the batteryVR , with the capacitance o
silicon dioxideCJG in the junction and with the seal resistanceRJ .
The bias voltage of the silicon is indicated.
f
-
a

-

electrical stimulation of the neuron gives rise to a curre
through the membrane in the junction: It spreads along
core to the bulk electrolyte and also through the lower coa
the silicon. As a result, a voltage profileVJ(x,y,t) is built up
in the junction which depends on the space coordinatesx, y,
and the timet.

This ‘‘sandwich cable’’ has two pecularities as compar
to a common cable: ~i! The core-coat conductor is two d
mensional.~ii ! The cable is stimulated through the coat wi
the periphery of the core kept on constant potential.

Cable equation.An equation for the dynamics of the volt
ageV(x,y,t) is obtained by applying Kirchhoffs’ law and
Ohm’s law to each infinitesimal area element of the sa
wich cable. Taking into account the capacitive and ohm
currents through the membrane, the capacitive curr
through the silicon dioxide and the ohmic current along
cleft we obtain

~cJM1cJG!
]VJ

]t
1gJMVJ2¹S 1r j ¹VJD

5cJM
]VM

]t
1gJM~VM2VJR!. ~4!

The left hand side has the typical structure of a tw
dimensional cable equation@10–12#. The lateral stimulation
by a voltageVM(t) is expressed by the right hand side. If w
superpose an ac voltageVI M~v! to a dc voltage, we obtain fo
the profile of the complex ac voltageVI J(x,y,v) in the junc-
tion

~gJM1 ivcJM1 ivcJG!VI J2¹S 1r j ¹VI j D
5~gJM1 ivcJM!VI M . ~5!

Plate-contact model.We consider a circular junction o
radius aJ which is homogeneous with constant values
gJM , cJM , cJG , and r J . The profile of the ac voltage
VI J(a,v) along the radial coordinatea for a periodic stimu-
lation VI M~v! is given by Eq.~6! with the length constantl
and the time constantt of the cable and with the time con
stanttJM of the membrane:

Fl2
d2

da2
1

l2

a

d

da
2~11 ivt!GVI J~a!52~11 ivtJM!VI M ,

l25
1

gJMr J
, t5

cJM1cJG
gJM

, tJM5
cJM
gJM

. ~6!

We solve Eq.~6! with the periphery kept on ground po
tential VI J(v,aJ)50. The transfer function hI (v,a)
5VI J(v,a)/VI M(v) is given by Eq.~7! in terms of the modi-
fied Bessel function of order zeroI 0 with the complex damp-
ing constantgv .

hI ~v,a!5
11 ivtJM
11 ivt F12

I 0~gva!

I 0~gvaJ!
G ,

gv
25

11 ivt

l2 . ~7!

t-
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FIG. 3. Theoretical transfer functionhI 5VI J/VI M vs the frequencyn5v/2p at different positions along the radiusa of a circular
homogeneous contact with a radiusaJ510mm. Left: amplitudeuhI u. Right: phasewh . The parameters arecJM55 mF/cm2, gJM50.1 mS/cm2,
cJG50.3mF/cm2, andr J51 GV.
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In the limit of high frequency the second factor of Eq.~7!
equals one. The transfer becomes independent of the pos
and is controlled by the capacitive voltage division in t
upper and lower coat according to

h`5
tJM
t

5
cJM

cJM1cJG
. ~8!

In the limit of low frequency the first factor of Eq.~8!
equals one. The transfer profile is given by Eq.~9!. It has the
shape of a cupola. For a cable with little damping, i.e., w
a large length constant the cupola is very flat;

h0512
I 0~a/l!

I 0~aJ /l!
. ~9!

As an example we compute a junction of radiusaJ510
mm and widthd51 nm. At a specific resistancerJ5100
V cm the sheet resistance isr J51 GV. We choose a capaci
tancecJM55 mF/cm2 and a conductancegJM50.1 mS/cm2

of the membrane and a capacitancecJG50.3 mF/cm2 of the
silicon dioxide. The time and length constant are thent553
ms andl531.6mm. The time constant of the membrane
tJM550 ms. The spectra of amplitude and phase are plo
in Fig. 3 versus the frequencyn5v/2p for various positions
a in the junction.

At low frequency the amplitude is controlled by th
ohmic resistances. The voltage profile arises from the c
trifugal flow of the current entering through the membran
In our example the response is small as the length consta
much larger than the radius of the junction. The phase
creases around 3 Hz. This transition is given by the ti
constant of the membrane, i.e., by the conditionvtJM51.
There the stimulation changes from Ohmic to capacit
dominance. This phase change occurs all over the plate, t
is no phase difference within the junction. The amplitu
starts to increase when the impedance of the coat drop
high frequency such that the resistance of the core beco
significant. A characteristic frequency is defined by

v~cJM1cJG!aJ
2r j51. ~10!
ion

d
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.
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There the imaginary component in the argument of
Bessel function becomes significant. Wi
(cJM1cJG)a J

2r J55.3 ms we expect an enhanced transfer
about 30 Hz as it occurs in the center of the junction~Fig. 3!.
The enhancement of the amplitude is connected with a d
of the phase. This second transition depends on the pos
as illustrated in Fig. 3. As a result there are phase shifts al
the junction. In a certain range of frequency centripedal c
rents occur which may enhance the local response in
junction. The local transfer function is then above one
seen in Fig. 3. At a very high frequency the transfer is co
trolled by the capacitances of the coats according to Eq.~8!
with h`50.94. There the phase is zero again.

Averaged plate. A transistor probes the voltag
VI J(x,y,v) at a defined location in the junction if its size
small in comparison to the length constant of the junction
the transistor channel is short but wide, different compone
of the source-drain current are modulated by different vo
ages. If the channel is long, the modulation of the sour
drain current may be a complicated function of the volta
profile on the gate. We consider here only a simp
case: We assume that the source-drain current is modu
by an average over the total adhesion region with eq
weight of each area element. The average transfer in a
mogeneous circular junction of radiusaJ is

hĨ ~v,aJ!5
11 ivtJM
11 ivt

F 12

2pE
0

aJ
I 0~gva!ada

paJ
2I 0~gvaJ!

G .
~11!

The integral is evaluated numerically using analytical e
pansions of the Bessel function. The result is shown in F
4~a!. The parameters are chosen as above. The phas
creases again around 3 Hz. The amplitude increases ar
30 Hz with a tail extending to higher frequencies. The dom
nating part is due to the central region of the junction, the
to the periphery. The overshooting of the amplitude dis
pears. For comparison a set of junctions is computed w
sheet resistancesr J51 MV–10 GV. An enhanced seal resis
tance gives rise to a better transfer at low frequency
shifts the increase of the amplitude to lower frequency. T
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55 881FREQUENCY DEPENDENT SIGNAL TRANSFER IN . . .
increase of the phase is not affected as it depends on the
constant of the membrane alone.

Point-contact model.Usually we do not know the shap
of the junction nor the position of the transistor in the jun
tion. Thus we are not able to apply a detailed structu
model of the junction. To plan and to evaluate experimen
is useful to introduce the concept of a ‘‘point-conta
model’’ as illustrated in Fig. 2~c!. The membrane is de
scribed by a global capacitanceCJM and a global resistanc
RJM , the silicon dioxide by a global capacitanceCJG and the
core by a characteristic resistanceRJ .

The transfer functionhI (v)5VI j (v)/VI M(v) is obtained
again from Kirchhoff’s law. It depends on three paramete
the transferh0 at vanishing frequency, the time constanttJM
of the membrane and a time constanttJ of the junction as

hI ~v!5
11 ivtJM
11 ivtJ

h0 , ~12a!

h05
RJ

RJ1RJM
, ~12b!

tJM5RJMCJM , ~12c!

tJ5
CJM1CJG

RJM
211RJ

21'RJ~CJM1CJG!'RJCJM . ~12d!

The approximations oftJ hold in the case of a high resis
tance of the membrane and of a small capacitance of the
me

-
l
it

,

te

oxide, respectively. We note that the transfer at infinite f
quency may be expressed by the three parameters as

h`5
CJM

CJM1CJG
5

tJM
tJ

h0 . ~13!

At very low and at very high frequency the transfer
governed by the resistances and by the capacitances o
circuit, respectively. In both limits the phase is zero. At
intermediate frequency withvtJM@1 andvtJ!1 we may
use Eq.~14! as an approximation of Eq.~12!. In that fre-
quency range the phase is 90°:

hI ~v!' ivtJMh0 . ~14!

In general it is convenient to express the transfer funct
by its amplitudeuhI u and its phasewh according to Eqs.~15!
and ~16!

uhI u25
1

11~vtJ!
2 h0

21
~vtJ!

2

11~vtJ!
2 h`

2 , ~15!

tanwh5
1

1/vtJM1vtJ
S 12

tJ
tJM

D . ~16!

We see from Eq.~15! that the time constanttJ determines
the transition of the amplitude from the low-frequency lim
to the high-frequency limit. Equation~16! shows that the
phase vanishes at very high and at very low frequencies
FIG. 4. Theoretical transfer functionshI 5VI J/VI M . ~a! Averaged plate model with amplitudeuhI u on the left and phasewh on the right. The
parameters arecJM55 mF/cm2, gJM50.1 mS/cm2, andcJS50.3mF/cm2 with a radiusaJ510 mm. The sheet resistances arer J5106–1010

V as indicated.~b! Point-contact model with amplitudeuhI u on the left and phasewh on the right. The parameters areCJM515.7 pF,RJM53.2
GV, CJG50.94 pF, andRJ5106–1010 V as indicated.
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882 55ROLF WEIS AND PETER FROMHERZ
Point contact and plate contact.To better understand th
nature of the point-contact model we evaluate its eleme
CJM , RJM , CJG , andRJ for a plate contact of radiusaJ with
the parameterscJM , gJM , cJG , and r J . We express the ca
pacitanceCJM and the resistanceRJM by the specific capaci
tance and conductance of the membrane and by the
contact area asCJM5cJMa J

2p andRJM5(gJMa J
2p)21 and

use a similar relation for the capacitance of the gate
CJG5cJGa J

2p. To obtain a global seal resistanceRJ we de-
fine a representative location within the junction. The av
age radius in each segment of the plate is~2/3!aJ . We as-
sume that the contact is concentrated in a narrow ring of
radius. This location is sealed from the periphery by a rin
shaped sheet. The length of that resistor is~1/3!aJ and its
average width is 2p~5/6!aJ . As a result we obtain for the
seal resistance of the representative location

RJ5
r J
5p

. ~17!

It is notable that the radius of the junction cancels in t
expression. For the plate contact considered above
aJ510 mm, cJM55 mF/cm2, gJM50.1 mS/cm2, cJG50.3
mF/cm2, andr J51 GV we obtain as parameters of the poin
contact modelCJM515.7 pF,RJM53.2 GV, CJG50.94 pF,
andRJ563.7 MV.

A set of transfer functions of the point-contact model
shown in Fig. 4~b! for CJM515.7 pF, RJM53.2 GV,
CJG50.94 pF, and seal resistancesRJ51 MV–10 GV. The
figure illustrates the transition from a low-frequency limit
a high-frequency limit. A high seal resistance enhances
amplitude at low frequency and shifts the transition
vtJ51 to lower frequency. The increase of the phase occ
at vtJM51. Apparently the changes of amplitude and pha
are rather similar to those of the plate-contact model@Fig.
4~a!#. The spectra of the plate contact with a sheet resista
r J correspond well to those of the point contact with a s
resistanceRJ5r J/5p.

III. MATERIALS AND METHODS

In this section we describe the fabrication of the trans
tors, the preparation of neurons, and the assembly of ne
transistors. Then we discuss the methods
measurement—of the impedance of the attached neuron
of the voltage transfer from the neuron to the gate of
transistor.

Transistor.Chips of a size 30 mm310 mm were cut from
n-type silicon wafers with a 100 surface~Wacker-Chemie,
Burghausen!. After cleaning by the standard RCA~Radio
Corporation of America! procedure we oxidized them in we
oxygen at 1000 °C. Openings for sources and drains w
structured by photolithography and etched with ammoni
fluoride solution~AF 87.5–12.5, Merck, Darmstadt!. We ar-
ranged two times 16 transistors on the chip, each set
quadratic array with a distance of 300mm between the tran
sistors@Fig. 5~b!#. The transistors had individual drains an
shared a common source. Doping was achieved by dep
tion of a boron glass by evaporation from planar sources
boron nitride ~Sohio Engineered Materials, New York! at
900 °C and a driving-in process at 1100 °C for 2 h. T
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boron glass and the mask oxide were removed. The widt
source and drain was about 50mm, the length of the channe
was 6mm. A field oxide~1 mm thick! was grown at 1000 °C.
Around each channel we etched an area of 30mm diameter
in the field oxide. This region was covered by a thin ga
oxide with a thickness of 12 nm~dry oxidation at 1000 °C!.
Thep-doped lanes of the drains and the source lead radi
from the transistors to contact pads on a circle of 6 m
which were opened in a last step and covered by sinte
aluminium. Finally two chips of a size 10 mm310 mm with
a single array of transistors were cut and stuck on a prin
plate~50 mm370 mm! with copper leads@Fig. 5~a!#. Drains
and sources were connected to the plate by aluminium w
bonding. Finally a circular chamber was attached wh
shields the bond contacts from the bath solution. The ch
ber was made of Plexiglas. It was stuck onto the silicon w
a silicone glue and stabilized by a ring of Plexiglas. With
the chamber only silicon dioxide was exposed.

We checked each transistor by measuring the output
transfer characteristics. We varied the potential of bulk s
con with respect to the electrolyte which was kept on grou
potential. The source-drain current was measured for dif
ent values of the drain potential with the source kept on b
potential. From this set of data we defined a working po
We usually chose a voltageVES523 V between electrolyte

FIG. 5. Neurochip.~a! A chip of the size 10 mm310 mm is wire
bonded to a plate with copper leads. A circular chamber of Ple
glas is attached to contain the electrolyte.~b! Central region of the
chip. Sixteen transistors are arranged as a 434 array. The distance
of the gates is about 300mm. Each transistor has its own drai
pointing to the left or right. The common source is in the cent
Retzius cells are attached to the metal-free gates of several tra
tors. Their diameter is about 60mm.



1
by
ur

s
rc
m
t
re
o

e
t
c
al

ta
d

a

o
iu
c

ne
fo
i
e
re

le
e

-
a
e
em
e
i-

1
o
ro

as

g

i
re
m

-

th

h

by

s

du-
ld
uit

t
pli-
ac
t

ex
o
he
tra-
t

ron
y

tance

t-

om-

an

ata

of

s
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and bulk silicon and a voltageVDS522 V between drain and
source. The source-drain current was then around 100–
mA. We calibrated each transistor at its working point
superposing ac voltages to the bath potential and meas
the modulation of the source drain current.

The transistor arrays could be reused many times and
worked after several months of measurement. The sou
drain current at the working point differed somewhat fro
measurement to measurement. This effect did not affect
final result as the dc component of the source-drain cur
was subtracted. No corrosion was visible even with gate
ides as thin as 10 nm with a voltage up to15 V applied to
the silicon. We think that the silicon dioxide is stable und
these conditions because the positive potential prevents
invasion of cations into the oxide and into the silicon surfa
and because any holes which might occur would be se
by anodic oxidation.

Neurons.Five to ten centimeter long leeches~Hirudo me-
dicinalis! were maintained at 4 °C in water. The segmen
ganglia were dissected and pinned on a Sylgard coated
containing Leibowitz L-15 medium~Gibco, Eggenstein!
supplemented with 30mg/ml gentamycinsulfate~Sigma!, 5
mg/ml Glucose and 2% foetal calf serum~Gibco! @13#. The
capsules around the ganglia were incubated in dispase
collagenase~Boehringer, Mannheim! ~2 mg/ml L15 medium!
for 1 h. The Retzius cells were removed by aspiration int
fire-polished pipette and washed in several drops of med
@13#. About 20 to 30 Retzius cells were isolated from ea
leech. Due to the relatively large size~diameter 50–80mm!
these neurons are easy to handle. After dissociation, the
rons were kept in a supplemented L-15 medium at 21 °C
5 to 24 h. Before attachment to a chip they were treated w
collagenase and dispase for half an hour to clean the m
brane from connective tissue. Finally they were transfer
to serumfree L-15 medium.

We used some of the Retzius cells to determine the e
trical parameters of their membrane. We found a consid
able variance. The time constants weretM510–50 ms, the
capacitances varied withinCM50.5–3 nF, and the resis
tances withinRM55–50 MV when the neuron was kept at
voltage ofVM5240 to 260 mV. From an estimate of th
cell surface we obtained a specific capacitance of the m
brane of aboutcM55 mF/cm2 and a specific conductanc
aboutgM50.25 mS/cm2. The conductance is in a range typ
cal for neurons in their resting state~e.g., 0.67 mS/cm2 in the
squid axon@9#!. The capacitance is much higher than
mF/cm2 as assigned usually to plasma membranes. The
gin of this enhancement is unknown. It may be due mic
folding of the membrane.

Assembly.The surface of the chip in a chamber w
cleaned by hot~80 °C! basic peroxide~30% hydrogen perox-
ide, 25% ammonia and water at a volume ratio 1:1:5! for
1–3 min wiping with kimwipe paper. After careful rinsin
with water, a drop of an aqueous solution of poly-L-lysine~1
mg/ml, MW 15 000–30 000 Sigma, Germany! was applied
to each gate area and dried. The chamber was filled w
serumfree L-15 medium. Retzius cells were transfer
within 5 min to each gate under visual control in a stereo
croscope~Wild M10, Heerbrugg, Switzerland! using a glass
pipette with an opening of 100mm. The cells adhered imme
diately after touching the surface.
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Patch clamp.A neuron on a gate was contacted wi
a fire-polished patch pipette~opening 3–4 mm! using
a micromanipulator. The pipette was filled wit
140 mM KCl, 1.5 mM MgCl2, 10 mM EGTA
@ethylene glycol-bis ~b-eminoethylether! N,N,
N1
1N1-tetraacetic acid# and 10 mM HEPES

†~N-@2-hydroxyethyl#piperazine-N1-@2-ethanesulfonic acid‡
at pH 7.4. The pipette was fused with the cell membrane
suction and sometimes by a short electrical pulse@14#. The
seal resistance was better than 300 MV. The neurons were
kept at a voltage of240 to260 mV to prevent spontaneou
firing.

We used a single-electrode patch-clamp amplifier~npi-
electronic, Tamm, Germany!. A command signal of variable
frequency was applied to the amplifier. The actual ac mo
lation of the voltageVI p in the headstage of the pipette cou
differ from the command signal due to the feedback circ
of the amplifier. We measured the actual modulationVI p by a
two-phase lock-in amplifier~Stanford Instruments, Stanford!.
In addition we measured the ac modulation of the currenIIp
through the pipette using a second two-phase lock-in am
fier. We did not use any amplifier compensation. Thus the
modulation VI M of the voltage in the neuron was no
clamped.

Impedance.We measured the spectrum of the compl
impedanceZI 5VI p/IIp of a patched neuron on the chip for tw
reasons: ~i! We determined a representative circuit of t
patched neuron which was used to evaluate the actual in
cellular voltageVI M . ~ii ! We obtained information abou
the electrical properties of the attached neuron.

The complete representative circuit of a patched neu
on a chip is shown in Fig. 6~a!. The pipette is described b
an access resistanceRA and by a stray capacitanceCST. For
reasons discussed later we introduce an access capaci
CA . The free neuron membrane has a capacitanceCFM and a
resistanceRFM . The junction itself is described by the poin
contact model.

To evaluate the impedance spectra we replace the c
plete circuit by the simplified circuit of Fig. 6~b!. The free
membrane and the junction together are described by
effective capacitanceC̃M and an effective resistanceR̃M , the
pipette by an effective access resistanceR̃A and an effective
stray capacitanceC̃ST. The impedance is

ZI ~v!5
VI P~v!

IIP~v!
5F 1

R̃A11/~R̃M
211 ivC̃M !

1 ivC̃STG21

.

~18!

The amplitude and the phase of the experimental d
were fitted according to Eq.~18! using a Levenberg-
Marquardt algorithm. We estimated that the accuracy
the parametersC̃M andR̃M is better than 6% and ofR̃A and
C̃ST better than 10%.

Transfer function. The experimental transfer function i
the ratio of the effective voltage on the gateVI J and of the
voltage in the neuronVI M

hI ~v!5
VI J
VI M

. ~19!
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FIG. 6. Circuit of a neuron on a chip with fused patch pipette.~a! Complete circuit. The pipette is described by an access resistanceRA ,
an access capacitanceCA , and a stray capacitanceCST. The free membrane is described by the capacitanceCFM and the resistanceRFM .
The junction itself is represented by the point-contact model with a resistanceRJM and a capacitanceCJM of the membrane, a capacitanc
CJG of the silicon dioxide and a seal resistanceRJ . ~b! Reduced circuit. The whole neuron with the junction is described by an effec
membrane capacitanceC̃M and an effective membrane resistanceR̃M . The pipette is given by an effective access resistanceR̃A and an
effective stray capacitanceC̃ST.
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The effective voltage in the junctionVI J~v! is obtained
from the modulation of the source-drain current. The mo
lation IID~v! is observed by a two-phase lock-in amplifi
when the pipette is stimulated withVI P~v!. We transform the
result into a modulation of the voltage in the junctionVI J~v!.
The calibration is made without neuron by superposing an
signal to the electrolyte potential and observing the sou
drain current. Such a calibration implies that an attach
neuron does not affect the electrical properties of the tran
tor.

The unknown voltageVI M~v! in the neuron is computed
from the voltage in the headstageVI P~v! using the circuit as
determined by the impedance. We obtain

VI M~v!

VI P~v!
5

1/~R̃M
211 ivC̃M !

1/~R̃M
211 ivC̃M !1RA/~11 ivRACA!

. ~20!

We have to consider here explicitly the effective acc
capacitanceCA which affects the voltage drop in the pipett
We use two kinds of evaluation:~i! In a first approach we
determine the intracellular voltage withCA50. That is, we
assume that the voltage drop in the pipette is Ohmic.~ii ! In a
second approach we estimate an access capacitanceCAÞ0
on the basis of the experimental stray capacitanceC̃ST. The
necessity for the second procedure is discussed below
both cases we use the approximationRA'R̃A .

IV. RESULTS AND DISCUSSION

First we consider the impedance of neurons attache
transistors. On this basis we determine the frequen
-

c
e-
d
is-

s

In

to
y-

dependent voltage transfer from the neurons to the tran
tors. We evaluate the results in terms of the sandwich ca
using the point-contact model and the plate-contact mo
Finally we use the experimental ac-transfer functions
compute the signal transfer of an action potential. The th
neuron-silicon junctions presented here are representative
amples of many experiments. The features of junctions 1
3 are observed frequently, whereas a junction such as N
is rare.

Impedance. The impedance spectra of three neurons
tached to transistors are shown in Fig. 7. We discuss th
in terms of the representative circuit of Fig. 6~b!. At low
frequency the amplitude is given by the membrane resista
R̃M . With increasing frequency the parallel capacitance
the membraneC̃M starts to contribute and the access res
tanceR̃A in series dominates. Finally the stray capacitan
C̃ST becomes effective. As a result the amplitude drops
two steps with increasing frequency and the phase dro
increases and drops again. There is an apparent differen
the three junctions: The primary drop of the amplitude a
the dip in the phase is shifted to a higher frequency in
junctions 1 to 3.

A fit of the data is drawn in Fig. 7 with the paramete
summarized in Table I. We obtain fairly constant values
the access resistance and of the stray capacitance whic
aroundR̃A51 MV and C̃ST520 pF. Most significant is the
change of the time constantt̃M5R̃MC̃M . The value of
t̃M517.7 ms in neuron 1 is typical for a free Retzius c
after patching, a value such ast̃M50.88 ms, in neuron 3,
however, is significantly lower. The change suggests an
hanced conductance in the attached part of the membr
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FIG. 7. ImpedanceZI 5VI P/IIP of the three neuron transistors 1, 2, and 3. Bode plot with amplitudeuZI u ~left! and phasewZ ~right! vs the
frequencyn. Nyquist plots ImZI versus ReZI are shown as inserts. The drop of the amplitude and the dip of the phase are shifted to
frequencies in junctions 1 to 3. The data are fitted according to the circuit of Fig. 6~b!. The parameters are given in Table I.
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There is, however, a problem in comparing different jun
tions because of the variability of the Retzius cells the
selves. We assign the differences in the capacitance in T
I to a different size of the neurons. We scale then the re
tanceR̃M to a capacitance ofC̃M50.5 nF. Table I shows tha
-
-
le
s-

the standardized resistanceR̃8M drops from 35.4 MV to 9.6
MV and 1.74 MV from junction 1 to 3.

Transfer function. The spectral transferhI (v)5VI J/VI M of
the three neuron transistors is shown in Fig. 8. The me
brane voltageVI M was determined from the voltageVI P ap-
m im-

s

TABLE I. Impedance measurement. Parameters of three neuron-silicon junctions as obtained fro
pedance measurements using the circuit of Fig. 6~b!: Effective time constant of the membranet̃M , effective
capacitanceC̃M , and resistanceR̃M of the membrane, effective access resistanceR̃A and effective stray
capacitanceC̃ST of the pipette. In addition, the normalized resistanceR̃M8 of the membrane is given which i
scaled to a capacitance ofC̃M50.5 nF/cm2.

Junction
t̃M

~ms!
C̃M

~nF!
R̃M

~MV!
R̃M8

~MV!
R̃A

~MV!
C̃ST

~pF!

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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FIG. 8. Experimental transfer function
hI 5VI J/VI M of the three neuron transistors 1,
and 3. AmplitudeuhI u ~left! and phasewh ~right!
vs the frequencyn. Two sets of data are shown a
obtained with a different evaluation of the intra
cellular voltageVI M . The black dots are deter
mined without access capacitanceCA50. The
white circles are obtained with an access capa
tanceCA5CST23 pF. The curves are compute
with the point-contact model. The parameters a
obtained from a fit of the model to the amplitude
using the double-logarithmic plot of Fig. 9.
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plied to the pipette according to Eq.~20! with the parameters
R̃M ,C̃M ,RA'R̃A taken from the impedance measureme
An access capacitanceCA was not taken into account. Firs
we discuss the spectra qualitatively, then we evaluate
amplitudesuhI u in terms of the point-contact model. In a ne
step we consider the phaseswh taking into account an acces
capacitanceCA . Finally we consider the plate-contact mod

At low frequency the amplitude in junction 1 is belo
0.01. The phase is small there with a large error of the m
surement due to the small amplitude. The phase incre
around 10 Hz up to 90°, whereas the amplitude grows in
range of 1000 Hz. In junction 3 the amplitude is rath
high—about 0.5—already at the lowest frequency. Arou
1000 Hz it increases up to 0.9. A modest increase of
phase up to 30° occurs above 100 Hz. The transfer func
of junction 2 is between that of junction 1 and junction
The phase increases here around 100 Hz. The amplitud
low frequency is small but with about 0.03 distinctly high
than in junction 1. The enhancement of the amplitude occ
at a similar frequency in all three junctions. The crucial d
ference in the junctions 1, 2, and 3 is the enhanced coup
at low frequency and the displacement of the phase shi
higher frequency.

Amplitude. We fit the point-contact model to the ampl
tudes alone according to Eq.~15!. In a range well below the
transition frequencyvtJ!1 we may write

log10uhI u5 log10uh0u1
1
2 log10~11v2tJM

2 !. ~21!

Surprisingly the onset of the transition to the limit of hig
frequency depends on the time constant of the memb
tJM not on the time constanttJ . In a double-logarithmic
diagram the time constanttJM is defined by the intersectio
of the low-frequency limith0 and of the transition region o
slope one.
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The experimental data are replotted in Fig. 9. The onse
the transition is seen particularly well for the junction 2. W
fit a low-frequency limit h050.031 and a time constan
tJM51.0 ms. In junction 1 the onset is shifted to lower fr
quency. Due to the small coupling at low frequency t
evaluation is less defined. We assignh050.0017 and
tJM514 ms. In junction 3 the onset is shifted to high fr
quency. The linear part of the transition is hardly visible
the onset is too close to the transition frequency itself. W
assign hereh050.48 andtJM50.13 ms.

The fit parameters are summarized in Table II. The a
plitude at low frequencyh0 is enhanced and the time con
stanttJM is reduced in junction 1 to 3 by orders of magn
tude. From Eq.~13! we may evaluate the time constanttJ if
we assume that the transfer at high frequency is constan

FIG. 9. Experimental amplitudeuhI u of the transfer function vs
the frequencyn. Double-logarithmic plot for the junctions 1, 2, an
3. The low frequency limits are fitted by a constanth0. The onset of
the transition to the high frequency limit is fitted by a line of slo
one. The time constanttJM is obtained from the intersection. Th
parametersh0 andtJM are given in Table II.
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TABLE II. Transfer function. Parameters of three neuron transistors: Amplitude at low frequench0,
time constant of the membranetJM , time constant of the junctiontJ , resistance of the membraneRJM , seal
resistanceRJ , specific membrane conductancegJM , averaged length constantl, sheet resistancer J , and
distanced of membrane and silicon dioxide. The capacitances of the membrane and of the silicon oxi
CJM550 pF andCJG53 pF.

Junction h0

tJM
~ms!

tJ
~ms!

RJM

~MV!
RJ

~MV!
gJM

~mS/cm2!
l

~mm!
r J

~mV!
d

~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
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all junctions, given by the ratio of the specific capacitanc
h`5cJM/(cJM1cJG). With cM55 mF/cm2 and cJG50.3
mF/cm2 we obtainh`50.94 andtJ525, 33, 66ms for the
three junctions. The transition frequency differs only little
the three junctions.

The local time constanttJM514 ms of the membrane in
junction 1 is very close to the effective time consta
t̃M517.7 ms of the whole cell as obtained from the impe
ance measurement. This coincidence shows that the fo
tion of this junction does not significantly affect the mem
brane.

On the other hand, the extremely small time const
tJM50.13 ms in junction 3 indicates that there the atta
ment has lowered the membrane resistance by two orde
magnitude. We may relate this result with the small effect
time constantt̃M50.88 ms of the whole neuron as given b
the impedance measurement. Let us assume that the jun
is formed by an area fractiona of the total cell surface. The
effective time constantt̃M may be expressed by the tim
constants of the free and attached membranetM andtJM

1

t̃M
5
12a

tM
1

a

tJM
. ~22!

For a time constant of the free membrane in the orde
tM510 ms we obtain witht̃M50.88 ms andtJM50.13 ms
an area fraction ofa50.14. This value is in a reasonab
range considering the geometry of attachment.

To determine the four electrical elements of the poi
contact model from the three parametersh0 ,tJM ,tJ we have
to define the absolute value of one element. Assumin
contact area 1000mm2 we obtain a total capacitanc
CJM550 pF. The capacitance of the silicon dioxide is th
CJG52 pF. The resistances of the membraneRJM and of the
junctionRJ obtained from Eq.~12! are summarized in Table
II. The resistance of the junction is in the order of 1 MV in
all three systems. It is significantly enhanced in junction
On the other hand, the resistance of the membrane decre
drastically from junction 1 to 3 withRJM5280, 20, 2.6 MV.

It is the crucial difference between the different junctio
that the resistance of the membrane can differ by order
magnitude. This effect is correlated with an enhanced re
tance of the junction.

Phase.We compute the phases of the junctions accord
to Eq. ~16! using the parameterstJM andtJ evaluated from
the amplitudes. The result is shown in Fig. 8. The increas
the phase at different frequencies in the three junction
described well. That is, amplitude and phase are consis
s
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with respect to the time constant of the membranetJM . We
compute, however, a drop of the phase at higher frequenc
the region of the transition defined byvtJ51. That effect is
seen in junction 2, but not in junction 1 and 3~Fig. 8!.

We think that this discrepancy of amplitude spectrum a
phase spectrum is due to an additional capacitive path
from the stimulating pipette into the gate. For example,
voltage in the pipette may couple through the stray cap
tance CST into the bath @Fig. 6~a!#. The signal is not
grounded completely at high frequencies: The impedanc
the capacitance is low and the resistance of the bath~around
10 kV! becomes relevant there. The signal may couple t
from the bath into junction. In order to study these effects
would be necessary to vary systematically the experime
setup. Such an investigation was beyond the present pa

To account for an unspecified capacitive pathway we
troduce a formal access capacitanceCA of the pipette@Fig.
6~a!#. This capacitance enhances the signal transfer from
headstage into the cell at high frequency. We have to de
mine the intracellular voltageVM according to Eq.~20!. We
estimate as an upper limit of the access capacita
CA515.3, 14.7, 17.3 pF for the three junctions. These val
are given by the total stray capacitancesCST obtained from
the impedances~Table II! diminished by the stray capac
tance 3 pF of the headstage. The resulting transfer functio
shown in Fig. 8. Apparently the experimental amplitud
change little, even for this extreme case. The experime
phase shifts, however, drop now at high frequency as i
implied in the point-contact model.

Plate-contact model.We try to interpret the data also wit
the plate-contact model. We use the specific capacitance
membranecJM55 mF/cm2 and of silicon dioxidecJG50.3
mF/cm2 and choose a radiusaJ518 mm to obtain an area o
1000mm2 as above. The fit parameters are then the spec
conductance of the membranegJM and the sheet resistanc
r J .

At first we consider the time constanttJM5cJM/gJM
which is independent of the size of the junction and on
location of the transistor. We are allowed to take the exp
mental values as evaluated with the point-contact mo
~Table II!. With cJM55 mF/cm2 we obtain the conductance
gJM50.36, 5.0, 38.5 mS/cm2 for the three junctions. Even
the largest value is within the typical range of a neuron me
brane with open ion channels. For example, the conducta
of open potassium channels in the squid axon is 36 mS/2

@9#.
The amplitudeh0 at low frequency depends on the leng

constantl and on the size of the junction according to E
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~8!. We have to specify also the site of detection. The g
with a length of 6mm and a width of 30mm probes a line
across a circular junction of 36mm diameter. Without struc-
tural information we consider two limiting cases:~i! The
gate is a pointlike detector in the center of the junction.~ii !
The gate averages the whole junction homogeneously. T
is, we use on one hand Eq.~9! with a50 and on the other
hand Eq.~11!. We computeh0 for various length constant
and compare the results with the experimental values
Table II. We obtain for each junction optimal length co
stants for the two limiting cases:~221 mm!/~157 mm! for
junction 1, ~50.6 mm!/~35.4 mm! for junction 2, and~10.2
mm!/~5.6mm! for junction 3. The averages of the two cas
arel5190mm, 43mm, and 8mm for junctions 1, 2, and 3
In junction 1 the length constant is larger than the diame
in junction 2 it is similar to the diameter, and in junction 3
is shorter than the diameter.

The sheet resistance is given byl251/gJMr J . From the
average length constants and the specific conductance
obtainr J57.7 MV, 10.8 MV, 41 MV. These values are by
factor of 16.7 larger than the values ofRJ in the point-
contact model. This ratio is compatible with a rat
r J/RJ55p according to Eq.~17!.

In a last step we determine the distanced of membrane
and silicon dioxide fromr J5rJ/d. We take the specific re
sistance of bulk electrolyte withrJ5100 V cm. We obtain
130 nm, 93 nm, 24 nm for the three junctions. The width
the sandwich cable is about three orders of magnit
smaller than its diameter. This result justifies the picture
an extended cablelike structure.

Signal transfer.The complex ac-transfer function dete
mines the ac component of an arbitrary time-dependent v
age from a neuron to a transistor. The ac component of
responseVJ(t) in the junction is given by a convolution o
the intracellular signalVM(t) with the Fourier transform of
the transfer functionh(v). It may be computed by Fourie
transformation of the signal, filtering the spectrum with t
transfer function and Fourier backtransformation accord
to Eq. ~23!

VI M~v!5E
2`

1`

VM~ t !e2 ivtdt, ~23a!

VI J~v!5hI ~v!VI M~v!, ~23b!

VJ~ t !5
1

2p E
2`

1`

VI J~v!eivtdv. ~23c!

We compute the ac component of the response to an
tion potentialVM(t) of a Retzius cell. We describe the tran
fer functions of the junctions 1, 2, and 3 by the point-cont
model according to Eq.~12! with the parameters summarize
in Table II. The results are shown in Fig. 10.

The ac response of junction 1 to an action potentia
biphasic and rather weak with an amplitude of 2 mV.
resembles a weakened first derivative of the stimulus. T
feature is due to the fact that the transfer function~Fig. 8! has
a low amplitude over wide spectral range. A significant co
tribution occurs only above 100 Hz where the phase is n
90°. There the transfer function can be approximated by
~14!. In fact such a weak biphasic response was obser
e
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with excited neurons@2,4# and dubbedA-type junction. Even
details of the asymmetric biphasic response of Fig. 10 co
spond to the experimental results.

An almost perfect image of the action potential is co
puted for junction 3—without the dc background, of cours
The amplitude is reduced only to about 50%. This strong a
perfect coupling is due to the fact that the transfer funct
~Fig. 8! has a large constant amplitude and a vanishing ph
over the spectral range which covers the typical frequen
of the action potential. Such a strong coupling of an act
potential was observed with excited neurons on transis
@2,4# and dubbedB-type junction. All details of the
monophasic response of Fig. 10 correspond to the exp
mental results. Thus theB-type coupling of action potentials
is not due an extremely high value of the seal resistance

FIG. 10. Computed response to neuronal excitation. An ac
potential~AP! VM(t) of a Retzius cell is shown in the uppermo
figure. The ac component of the voltageVJ(t) in the junction is
computed from the transfer function of the junctions 1, 2, and
parametrized by the point-contact model~Table II!.
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proposed@2#. The high amplitude of the transfer function
low frequencies is caused by a low resistance of the m
brane.

The response of junction 2 is between that of junction
and 3. The signal is biphasic as in junction 1 but has a
tinctly higher amplitude. Also that kind of response is o
served sometimes with excited neurons~AB-type junction!.

It may be surprising that the effect of an action poten
can be described by the transfer function of the linear
gime. The result indicates that the membrane in the junc
is quasistatic, i.e., that it has lost its nonlinear proper
which give rise to the action potential in the free part of t
membrane. The modifications of the attached membrane
indicated by the changed conductance—are frozen on
time scale of the action potential.

V. CONCLUSIONS

We determined the transfer of ac signals from neuron
transistors within the regime of linear response up to 50
Hz and measured simultaneously the impedance of the
rons. For an interpretation we used the concept of a ‘‘sa
wich cable’’ at the interface of a nerve cell and a silic
chip. This cable is two-dimensional, driven from one si
and grounded at its periphery. We considered two mode
homogeneous circular plate contact and an equivalent p
contact.

We found that neuron-silicon junctions differ in the res
tance of the attached membrane and of the seal resist
between membrane and oxidized silicon. Two kinds of ju
tions predominate, those with a leaky seal and an unmod
membrane and those with an enhanced seal and a mem
with rather low resistance. These two types are represe
ce
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by the junctions 1 and 3, respectively, in the present stu
The transfer functions of the junctions allow us to compu
the ac coupling of an action potential of excited neuro
They are in perfect correspondence to a weak biphasic
sponse~A type! and the strong monophasic response~B
type! as reported in previous papers@2,4#.

The conceptual basis for the discrete nature of neur
silicon junctions is not known. We cannot predict the type
junction formed from the procedure of assembly. It may
mentioned, however, that we observe sometimes transit
from anA type to aB type by pressing the neuron onto th
chip by an impaled electrode. It is possible even to indu
reversible transitions between anA type and aB type by
periodically changing the applied pressure@15#.

A more detailed analysis of the adhesion region may le
to a full rationalization of neuron transistors. One approa
will be the use of many transistors in the same junction s
that the electrical features of the two-dimensional cable
revealed. A first step into that direction was reported in
recent note@5#. Of crucial importance will be a study of th
structure of the junctions, in particular of the distance b
tween membrane and silicon dioxide. The method of fluor
cence interferometry as suggested recently may solve
problem@6#. Further tools will be the control of ion channe
in the junction by a variation of the holding voltage, by a
application of specific drugs and by genetic transfection
the cells.
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worth, Pflügers Arch.391, 85 ~1981!.
@15# M. Jenkner and P. Fromherz~unpublished!.


