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bstract

Understanding the mechanisms that generate field potentials (FPs) by neurons grown on semiconductor chips is essential for implementing
euro-electronic devices. Earlier studies emphasized that FPs are generated by current flow between differentially expressed ion channels on
he membranes facing the chip surface, and those facing the culture medium in electrically compact cells. Less is known, however, about the
echanisms that generate FPs by action potentials (APs) that propagate along typical non-isopotential neurons.
Using Aplysia neurons cultured on floating gate-transistors, we found that the FPs generated by APs in cultured neurons are produced by
urrent flow along neuronal compartments comprising the axon, cell body, and neurites, rather than by flow between the membrane facing the chip
ubstrate and that facing the culture medium. We demonstrate that the FPs waveform generated by non-isopotential neurons largely depends on
he morphology of the neuron.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Contemporary attempts to fabricate and utilize semiconduc-
or chip for studying the behavior of cultured neurons or for
uture use to link neurons and transistors under in vivo con-
itions, require a better understanding of the parameters that
etermine the shape and amplitude of the field potentials (FPs)
enerated by their electrical activity.

The most cited model for neuron–transistor coupling is that
eveloped by the Fromherz laboratory (for review, Fromherz,
003) and elaborated by others (for example, see Buitenweg et

l., 2002). The model emphasizes three critical parameters that
etermine the amplitudes and shapes of field potentials gener-
ted by action potentials. These are: (1) current flow between two

∗ Corresponding author. Tel.: +972 2 6585091; fax: +972 2 5637033.
E-mail address: spira@cc.huji.ac.il (M.E. Spira).
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patially separated patches of the plasma membrane is generated
y the differential expression and activation of the ion channels
ithin these membrane patches. These are the junctional mem-
ranes which face the transistor sensing area (often referred to
s the contact or attached membrane), and the non-junctional
lasma membranes (the free membrane) which face the cul-
ure medium (Buitenweg et al., 2002; Fromherz, 1999, 2002;
rattarola and Martinoia, 1993; Schatzthauer and Fromherz,
998; Straub et al., 2001; Vassanelli and Fromherz, 1999). The
mportance attributed to the heterogeneous distribution of the
on channels within the spatially separated patches of the junc-
ional and non-junctional membranes, led Fromherz and others
o suggest that over-expression of recombinant ion channels in
he junctional and non-junctional membranes, may be used to

mprove the signal-to-noise ratio of the FPs recorded by field
ffect transistors (FET). (2) The physico-chemical interaction
etween the junctional membrane and the chip surface forms a
arrow cleft across which the extracellular current flows. The
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left width and its planar dimensions define the extracellular
esistance and are referred to as the seal resistance (Rseal). (3)
he current flow over Rseal can be either capacitive or Ohmic.
he “Fromherz model” shows that when the attached mem-
rane expresses a negligible number of voltage-independent ion
hannels, the FP is proportional to the first derivative of the intra-
ellular voltage (Fromherz et al., 1991). If on the other hand
he junctional membrane is enriched by voltage-independent
on channels, the FP shape corresponds to that of the intra-
ellular voltage (Fromherz et al., 1993; Jenkner and Fromherz,
997; Weis and Fromherz, 1997). When the capacitive current is
xpressed by the ionic current through the non-junctional mem-
rane, the FP is determined by the difference between the junc-
ional and non-junctional membrane conductances (Fromherz,
999; Schatzthauer and Fromherz, 1998).

While the model described above provides important con-
eptual insights for the interpretation of recorded FPs, it does
ot address the case of FPs generated by characteristic neu-
ons. It is well established that most differentiated neurons are
on-isopotential (electrically-distributed) structures, with het-
rogeneous membrane properties ranging from compartments
hat are highly excitable, to compartments that are weakly-
xcitable. Here we examine what are the sources of the extracel-
ular currents that generate FPs by non-isopotential neurons. Is it
enerated by current flow between the junctional and free mem-
rane patches as described in detail by Buitenweg et al. (2002),
romherz (2003), Grattarola and Martinoia (1993), Vassanelli
nd Fromherz (1999), or are the FPs dominated by longitudinal
xtracellular currents generated by current flow among the var-
ous neuronal compartments. If the latter suggestion is correct,
han the FP waveform must depend on the specific electro-
natomy of a given neuron.

In order to address this question we have used identifiable
plysia neurons cultured onto floating gate-CMOS (FG-CMOS)

ransistors (Cohen et al., 2004), and examined the contribution
f the electro-anatomy of neurons and the longitudinal cur-
ent generated by propagating action potentials (APs) to the
Ps. The use of large, identifiable, cultured Aplysia neurons
nabled us to alter the dimensions of the neurons by tran-
ecting the axon from the cell body, or by allowing neurons
o regrow after axonal transection. Furthermore, the large size
f the neurons allowed us to simultaneously record and stim-
late intracellularly the cell body or the axon. These experi-
ental manipulations, complimented by computer simulations,

nabled us to examine the relationships between the electro-
natomy of the neurons and the FPs generated by their action
otentials.

. Materials and methods

.1. Recording device

Depletion type P-channel floating gate (FG) MOS transistors

ith an octagonal sensing area of 10 or 15 �m in diameter, and
W/L of 50/0.5 �m or 32/0.8 �m, were designed and realized in
.5 �m CMOS technology as described in an earlier study from
ur laboratory (Cohen et al., 2004).

l
t
(
t
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.2. Cell cultures and electrophysiology

.2.1. Culture procedure and solutions
Left upper quadrant neurons (LUQ) or buccal neurons B1 and

2 were isolated from Aplysia californica (NIH/University of
iami, National Resource for Aplysia) and maintained in culture

s previously described (Schacher and Proshansky, 1983; Spira
t al., 1996, 1999). The neurons were plated on the thermal oxide
ayer above the FG which was coated with poly-l-lysine (Sigma,
ehovot, Israel). The experiments were performed within 2–5
ays of plating at room temperature (21–25 ◦C).

.2.2. Axotomy
Axonal transection was performed by applying pressure on

he axon with the thin shaft of a micropipette under visual control
s previously described (Benbassat and Spira, 1993, 1994; Spira
t al., 1993, 1996; Ziv and Spira, 1993, 1995).

.2.3. Electrophysiology
Conventional intracellular recording and stimulation with

ingle or double glass microelectrodes were used. The micro-
lectrodes were pulled from 1.5/1.02 mm borosilicate glass tubes
ith filaments and filled with 2 M KCl. Electrode resistance

anged between 4 and 10 M�. For intracellular recording and
timulation the microelectrode tip was inserted into the cell body
r axon.

.3. Simulation

Simulation of APs generated by a neuron composed of a
ell body and an axon, was implemented using the multi-
ompartmental simulation model “NEURON” (Hines and
arnevale, 1997). The equivalent extracellular circuit provided
y “NEURON” allowed us to simulate the FPs.

For the simulations, neurons composed of a cell body with
diameter of 100 �m, and a cylindrical axon with a diame-

er of 20 �m were constructed. The Hodgkin and Huxley model
Hodgkin and Huxley, 1952) was simulated for the generation of
Ps. In the present study we have used the default parameters of
odgkin and Huxley (1952) for the squid giant axon as both the

quid and Aplysia are marine mollusks, and thus share common
eatures. The default parameters are: (a) resting potassium and
odium conductances of 6.1e−5 and 1e−6 S/cm2, respectively.
b) Maximum sodium conductance of 0.120 S/cm2, and potas-
ium conductance of 0.036 S/cm2. (c) Leakage conductance of
e−4 S/cm2, with reversal potential of (−70) mV. (d) Membrane
apacitance of 1 �F/cm2. The default axial resistance was set at
5.5 � × cm. No attempts were made to precisely model Aplysia
eurons channels dynamics. In consequence the amplitude and
uration of the simulated action potentials were not identical to
he experimental results. Nevertheless, the simulations enabled
s to provide formal explanations of the observed results. The
xtracellular equivalent circuit included a single extracellular

ayer with the following parameters: (1) extracellular axial resis-
ance 5 M�/cm, (2) lateral conductance of 0.2 mho/cm2, and
3) lateral capacitance of 0 �F/cm2 (negligible capacitance of
he floating gate electrode). These values allowed the simula-
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was somewhat smaller than that of the axon. As expected from
theoretical considerations, under these conditions the amplitude
of APs generated by the soma is independent of the axon length
58 A. Cohen et al. / Biosensors an

ion model to generate FPs with amplitudes in the range of the
xperimental results. In principal the use of other values would
esult in the generation of smaller or larger field potentials but
he waveform and its proportions would not be altered.

. Results

.1. Characterization of the neuron excitable membrane
roperties

Pioneering electrophysiological studies in the mid-20th cen-
ury established that voltage gated ion channels are heteroge-
eously distributed over the plasma membrane of adult neurons.
n many neuronal types the cell body and parts of the dendrites
re partially excitable, while the axon hillock and the axon proper
re highly excitable (for example, Clark et al., 2005; Migliore
nd Shepherd, 2002). Thus, prior to the analysis of the relation-
hip between the neurons’ electro-anatomical properties, and the
P recorded by FG-CMOS transistor, we characterized some of

he basic membrane properties of LUQ and B neurons used in
his study. Simultaneous intracellular recording of action poten-
ials from the axon and the cell body revealed that in most
eurons the action potential amplitude recorded from the cell
ody is approximately 15% smaller than that recorded from the
xon (n > 10, Fig. 1A). This suggested that the cell body’s plasma
embrane is less excitable than that of the axon. To examine

his assumption further, we recorded action potentials before
nd after mechanical separation of the cell body from the axon
Benbassat and Spira, 1993; Oren et al., 1997). Axonal tran-
ection was performed as close as possible to the cell body. It
hould be noted however, that when an axon is transected at the
ell body–axon junction, the cut end fails to seal, and the cell

ody rapidly degenerate. When the axon is transected approx-
mately 50 �m from the cell body, a membrane seal is formed
ver the ruptured membrane in approximately half of the exper-
ments. Only neurons in which the resting potential recovered

ig. 1. Amplitudes of action potentials simultaneously recorded from the cell
ody and axon in response to depolarization of the soma of a cultured neuron
efore and after the isolation of the cell body from the axon. (A) Recording
rom the cell body and the axon prior to axotomy. (B) Comparison of the action
otentials recorded from the soma prior to its separation from the axon (before
xotomy) and after the soma isolation (after axotomy).
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nd the input resistance (Rin) reached higher values than the
ontrol prior to axotomy were used for further experiments.

We found that after separation the amplitude of the action
otential generated by the isolated cell body was further reduced
Fig. 1B). This supports the view that the cell body is less
xcitable than the axon, and that the remaining patch of the
ransected axonal membrane is the spike generating membrane.

Further insight was gained by computer simulation of the neu-
on by the multi-compartment simulation model—“NEURON”
Hines and Carnevale, 1997). For the simulation we constructed
neuron composed of a cell body with a diameter of 100 �m, a

ylindrical axon with a diameter of 20 �m, and a leakage con-
uctance of 0.0007 S/cm2. The experiments were simulated by
elivering intracellular depolarizing square pulses to the cell
ody, and “recording” the action potentials from the cell body
nd the tip of the axon (Fig. 2). The simulations were performed
n neurons with a long axon of 512 �m and short axons of 64 or
6 �m, thus mimicking the experiments in which the axon was
eparated from the cell body. As a reference (control) we first
imulated a neuron which exhibited identical densities of voltage
ated sodium and potassium channels as well as identical den-
ities of leak currents along the length of the plasma membrane.
n this case (Fig. 2A) the simulated AP recorded in the cell body
ig. 2. Computer simulations of action potentials generated by neurons express-
ng different levels of the cell’s body membrane excitability and different axonal
engths. Blue depicts recording from the soma; red: recording from the axon.
timulation by depolarizing pulse was applied to the soma. The simulated neu-
ons include a cell body with diameter of 100 �m, and an axon’s diameter of
0 �m. The length of the axon is: Row I, 512 �m; Row II, 64 �m; Row III,
6 �m. In column A, the plasma membrane of the cell body and axon have
dentical densities of voltage-gated channels. In column B, the density of the
oltage-gated channels of the cell body are reduced to 50% in respect to the
xon. In column C, the cell body excitability was reduced to 10%, and in (D)
o 1% of the axon. Note that when the density of the voltage-gated ion channels
n the cell body is less than 50% of the axon, the action potential amplitude
ecorded in the cell body and axon depends on the length of the axonal segment.
or further details, see the text.
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Fig. 3. Isolation of the cell body from the axon is associated with the loss of the
field potentials recorded by the FG-CMOS. The cell body of a neuron with its
axon was placed on a FG transistor (schematics on top). (A) Intracellular stim-
ulation of the cell body generated an action potential intracellularely recorded
from the soma (II), and by the FG transistor placed under it (I). The recorded
FP closely resembled the first derivative of the intracellular recordings (III). (B)
Following mechanical isolation of the cell body from the axon, the recovery
of the input resistance and the resting potential, the action potential generated
by depolarization of the cell body (II), failed to generate a FP (I). The above
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ttached to it, simply as the soma’s membrane generates a full
lown AP. We next simulated the APs generated by neurons in
hich the cell body excitability was reduced by lowering the
ensity of the voltage gated ion channels to 50%, 10%, and 1%
n respect to the control (Fig. 2A), while maintaining the axonal
xcitability unaltered (Fig. 2B–D, respectively). Three principal
hanges in the APs amplitudes were noted in these simulations:
a) the APs amplitudes recorded in the cell body (blue) and the
xon (red) were reduced with respect to the control (Fig. 2A).
his is attributed to the load added to the excitable axon by the

educed excitability of the soma. (b) In a neuron with a long axon,
he APs recorded from the soma are smaller then those recorded
t the axon. (c) The AP recorded from the soma depends on the
ength of the attached axonal segment. When the cell body is
ot excitable (1% excitability), depolarization of the cell with
n axonal segment of <64 �m fails to generate an action poten-
ial (Fig. 2D), and only a decremented potential is seen. Taken
ogether, the experimental results and the simulations suggest
hat the density of the AP generating ion channels of the LUQ
eurons is 20–40% lower in the cell body in respect to the axon.

.2. The relationships between the anatomy of single
eurons and the recorded field potentials

To examine to what extent extracellular current flow between
ifferent compartments of a single neuron contributes to the gen-
ration of the FP recorded by a FG transistor, we first examined
he FPs generated by intact cultured Aplysia neurons of different
hapes and dimensions. We next compared the FPs generated by
he same neuron after cutting off the axonal segment and thereby
ltered the electro-anatomy of the neurons (Benbassat and Spira,
993, 1994; Spira et al., 1993, 1996; Ziv and Spira, 1993, 1995).
n some experiments we allowed the neuron to regenerate new
eurites after axotomy, and thereby enabled further examination
f the relationship between the neuron’s structure and the FPs
hat it generated.

.2.1. The behavior of an isopotential neuron with
omogeneous membrane properties

For the experiment depicted in Fig. 3, an LUQ neuron was
ultured on a FG device such that the neuronal soma was posi-
ioned on the FG sensing pad (for example, see Figs. 4 and 6).
he cultured neuron was composed of a cell body with a diame-

er of about 100 �m, and a single cylindrical shaped neurite (the
xon) with a length of approximately 300 �m and a diameter of
bout 20 �m. Intracellular stimulation of the neuron (by depo-
arizing pulls delivered to the soma) generated an AP recorded
ntracellularely (II in Fig. 3A), and by the FG transistor (I in
ig. 3A). The recorded FPs were closely simulated by the first
erivative of the intracellular AP (III in Fig. 3A).

Axotomy was associated with rupturing of the axon mem-
rane that recovered minutes later as evidenced by the recovery
f the input resistance (from 5.4 M� in control, to 7.7 M� after

xotomy), and the trans-membrane potential. After axotomy the
ell body generated APs in response to intracellular stimula-
ions (II in Fig. 3B). Nevertheless, the FG transistor failed to
ecord any signal (I in Fig. 3B). Visual examination revealed

c
n
“
t

ehavior is simulated in (C) and (D). (C) Simulation of an intact neuron. (D)
imulation of an isolated spherical cell body. Note that in the simulation depicted

n (D), the action potential fails to generate a FP.

hat axotomy did not mechanically displace the cell body from
he sensing pad.

We interpreted this result to indicate that prior to axotomy, the
eneration of an AP that propagates along the axon, produced
xtracellular current flow sufficient to create a detectable voltage
rop across the Rseal (I in Fig. 3A). In contrast, the failure of an
voked action potential to generate a FP after axotomy implies
hat in this experiment, (and five others of the same kind), the
oltage gated channels were evenly distributed over the plasma
embrane of the cell body so that the cell body is indeed isopo-

ential. In this case, the generation of an action potential is not
xpected to drive any extracellular current. The above interpre-
ation was supported by computer simulation (Fig. 3C and D). A

odel neuron, composed of a cell body and an axonal segment
epresenting altogether a 5λ long axon (where λ is the space

onstant of the axon), was constructed. The voltage-gated chan-
els of the H&H model-axon were evenly distributed over the
plasma membrane”. Generation of a single AP in the most dis-
al axonal compartment propagated into the cell body forming
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Fig. 4. Current sink and source recorded from an electrically compact neuron. The experiment was carried on a neuron with a short axonal stump. The neuron was
cultured so that the cell body and the short axon were positioned on two FG transistors (arrow heads; C). For the experiment two microelectrodes were inserted,
one into the cell body and the second into the axonal stump. The voltage generated by hyperpolarizing square pulses delivered by one electrode practically did not
decrement when measured in the other segment (A; blue: cell body; red: axon), suggesting that close to the resting potential the neuron is practically isopotential.
Depolarization of the cell body induced an action potential which was recorded by the two microelectrodes (blue: cell body; red: axon; superimposed in B). Note that
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he shape and amplitudes of the two action potentials are almost identical. Reco
n inward current in the axonal region (D, red) and an outward current in the c
xon are almost identical.

biphasic FP (I in Fig. 3C). After axotomy, mimicked by the
limination of the axonal compartments leaving an isopotential
ell body, stimulation did not generate any extracellular current
ow, and thus no FP was formed (I in Fig. 3D).

.2.2. Field potential generated by an electrically compact
euron composed of two distinct membrane
ompartments—excitable and partially inexcitable

To better understand the relationships between the electro-
natomical structure of a neuron and the FPs that it generated,
e examined electrically compact neurons which exhibit clear
ifferences in channels distribution along different membrane
ompartments. To that end we selected cases in which a short
xonal segment of 50–75 �m extended from the cell body.

An example is depicted in Fig. 4. For the experiment, the cell
ody of a neuron with a very short axonal stump from which
hin neurites extend was cultured, so that the cell body was
ttached to one sensing pad, and the axon to another (Fig. 4C).
he voltage generated by sub-threshold depolarizing or hyper-
olarizing square pulses delivered by one electrode practically
id not decrement over the distance between the two electrodes.
his observation suggests that close to its resting potential the
euron is practically isopotential (Fig. 4A). Intracellular stim-
lation of the soma generates APs of almost identical shapes
nd amplitudes in both the cell body and the axon (Fig. 4B blue
nd red, respectively). Nevertheless, unlike the results of the
xperiment shown in Fig. 3, the firing of the AP is associated
ith the generation of FPs. The FPs recorded by the two sens-
ng pads were monophasic and of opposite polarities: inward
urrent (downward inflection) in the axon (red, Fig. 4D), and
utward current in the cell body (blue, Fig. 4E). This result is
ualitatively consistent with the model in which the short axon

t
s
i
T

of the action potential by the FG transistors (indicated by arrows; C) revealed
dy (E, blue). The shape and amplitude of the FPs recorded from the soma and

xpresses higher excitable ion channel density compared to the
ell body. Thus, the axonal membrane serves as a current source,
nd the soma as the current sink. Other than the different polar-
ties of the recorded FPs by both pads, the field potentials were
imilar in shape (Fig. 4D and E). It should be noted that while
ifferences in the excitable membrane properties of the attached
nd non-attached membrane patches could produce FPs in elec-
rically compact cells (Buitenweg et al., 2002; Fromherz, 1999;
chatzthauer and Fromherz, 1998; Straub et al., 2001; Vassanelli
nd Fromherz, 1999), the above described results of reversed FPs
olarities in the soma and axon suggest that the extracellular
urrent is generated by differences in the excitability of the cell
ody and axon, rather than by current flow between the attached
nd non-attached segments of the plasma membrane. Attempts
o explain these observations by assuming differences in ion
hannel densities only between the attached and non-attached
embrane segments, result in the generation of identical rather

han opposed FPs polarities.
This interpretation is supported by simulation (Fig. 5) of an

lectrically compact neuron composed of two compartments that
epresent a cell body of reduced excitability (50%) with respect
o the axon. For the simulation, a neuron composed of a soma
ith a diameter of 150 �m, and a 200 �m long axon with a
iameter of 50 �m was constructed. The voltage generated by
ub-threshold hyperpolarizing square pulse delivered to the cell
ody did not decrease over the distance between the cell body
nd axon (Fig. 5A). The simulation shown in Fig. 5A and B
eveals that the shape amplitude and timing of the action poten-

ials “intracellularely recorded” in the cell body, and the axonal
egment in response to soma stimulation are practically identical
n shape but the FPs are of opposite polarities (Fig. 5C and D).
hus the experimental results and the simulations demonstrate
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Fig. 5. Computer simulation of the neuron shown in Fig. 4. An electrically
compact neuron composed of a cell body with a diameter of 150 �m, and a
200 �m long axon with a diameter of 50 �m was constructed. The cell body
had a reduced (50%) excitability with respect to the axon. (A) Hyperpolarizing
square pulls delivered to the cell body (black) generated identical hyperpolar-
izing voltage shifts in the cell body (blue), and the axon (red) revealing that
the model neuron is practically isopotential. (B) Depolarization of the cell body
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enerated synchronized and identical action potentials in both the cell body and
xon (superimposed blue and red, respectively). The FPs “recorded” from the
ell body (C) and the axon (D) are of opposite polarities.

hat compact neurons, that are practically isopotential at resting
otential, generate extracellular current flow between the cell
ody and the axonal stump when depolarized to fire APs.

.3. Field potential generated by non-isopotential neurons

The contributions of AP propagating along neurites in non-
sopotential neurons to the FP were not investigated thoroughly
n prior studies of neuron–electronic hybrids. Here we demon-
trate the contribution of the neuron electro-anatomy to the
eneration of FP.

The experiment of Fig. 6 depicts an example of a neuron that
xtended a long axon and an elaborate neuritic tree from both
he axon tip and soma (Fig. 6A). The neuron was stimulated
y an intracellular electrode inserted into the soma. The gener-
ted APs were recorded by the stimulating electrode (Fig. 6A,
ed trace). The recorded FP was monophasic followed by a
mall hump (Fig. 6A, black), and differed substantially from
he first derivative of the AP. Transection of the main axon left
short axonal stump attached to the cell body and neurites that

xtended from the cell body (Fig. 6B). After complete recovery
f the input resistance following the formation of a membrane
eal over the cut end (Rin increased from 11.2 to 16 M�), and
he recovery of the resting potential to −45 mV, intracellular
timulation generated a monophasic FP of significantly lower
mplitudes (Fig. 6B, black). Twenty-four hours later, the neuron
rew new neurites mainly from the cut tip (Fig. 6C). The ampli-

ude of the monophasic FP recovered and the component of the
elayed hump increased significantly in size (Fig. 6C, black).
his increase is attributed to the growth of many neurites from

he cell body.
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In conclusion, this experiment (and 10 others of the same
ype) clearly demonstrated that both the shape and the ampli-
ude of the FP strongly depended on the anatomy of the
euron.

. Discussion

The correct interpretation of the shape of FPs generated by
ction potentials produced by neurons grown on flat electrodes
r transistor gates is essential for implementation of neuro-
lectronic devices in research, and in future uses under in vivo
onditions. A central conclusion drawn from the present study is
hat FPs generated by APs represents mainly longitudinal current
ow between different neuronal compartments of the axon and

he cell body, rather than by current flow between the membrane
acing the substrate (junctional membrane), and the free plasma
embrane that faces the culture medium (non-junctional mem-

ranes). This conclusion applies to electrically compact neurons
Figs. 3–5), as well as to typical, electrically distributed (non-
sopotential) neurons (Fig. 6).

This conclusion contrasts with a number of earlier stud-
es which emphasized the dominant contribution of current
ow between the junctional and non-junctional membranes
Buitenweg et al., 2002; Fromherz, 1999; Schatzthauer and
romherz, 1998; Straub et al., 2001; Vassanelli and Fromherz,
999). The importance attributed to accumulation or depletion
f ion channels from the plasma membrane facing the culture
ubstrate in respect to that facing the culture medium was sup-
orted by theoretical considerations (Buitenweg et al., 2002;
romherz, 2003), and was experimentally proven to be effec-

ive in the non-excitable HEK293 cell line by over-expression
f recombinant potassium channels (Straub et al., 2001). Nev-
rtheless, it should be noted that this approach should not be
imply implemented in studies aimed at understanding sig-
als generated by single neurons or neuronal network as over-
xpression of exogenously introduced ion channels by cul-
ured neurons may be associated with significant alterations
n the characteristic, electro-anatomical “fingerprints” of the
eurons, and mask membrane properties related to neuroplas-
icity.

Our observations suggest that cultured Aplysia neurons do not
ver-express or deplete ion channels from the plasma membrane
hat faces the poly-l-lysine silicon substrate. Thus, membrane
epolarization of mechanically isolated cell bodies generates
ction potentials, but does not generate FPs (Fig. 3). Interest-
ngly, neurons that can be practically defined as isopotential, by

onitoring the voltage gradients along the neuron in response
o sub-threshold hyperpolarizing or depolarizing square cur-
ent pulses (Figs. 4 and 5), generate FPs when depolarized
o fire APs. This is attributed to the uneven distribution of
oltage gated ion channels in the cell body and axonal com-
artment as demonstrated by the simulation model (Fig. 5).

nder these conditions the FP is the outcome of extracellular

urrent flow between the cell body and the axonal compart-
ent which correspondingly serves as a current sink and source

Figs. 4 and 5).
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Fig. 6. Recorded FP of an intact neuron, after cutting away the axon, and following re-growth of neurites. (A) LUQ neuron was cultured on the chip surface for 2
days. The neuron extended a long axon and an elaborate neuritic tree from both the axon tip and the soma. Action potentials were generated and recorded by an
intracellular electrode inserted into the soma (red traces). The FPs recorded by a FG-CMOS transistor located under the soma was recorded (black traces). (B) After
axotomy, a short axonal stump attached to the cell body was left. Note that intracellular stimulation generated a monophasic FP of significantly lower amplitudes
(black trace). (C) Twenty-four hours later, the neuron re-grow new neurites mainly from the cut tip. The amplitude of the monophasic FP and the component of the
delayed hump increased significantly in size (black trace).
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Typically neurons are non-isopotential structures with
ynamic electrical length. That is, their electrical dimensions
ncrease when the membrane conductance is increased, for
xample, during excitation to fire APs. In non-isopotential neu-
ons extracellular current flow is produced by propagating APs
hat sequentially activate voltage gated ion channels along the
eurites. The density and directionality of the current flow is
efined under these conditions by the integral sum of the propa-
ating action potential (along the neuron). This in turn, defines
he voltage drop over the distributed Rseal, and thus, determines
he amplitude of the FPs.

. Conclusions

In conclusion, the results described here are consistent
ith the principles established in earlier studies (reviewed by
romherz, 2003). Nevertheless, they demonstrate that the FPs
enerated by cultured Aplysia neurons is the outcome of longitu-
inal current flow between electrically distant neuronal compart-
ents rather than between the junctional and the non-junctional

lasma membranes. The study suggests that the shape and the
mplitude of FPs are related to the morphological complexity
f a given neuron, and its inherent biophysical properties.
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