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Abstract

Deep brain stimulation (DBS) is a therapy of movement disorders including Parkinson’s disease (PD). Commercially available electrodes
for animal models of Parkinson’s disease vary in geometry and material. We characterized such electrodes and found a drift in their properties
within minutes and up to about 60 h after immersion in cell culture medium, both with and without a stimulation signal. Electrode properties
could largely be restored by proteolytic treatment for platinum/iridium electrodes but not for stainless steel ones. Short-term drift and
irreversible aging could be followed by impedance measurements. Aging was accompanied by metal corrosion and erosion of the plastic
insulation. For both materials, the degradation rates depended on the current density at the electrode surfaces. Fourier analysis of the DBS
pulse (6Qus, repetition rate 130 Hz) revealed harmonic frequencies spanning a band of more than three decades, with significant harmonics
up to the MHz range. The band is located in a window imposed by electrode processes and capacitive cell membrane bridging at the low
and high frequency ends, respectively. Even though electrode processes are reduced at higher frequencies they only vanish above 1 MHz an
cannot be avoided. Therefore, the use of inert electrode materials is of special importance. The neurotoxicity of iron makes avoiding stainless
steel electrodes imperative. Future developments need to avoid the use of corrosive materials and current density hot spots at the electrode
surface, and to reduce low frequency components in the DBS pulses in order to diminish electrode processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction terized electrodes of different materials and geometries that
could be used in the DBS of rats.

Unlike other therapies, DBS was not preceded by exten-  Electrochemists have been dealing actively with the prop-
sive work in animal models. Consequently, its underlying erties of electrodes and electrode processes since the 19th
mechanisms are still a matter of debate. While commercial century (M. Faraday, Experimental Researches in Chemistry
electrodes for use in humans are highly standardized, thereand Physics, 1859). Accordingly, a vast knowledge on the re-
is no such standardization of the electrodes used in rodentdated electrochemical processes exigttkins, 1997). Nev-
or non-human primates. In addition, no data has so far beenertheless, electrode processes are extremely complex. This
published that describes the commercial electrodes for hu-is reflected in the serious pursuit of the idea of cold nuclear
man use, their properties and the field they induce in the targetfusion in the electrode reactiofrleischmann et al., 1989
tissue—the central nervous system (CNS). We have charac-The possible combinations of electrode materials and solu-

tions containing different ions and organic compounds are
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A) ions, chlorine and toxic organic products in the tissue. Metal

dissolution will contribute to electrode corrosion and a sub-
S sequent change of electrode behavior over time. In contrast,
/ RSN the damage incurred on inserting the electrode into the brain

_____ tissue is negligible compared to the electrochemical electrode
effects that may accompany DBBuUng et al., 1998 Like-
wise, the shape of the electrode tip is of minor importance

f \ ’ in relation to putative mechanical tissue damage although it
e is highly relevant with respect to the electric field distribu-

electrode voltage
C
field in tissue

y tion. Biphasic stimulation is aimed at balancing the effects
time of anodic and cathodic electrode reactions, such as pH al-

terations in the vicinity of the electrode. In rats, much less
Fig. 1. Different modi for electric stimulation induce different field traces significant tissue damage has indeed been found when using

in the tissue. The solid line figures are applied electrode voltage and cur- biphasic rather than monophasic stimulation in DHFSr(g
rent pulses for constant-potential (A) and constant-current stimulation (B) etal. 199 8

by 60ps pulses, respectively. The dashed line figures are the resulting : . . L . .
recorded signals. Electrode voltage and voltage drop over a shunt resistor ~ While toxic reactions limit DBS in the rat model with some

were recorded by atwo-channel Hewlett-Packard oscilloscope (HP54600A). electrodes but not with other®érbaky et al., 2008 no or
The voltage drop over the shunt is proportional to the electrode current and |jttle tissue damage with chronic DBS has been observed in
thu_sto thetimefunc_:tion of the field in the tissue (right figures). The scaling is PD patients I(Iaberler et al., 2000; Henderson et al., 2D02
arb|trary. The ampllt'qde for the constant-voltage pulse was chosen to allow Permanent iron deposits (one possible reason for tissue dam-
for direct comparability.
age) have been detected in rats following stimulation with
1A and using stainless steel electrodes for durations of as
used buffers, such as phosphate buffered saline (PBS). Venylittle as 5s Fung et al., 1998 This corresponds to 1.3 s of
few details are known of physiologically relevant media con- monophasic DBS. These observations indicate that electrode
taining various ions and complex organic compounds. characterization is a prerequisite for successful work in ani-
In DBS, monophasic or biphasic needle pulses with a rep- mal models, in other words a valid modeling of the therapeu-
etition frequency of 130Hz and a pulse duration ofu&0 tic effects in human patients.
are commonly used. While the DBS stimulators for use in  This study combines classical electrochemical knowledge
humans operate in constant voltage mode, constant-currenaind experimental findings on the behavior of microelectrodes
stimulation with square-topped signals with 508 and a revealing problems which the scientific community should be
pulse width of approximately 6@s is commonly applied for  aware of. It provides information on the optimization of the
DBS in laboratory animalsWindels et al., 2000; Meissner  stimulating signal and on problems related to geometry and
et al., 2000; Paul et al., 2000; Bruet et al., 2001; Meissner et material. While this manuscript focuses on electrochemical
al., 2001; Bressand et al., 2002; Chang et al., 2003; Moserelectrode processes, the optimization of electrode geometry
et al., 2003; Windels et al., 20p3rhe actual time behavior  will be discussed elsewhere.
of the electric field in the solution or tissue is proportional
to the electrode current. For this reason, the constant-current
mode generates a field which is independent of voltage drops2. Materials and methods
at the electrodes, so preserving the wave shape of the current
even for complex periodic signals. In constant-current mode 2.1. Electrodes
the electrodes are driven by a voltage function correcting
for the energy dissipation by electrode processes. Resulting Measurements were done on microelectrodes as com-
differences are shown iRig. 1 Fig. 1A shows the field in monly used for stimulation in rats. We investigated bipo-
the tissue induced by constant-potential stimulation with a lar, coaxial microelectrodes of different stacked geometries
square-topped voltage signal whigg. 1B shows the volt- and materials from different manufacturers (for details see
age signal used for constant-current stimulation to induce aTable 1. The poles of the electrode were isolated by epoxy.
square-topped field in the tissue. Interestingly, the constant-If possible in the experiments the outer pole was connected
voltage pulse applied by the Kineftastimulator in PD pa- to ground potential. In the development of a first measuring
tients resembles the voltage pulse showfig 1B (personal setup and for comparison with the behavior of the microelec-
communication, M. Kienle, Medtronic Inc., iBseldorf, trodes platinum wire-electrodes with a diameter of 0.5 mm
Germany). The voltage function contains some “excess volt- and an active length of 10 mm were used.
age” thatis dissipated in electrode processes. These processes
may result in electrochemical phenomena like gas evolution 2.2. Electrolyte solutions
(hydrogen evolution at the cathode, oxygen and chlorine evo-
lution at the anode), redox reactions of organic molecules, The electrolytes were artificial cerebro-spinal fluid
and the deposition of potentially harmful material, like metal (ACSF) containing 124 mM, 5 mMKCI, 1.25 mM NaR Oy,
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Table 1
Description of concentric bipolar electrodes used in our experiments
Electrode type Abbreviation Company Material Diamejem{ Pros Cons
Outer pole Inner pole Outer pole Inner pole
SNEX-100 Sx(b) RMI SS SS 250 100 Widely used Material; %ize
CBCSG 75 S75-Pt/Ir FHC SS Pt/Ir 250 75 Material Price
CB CSH 75 S75-SS FHC SS SS 250 75 Material
CB ASC 25 S25 FHC SS PYIr 125 25 Material Price; fragility

RMI: Rhodes Medical Instruments Inc., Tujunga, CA, USA. FHC: FHC Inc.,

Bowdoinham, ME, USA. SS: stainless steel. Pt/Ir: platinum/iridium.

a Size should be appropriate for the target of stimulation. For the rat STN with an approximate size of 1 mm, an electrode diameter pb4€9the risk

of mechanical damage.

2mM MgSQy, 26 mM NaHCQ@, 2 mM CaCp, 10 mM glu-
cose; and cell culture medium (DMEM supplemented with
10% fetal calf serum (FCS; Biochrom, Berlin, Germany),
100 U/ml penicillin/streptomycin (Sigma, Deisenhofen, Ger-
many), and 2.5 mM-glutamine (Gibco BRL, Paisley, UK)).
The conductivities of ACSF and cell culture medium were

45V by the impedance analyzer. Forimpedance detection at
130 Hz a sinusoidal AC signal of 10 my(mV peak to peak)
amplitude was applied.

For the extremely steep slope (with respect to the signal
period) of the needle pulses the Fourier series contains har-
monic frequencies much higher than the basic frequencies of

1.42 and 1.40 S/m at 2%, respectively. All measurements
were performed at room temperature of about@5

65 or 130 Hz. Accordingly, the electrode behavior can only
be properly described if electrode properties are known in a
broad frequency band. In a second series of measurements we
recorded the electrode impedance as a function of frequency
in the range of 19to 4 x 10’ Hz. Again the AC signal had

A first electronic setup originally developed for experi- 10 MVpp. DC bias voltages of 0, 100, and 500 mV were ap-
ments with wire-electrodes larger than those used in DBS Plied to alter the DC current density of the electrode.
has been adapted to the experiments with the DBS elec-
trodes. We applied sinusoidal and pulsed signals in a constant-
voltage mode to characterize the current—voltage relation and3. Results and comments
the electrode impedance. To generate the input voltage for
DC and AC up to 1 MHz and to record the current voltage 3-1. Description of applied signal shape
behavior, a DC power supply (50V, StatronjrBtenwalde,
Germany) and a standard AC-generator (HP8116A, Hewlett- To reveal which frequenCieS are aCtua”y contained in a
Packard, USA) have been used, respective|y_ The V0|tagepulsed field used for DBS, we modeled the pulse by a Fourier-
drop over a shunt resistor and input voltage were recorded byseriesEig. 2). This analysis allowed us to separate the effects
atwo-channel Hewlett-Packard oscilloscope (HP54600A) of of high and low frequency components.
10 MQ internal resistance. Since the temporal field shape in ~ Fourier transformation allows for the decomposition of
the medium is proportional to the current signal it could be any periodic signal into a sum of harmonic sinusoidal and
obtained from the shunt resistor voltage. The electrode be-cosinusoidal functions. A general rule in rebuilding a proper

havior could roughly be deduced from the difference in the Pulse shape from a Fourier series is, the shorter the pulse
shapes of driving voltage and current. width the higher the order of the harmonics of the fundamen-

tal frequency required (Eq6L) and (2). This also applies to
steep flanks.

2.3. Electrode current—voltage behavior

2.4. Electrode impedance characterization

; ; . . Monophasic pulseg(x) =
In DBS in animal models mono- and biphasic signals, both

consisting of rectangular needle pulses are usually applied. 24 [S LM ogx 2N x cos X
Typically, square wave pulses with a duration ofyg0and a T2 1
repetition rate of 130 Hz are used. (Please note that counting in %
each pulse of a biphasic signal yields a pulse repetition rate + cos X + -- } 1)
of 130 Hz while the frequency is actually 65Hz.)
For analysis of the electrode properties at 130Hz we
used a computer controlled HP 4194A impedance analyzerB. hasi | _
(Hewlett-Packard, MN, USA) to record the current voltage Iphasic pulseg(x) =
relation of the electrodes for two different modi. In a first 4a [@sinx n Cosajsini?;x . cos a)sin Bt .. ]
series the impedance at 130 Hz has been recorded as a func- x 1

tion of the DC bias. In this mode the DC bias was limited to

)
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Fig. 2. DBS signals contain harmonics up to the MHz range. Fourier coeffi-
cients of typical signals used in DBS according to Efjs3). (A) Monopha-

sic square wave pulse trace (duty cycle, 0.78%); (B) Biphasic square wave

pulse trace (duty cycle, 0.78%); (C) Exponential decay pulse trace, nor-
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Fig. 3. Arectangular DBS pulse is comprised of its basic frequency (130 Hz)
and higher harmonic frequencies. Fourier synthesis of a monophasic square
wave pulse (duty cycle, 0.78%; compare to EL). (A—F) present the re-
sulting wave shape for the summation of: (A) 100; (B) 200; (C) 500; (D)

malized to the current integral, i.e. net charge, of the square wave pulses.looo; (E) 2000; (F) 6000, harmonic frequencies. For the DBS pulse (F),

Coefficients of two different signals are plotted (crosses: time constant equals

pulse width, dots: pulse decaying to 1/1000 of its initial value within one pe-

corresponds to a summation up to 780 kHz.

riod. Please note, that not all points were plotted at higher harmonic numbersva|ue_ Naturally the two current branches were Iargely sym-

due to the increasing point density over the logarithmic scale. Please note

also, that in the DBS signals the basic frequency (harmonic number one)
corresponds to 130 Hz for the monophasic (A) and 65 Hz for the biphasic
(B) signal.

Exponential decay (x)

B (1 _ e—an)

1.
COSx + —Sinx
b4/

b

)

el
1+ (1/b)?

2 .
CcosS & + Esm 2x>

P (
1+ (2/b)?

cos X + §sin 3x> +] )

1
1 + (3/b)? ( b

with x beingwt (angular frequency, i.e. basic frequency of
the Fourier series multiplied by time); aadb, andc coding
for the amplitude. For signals of 130 Hz with @8 pulse
duration about 1bharmonics, i.e. frequencies up to 1.3 MHz,

have to be considered to remodel a proper square wave pulse

(compare td-ig. 3.

3.2. Electrode current—voltage behavior: the rookie
approach

In our first experiments, conducted on millimeter-scale
wire electrodes (further on referred to as macroelectrodes),
we were able to roughly deduce the electrode properties from
the difference in the shapes of the driving electrode voltage
and the current. Standard textbook behavidatier, 196)
could be reproduced (compare with solid bold lifég. 4).

current curve was characterized by a low slope for voltages
that were below a characteristic value, bending up above this

metrical with DC, i.e. independent of the polarity of the elec-
trodes. With increasing frequency, this bending became less
pronounced, and the slopes of both parts of the current func-
tionincreased. Above a certain frequency the current function
was linear, with the slope reflecting the DC conductance of
the medium.

With DC, the characteristic “bending” voltage is known
as the decomposition potential at which processes which are
limiting the current flow are overcome by a furtherincrease in
voltage. Because of this non-linear behavior, a low frequency
sinusoidal voltage with an amplitude higher than the decom-
position potential generates a non-sinusoidal cur@cttvan
and Onaral, 1985 The current and the medium field signal
contain higher harmonics of the basic frequency. At higher
frequencies the non-linearity vanished because the electrode
processes were capacitively bridged. Nevertheless, for a si-
nusoidal low frequency voltage signal or the low frequency
components of a pulse signal, part of the electric energy will
be dissipated by electrode reactions.

current / mA

electrode voltage / V

Fig. 4. Electrode processes are bridged at higher frequencies. Example for

. . . the current—voltage relation measured on platinum wire macroelectrodes in
In electrolyte solution as well as in cell culture media, the pgqin

10% FCS (bold solid line: DC; dotted line: 1 Hz; dashed line:
10 Hz; dash-dotted line: 100 Hz; thin solid line: 1kHz). The 1kHz curve
solely corresponds to the medium resistance.
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In order to allow the same setup to be employed in exper- 5
iments with microelectrodes of higher impedance, the shunt 150 ;
resistor was adjusted to 18 Surprisingly, this setup did not c g
work properly. For DC, the characteristic bending in the slope 1004 E o 12
around 2-3V (se€ig. 4) could hardly be determined. The
AC measurements suggested a very high shaft capacitance of
about 200 pF (directimpedance measurements yielded about
20 pF). We assume thatthe reasons for these unexpected prop- 0 50 100 150 200
erties were threefold: high stray capacitances in the setup, a Z' kO
high current density due to the small active electrode areas, _ _ N
and unusual electrode behavior caused by a distribution of the™9: 5: Imaginary vs. real part of impedance. Conductivity dependence of

. . . typical impedance spectra for an S75-Pt/Ir electrode (Please note the neg-
current density along the active electrode surface. This non- 4 o sign of the ordinate): (A) 11.6 mS/m: (B) 18.6 mS/m; (C) 51 mS/m:
uniform distribution results in a distribution of the intensity of (D) 185.6 mS/m; (E) 3.29 S/m NaCl solution. For each curve the frequency
the electrode reactions that leads to this unusual behavior. Inincreases towards the origin. The transition frequency from the straight line
the experiments, gas bubbles could be observed that were (iﬁnto the semicircle indicates the cessation of electrode polariza?ion processes
relation to the electrode size) much larger than in the case of® Kz 9kHz, 28 kHz, 113kHz, and 1.99 MHz for A-E, respectively). It de-
the macroelectrodes. The intensity in the evolution of bubbles pends on mediurn (and e!ec-tm(.je) properties. Inset: comparison of solutions

of high ionic content. Solid line: 3.29 S/m NaCl solution (curve E), dashed
was correlated with the curvature of the electrodes. Becaus@ine: cell culture medium, dotted line: ACSF. The resistance obtained by
of the above difficulties, we looked for alternative ways to extrapolation of the low frequency end of the semicircles to the abscissa
characterize the electrode behavior. In the literature, the prop-indicates the medium conductivity for a cell constant of 1.97hm
erties as well as property changes of electrode—electrolyte in-
terfaces are studied by cyclic voltametry or (as in our case) by
frequency-domain electrochemical techniqueshivan and
Onaral, 1985; Macdonald, 1987

- Z"kQ

50+ A

circle. Zooming into the high conductivity spectrigid. 5,
inset) qualitatively reveals the same curve shapes. The low
frequency sub-range, straight line, belongs to the electrode,
the semicircle to the medium impedances (see Sedjion

3.3. Impedance spectroscopy

0

The major advantage of impedance spectroscopy is that
effects can be examined at different experimental time scales
within one experiment, depending on the frequency range
that is swept. Nevertheless, given a non-linear electrode be-
havior, a sinusoidal voltage generates a current that may ex-
hibit distortions from the sinusoidal shape. This effect makes
impedance calculation by Ohm’s law a complex problem
since voltage and current functions will differ in shape. To
obtain alargely linear current response we applied AC signals
of very low amplitudes.

To analyze the impedance behavior of the electrodes we
used four different media; deionized water, NaCl solution,
ACSF and cell culture medium, of which the first three can be
considered inorganic media, whereas the cell culture medium
is rich in charged and non-charged organic molecules. ACSF
on the other hand is a standard medium for in vitro electro- .
physiological recordings from neurons in brain slices, cell 0 .
culture medium is closer to the in vivo conditions as it con- 2 3 4 5 6 7
tains proteins as well as salts and sugars. To consider the log (frequency / Hz)
difference between inorganic and organic media and the pos-
sible influence of macromolecule adsorption to the metallic Fig. 6. Impedance vs. frequency for an S75-Pt/Ir electrode in cell culture

electrode surface. we compared measurements in ACSE an edium measured at different DC biases (solid line: no bias; dashed line:
! p 00 mV;, dotted line: 500 mV). Relations must be compared to the inset in

cell 9U|ture medium thrOUQhOU_t the paper. _ Fig. 5 (A) real (Z) and imaginaryZ’) parts; (B) absolute valugZ]) and
Figs. 5 and @resent alternative ways of plotting the com- phase angled®) of impedance. In this plot the phase angle is a sensitive

plex chamber impedance. Fig. 5the imaginary part is plot- parameter for the electrode properties (see electrode dgimgs). Please

ted against the real part The p|0tS scale with medium con- note that the peak in the phase angle around 2 MHz corresponds to the

i . . . .. transition frequencies dfig. 5. The impedance decreases for increasing
ductivity. Accordingly, the plots at high medium conductivity bias. The plot suggests that frequency components below 1 kHz are largely

are very similar to cell culture medium and ACSF. All plots  pjocked from contributing to the field in the solution by electrode processes.
consist of two typical sub-ranges: a straight line and a semi- Only components above 1 MHz will be fully present in the medium.

Z" / (100 kQ)

T
'
N

o

|Z] / (100 k)
i
phase angle / °

©
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Table 2
Dependence of characteristic parameters of the S75-Pt/Ir electrode immersed in NaCl solution on medium conductivity

Medium conductivity Resistance at semicircle Frequency of line/semicircle Frequency at which medium impedance equals

(mS/m) abscissa intercept (¥ transition (kHz) electrode impedance (kHz)
116 163 5 0034
51 375 28 184
1856 11 113 705
3290 Q6 1990 144

The semicircle-abscissa intercept (real part of impedancefige®) represents the electrode resistance generated by the ionic medium conductivity. This
resistance was used to calculate the frequency at which the driving voltage evenly contributes to electrode processes and field in the medeipnoEésstes
cease at the frequency of line/semicircle transition.

Table 2shows the frequencies at which the straight line (Fig. 7). To ensure detection of the impedance in the lin-
transits into the semicircle, indicating the cessation of elec- ear current—voltage range, a very small 130Hz AC-signal
trode processes. Circles were fitted to the semicircles to ob-voltage was applied using the impedance analyzer. The de-
tain the intercepts with the abscissa (column 2). The inter- tected impedance strongly depended on the bias voltage and
cepts represent the resistances of the microelectrode/mediundecreased for a higher bias. Obviously, the transit of charge
system generated by the ionic medium conductivity. As ex- carriers through the electrode surface becomes a more effi-
pected, the inverse intercept values linearly depend on con-cient process at higher current densities. This finding can be
ductivity, representing a cell constant (geometry factor) of interpreted by an activation energy behavior where the bias
about 1.97 mm? for the S75-Pt/Ir electrode. supplies additional energy allowing the 130 Hz signal to in-

In the linear sub-range of the plot, with increasing fre- duce a larger current through the electrode.
quency the electrode processes are reduced. At a “break-even Fig. 7A presents the impedance at 130Hz as a function
frequency” the driving voltage of the electrodes evenly con- of the bias voltage. Ohm’s law was used to calculate the fic-
tributes to electrode processes and field in the medium. A 1:1tive current-bias relation plotted Fig. 7B. Interestingly, the
voltage divider is formed by the electrode processes and the
medium resistance, i.e. the absolute value of the impedance L

of the electrode processes is equal to the medium resistance. 804 (A) ]
The break-even frequencies were estimated starting from the 60 |
intercepts of the semicircles and the abscissa by determin- o | '

ing the point at each curve that has the same distance from = 404

the intercept as the intercept to the origin. The frequencies N

obtained are given in column 4. 20+

Fig. 6A presents the imaginary and real parts of the 1..--7
impedance over frequency for different DC biadeig. 68
presents the same data as the absolute value of the impedance D
(impedance modulus) and the phase angle over frequency. :
Capacitive properties are indicated by a negative phase an-
gle. The angle approacheD( for frequencies above that
where the electrolyte resistance is superseded by the dis-
placement current in the aqueous medium (see Sedjion
In parallel, the impedance approaches zero. At low medium
conductivities this behavior is more obvious in the complex
plane Fig. 5. Nevertheless, again at high medium conduc- : Io;(l/mA) VEREE R
tivities, the phase angle provides a sensitive parameter for the o 5 5 3 2
electrode properties, e.g. reflecting the aging of the electrode DC bias / V
surfaces (se€ig. 8). An increasing DC bias resulted in de-
creasing impedance, caused by the current density increaseéig. 7. Impedance dependence on DC bias for an S25-Pt/Ir electrode for two
through the electrode surface. With increasing current den- measuring solutions (solid line: ACSF; dashed line: cell culture medium):

sities, the modulus as well as the phase angle of impedancé?) éléctrode impedance for a sinusoidal signal (130 Hz, 10mV); (B) the
decreased current-bias relation recalculated from (A) results in a curve qualitatively

similar to those irFig. 4. Obviously, the DC-bias introduces an additional
energy, decreasing the impedance at 130 Hz. Please note, that the curve is
asymmetric for positive and negative biases. Despite of the non-monotonous
impedance behavior the shape of the recalculated current curve qualitatively
corresponds to a typical current—voltage relation. Inset: recalculated Tafel-

. . plot (bias voltage vs. logarithm of current) of B. In the Tafel-plot linear
The dependence of the |mpedance at 130 Hz on bias VOlt'sections present reaction rates for certain compounds, like hydrogen, oxygen

age has been recorded in cell culture medium and ACSF and chiorine evolution.

=

AC current/ mA

DC bias /V

3.4. Impedance at 130 Hz depends on bias voltage
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curve is asymmetric for positive and negative biases. Despite 0 . . . - -
theirregular, non-monotonous impedance behavior, the shape
of the recalculated current curve qualitatively corresponds to
atypical current—voltage relation as seen for macroelectrodes
(Fig. 4). The slopes of the current curves are different with the
positive and the negative voltage branches. This means that
different currents were measured for a given voltage when
the inner or outer poles of the electrode had been used as the
cathode. This behavior must be related to a current density
dependence of the overpotentials (see below). In addition,
the drastic increase above a specific electrode voltage (the
bending point of the curves between 2 and 3V) is asym-
metric. The bending points depend on medium composition,
electrode geometry, material, and surface properties (data not
shown). The non-linear current—voltage relation implies that
any slow AC signal driving the electrode and exceeding this
characteristic potential will generate a field strength in the
medium with a time dependence deviating from the input
signal.

In addition a Tafel-plot, i.e. bias voltage versus loga-
rithm of current (inset inFig. 7B), was recalculated from log frequency / Hz
the current-bias relatiorF{g. 7B). In the Tafel-plot, linear
sections present reaction rates for certain compounds, sucl¥ig-8. Phase angle variation withimmersion time in cell culture medium and

as hvdroaen. oxvaen and chlorine gas evolution after-treatment of electrodes: (A) time sequence for an S25-Pt/Ir electrode
ydrogen, oxyg 9 ’ (starting at solid line: 0, 24, 32, 80, 120 h); the arrow indicates the progressin

] ) time; (B) S25-Pt/Ir electrode before (solid line) immersion for 5 days, after
3.5. Long-term alterations and corrosion of electrodes immersion (dashed line) and after pepsin treatment and thorough rinsing by
distilled water (dotted line); (C) like (B) with an S75-SS electrode.

phase angle / °

To study the long-term effects of electrochemical reac-
tions and macro-molecular adsorption, the electrodes under-for agood description of the impedance behavior ofimmersed
went about 30 min of impedance measurements before theyDBS electrodes.
were put into electrolyte solution for 5 days. Examples of In this illustration, resistors represent conductive paths,
impedance spectra are shownFiy. 8 The spectra were like the ionic bulk conductance, while capacitors are related
recorded at the beginning and at the end of the immersionto polarization or adsorption processes in interfacial electro-
period in cell culture medium and ACSF. We found the phase chemical reactions. The medium impedance is presented by
angle of the impedance to be the most sensitive parameteithe parallel circuit of resistd®e and capacitoCe. This circuit
for monitoring changes of the interface properties. A strik- accounts for the semicircleskig. 5(please note th&e has
ing spectrum shift was observed during long-time immer- beendetermined froffig. Sand listed infable 2. Itdescribes
sion of the electrode in complex organic solutioRiy( 84). a single dispersion process, namely the superseding of the
The alterations hint at an additional capacitive effect emerg- Ohmic ionic current by the permittivity-based displacement
ing within the system. This is significant—especially in the current as frequency increases. Ideally, this process would
low frequency range. After 5 days in cell culture medium, have a single time constant and the semicircle centers would
the electrodes were extensively rinsed with distilled water. lie on the abscissa. In practice, the centers are usually lo-
Nevertheless, this treatment was unable to restore the orig-cated below the abscissa (ség. 5. The common inter-
inal impedance spectra. The electrodes were thus treated
with pepsin to enzymatically clean the surface from pro- Re
tein films. Even though this procedure was almost successful
in restoring the frequency behavior of the Pt/Ir electrodes
(Fig. 8B), this was not the case with the stainless steel elec-
trodes Fig. 8C). Obviously, the remaining difference must |
be due to irreversible electrode change, especially corrosion. Ce

3.6. Modeling the electrode impedance Fig. 9. Equivalent circuit used for modeling the electrode impedaRee.
Cb, Re, Cg, CPE stand for charge transfer resistance, double-layer capaci-

Thei d fth lectrode interf + di tance, electrolyte resistance, electrolyte capacitance and the modified con-
€ Impedance of ne electrode Interiace + medium sys- stant phase element (CPE). The CPE is described bAEdzlectronically,

tem can qualitatively be modeled by combining resistive and it represents a serial cascade of parallel resistor—capacitor pairs with hierar-
capacitive elements. The equivalent circuitFod. 9 allows chical parameterdMacdonald, 198§
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pretation for this behavior is the superposition of processes
with distributed time constants leading to a superposition of
distributed semicircles, which results in a flattening of the re-
sultant arc §chwan, 1968 Whereas the medium impedance
dominates at high frequencies, the electrode—electrolyte in-
terface dominates at low frequencies (&g 5). In princi-

ple, the electrode—electrolyte interface can also be modeled
by a resistorRr) in parallel to a capacitoQp) representing

the polarization resistance due to the limited charge transfer
through the interface and the electric double-layer capaci-
tance. In order to account for the measured points distributed
on a straight line, the circuit must model a semicircle of ©)
large radius. Nevertheless, the angle at which the experimen-
tal curve approaches the abscissa at increasing frequencies
does not approach 9@s would be expected for a semicircle
(Fig. 5, see alsdrig. 8B). In practice, a straight line with a
largely constant angle provides a better fit of the experimental
points. Phenomenologically, this behavior can be interpreted
as the superposition of numerous dispersion processes de-
scribed by semicircles with increasing radii, i.e. increasing
electrode impedance, for decreasing frequency. Mathemati-
cally, these properties can be described by non-linear circuit (E)
elements accounting for a non-ideal behavior of the capaci-

tive and resistive elements. fig. 9this behavior is described

by the constant phase element (CPE). Its impedance is given

by (F)

(D)

(4)

Fig. 10. Light microscopy images of three electrodes differing in geometry
wherew, G, andQ are the circular frequency, the interfacial and/or material. Corrosion is more severe in stainless steel electrodes. (A and
conductance, and the interfacial Capacitance1 respecﬁne|y_ B) are stainless steel electrodes Sx(b) (SNEX-100) in new (A) and used (B)
is the fractal exponent—(l <m< l) It describes the devi- conditions, respectively. (C and D) are S75 made from stainless steel while

ti f the interfacial i d f the ideal behavi electrodes in (E and F) have stainless steel outer poles and Pt/Ir inner poles,
ation o € Iinteriacial iImpedance from the ideal behavior ;. ., (C and E) and used (D and F) conditions, respectively. Interestingly,

(m=1). Intermediate values describe distributed properties the extent of epoxy corrosion depends on the electrode material; compare
of the capacitive and resistive elements. (D and F). Corroded electrodes were in continuous use over more than 8 h.

Different model circuits have been tested to fit the Scalebar:10Qm.
measured impedance spectiéige. 5 and B The con-
formity of the fits has been judged with naked eye. The the description of the electrode—electrolyte interface proper-
combination of the scheme ifig. 9 with Eqg. (4) was ties.
one of the models proposed by the LEVM 7.11 program  In long-term measurements, the fractal exponent de-
(Solartron, J.R. Macdonaldyww.solartronanalytical.com/  creased from about 0.66 to 0.47, reaching steady state af-
downloads/software.htil It provided the best qualitative  ter about 60 h (data not shown) suggesting that the electrode
description combining the constant phase behavior with a surfaces roughened (see afSgs. 10 and 1)1 At the steady
semicircle at higher frequencies. It was therefore employed State level, there was little difference in the parameters found
to fit the parameters of the circuit to the measured impedancefor different electrode materials. This suggests that adsorp-
spectraFigs. 5 and pby a non-linear complex least square tion of organic molecules was at an equilibrium and further
fit (results not shown). corrosion no longer altered the surface roughness.

According to Eq.(4), different fractal coefficients were In the constant-current mode, a larger electrode surface
obtained. We found only small differences for electrodes of at the microscopic scale will lead to a lower current density
the same geometry but made of different materials. Nev- through the electrode’s surface. The larger effective surface
ertheless, different geometries (electrode diameter, surfacearea will also resultin a higher specific capacitance and, con-
area, electrode distance, asymmetry) resulted in remarkablesequently to a capacitive bridging of the electrode polariza-
differences of all parameters of the CREy andRr could tion already at lower frequencies. Hence, after long-term use
be neglected when no bias voltage had been applied. To fitof electrodes their increasing surface roughness might lead to
spectra measured with DC bias, non-zero parameters had td better capacitive bridging of the low frequency components
be assumed fo€p andRg, allowing for a discontinuity in ~ hecessary for DBS.

1
ZCPE = Gol—m +i Qw™


http://www.solartronanalytical.com/downloads/software.html
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Parkinson’s Disease Study Group, 2D0Olhese parameters
are in a range where we could detect strong non-linearities
in current-voltage behavior as well as a significant influence
by electrode processes on impedance.

4.1. DC-properties of electrodes

4.1.1. Electrode polarization and overpotential
Electrode polarization is the reason for the complex non-
linear properties of electrodes. Metal electrodes are polariz-
Fig. 11. Metal corrosion and epoxy erosion of stainless steel electrodes afterabl€ as a rule, i.e. for a certain DC current passing through
continuous use for about 8h. Note that both metal corrosion and epoxy the electrode a potential higher than the electrode’s equilib-
erosion are especially abrasive at junctions of metal and insulation (arrows). rjum potential has to be applied. This additional (or over)
Sganning electron micrographs of a new (A) and a used (B) stainless Stee'potential results from a number of different contributions
microelectrode (SNEX-100; Sx(b). Scale bar: $00. (Vetter, 196). The simplest of which, resistance polariza-
tion, describes the electrode’s potential change due to the
3.7. Metal and epoxy corrosion voltage drop over the medium according to Ohm’s law. Al
other contributions are related to the complexity of the elec-
When applying electric fields in electrolyte solutions, such trode process. Charge transfer polarizations are caused by
as interstitial fluid, different electrode processes may occur: the excess potential required to overcome activation energy
gas evolution, redox-reactions of the organic solution com- parriers, such as the transition of charge carriers through
pounds and dissolution of the electrode mefsdriew and  the electric double-layer. Concentration polarizations are the
McCreery, 1990; Robblee and Rose, 1p90 result of concentration gradients of charge carriers or re-
As can be seen froffigs. 10 and 11except for the metal  actants near the electrode. An initial reason for concentra-
part of the platinum electrode, both electrodes and the epoxytion polarization may be the limited rate of reactant sup-
insulation show traces of corrosion after use. ply and/or product removal (diffusion polarization). An-
other possible cause may be that the electrode reaction it-
self or a subsequent reaction limit the rate of current trans-
4. Discussion port (reaction polarization). Similarly, the removal or crys-
tallization of metal ions from or to the metal lattice may
Parkinson’s disease (PD) is characterized by a degeneraiimit the current flow (crystallization polarization). The to-
tion of the substantia nigra pars compacta, resulting in a stri- tal polarization, or overpotential, results from the sum of all
atal dopamine depletion, leading to motor deficits, such as contributions.
bradykinesia, rigidity, postural instability and tremor. Since When electrodes are driven by a low frequency AC field
PD is associated with abnormal activity of the subthalamic the same polarization processes will occur in principle.
nucleus (STN) Robledo and Feger, 1981one therapeutic ~ Nevertheless, as frequency increases, the electrode processes
optionis to block STN neural activitygergman et al., 1990 are bridged. Capacitive bridging is due to the low thickness
STN lesions have been shown to alleviate motor deficits in of the electric double-layer at the electrode surface where
monkey and rodent models of PD as well as in PD patients the polarization processes are located. DC-driven chemical
(Bergman et al., 1990; Aziz et al., 1991; Baunez et al., 1995; reactions contribute to a lower electrode polarization at
Henderson et al., 1999; Phillips and Brown, 1R%%owever, high frequencies since they need not be completed in order
the lesions are irreversible and patients may suffer from side-to allow an AC current to flow. This applies to reactions
effects. DBS was developed as a reversible alternative to sur-with reaction rates in the range of the field frequency.
gical lesions following the observation that high-frequency After bridging of all electrode processes, the current will
stimulation (>100 Hz) of the thalamus “mimicked” the anti- only be limited by the medium conductance according to
tremor effects of a thalamic lesio®Bénabid et al., 1987; Ohm’s law (sedFig. 4). The ionic medium current will be
Limousin et al., 199p superseded by displacement currents when the frequency
Investigations in animal models are vital for improving is increased even further (see later). As Fourier analysis
DBS techniques and the theoretical understanding of them.showed, the stimulus applied in DBS contains a wide
The problems described here may in part play a role in the range of frequencies where polarization processes are
DBS treatment of patients. The stimulation voltage ranges relevant.
between 0.8 and 8.0V with a mean around 3.0V for STN
stimulation, and between 1.1 and 5.0V, with a mean around 4.2. Macro- versus microelectrodes in complex solutions
3.3V for Globus pallidus internus (GPi) stimulation. The fre-
quency ranges between 90 and 185 Hz for STN stimulation, In early experiments, we found that symmetrical elec-
and 80 and 185 Hz for GPThe Deep-Brain Stimulation for  trodes of mm-dimensions could be characterized by standard
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electronic means, which was not the case for the coaxial mi- sible to describe the current by means of a Fourier series,
croelectrodes used in animal DBS. With DC the characteristic i.e. by the sum of current contributions of different ampli-
bending in the slope like iRig. 4around 2—-3V could notbe  tudes and frequencies induced by a voltage pulse in analogy
detected clearly. Obviously, the small size of the electrodesto Egs.(1)—(3) The waveform of the current signal and con-
with their sharp edges and a strong variation in surface curva-sequently its Fourier content will differ from the electrode
tures (the inverse of the surface radii) influences their electric voltage signal Moussavi et al., 1994 Furthermore, elec-
properties. trochemical processes alter the electrode properties while
The strong variation in the curvatures results in a strong measurement is taking place (d¢fig. 7) as well as con-
variation of the surface current densities, in turn leading to tribute to electrode aging over periods of hours and days
a variation of the surface properties. As a result, depending (see later and-igs. 8, 10 and 1)1 An aggravating prob-
on site, the same electrode surface will conduct current with lem is the distribution of parameters such as current den-
different characteristics. The effect can be explained by the sity along the electrode surface, leading to a site-dependent
following consideration: For a measuring chamber consist- impedance.
ing of two coplanar electrodes of distance distadcand The relative contribution of medium and electrode proper-
areaA, filled by a medium of specific conductivity, the ties to impedance depends critically on frequency. The higher
impedance is given byZ=d/(ocA). When the electrode area the frequency, the lower the contribution of electrode pro-
is reduced, the same impedance can be obtained for an eleceesses. For the Fourier frequency content of the DBS sig-
trode distance itself reduced by the same factor. Neverthelesspal, gray matter has a conductivity of between 0.1 and 1 S/m
when the current is kept constant, the current density through(Gabriel et al., 1996; Schmid et al., 2Q0#s shown in
the electrodes will be increased, resulting in more intense Table 2 the frequencies at which electrode processes cease
electrode reactions. The higher intensity of the electrode re-to influence the impedance range from hundreds of kHz up to
actions was one of the reasons for the non-reproducible andthe low MHz range for these conductivities. For frequencies
time-dependent current—voltage relation of microelectrodes below approximately 10 kHz, more than half of the signal
in contrast to macroelectrodes. Electrode reactions causecamplitude is dissipated by electrode processes, which means
the formation of bubbles and surface plaques. that these parts of the Fourier spectrum do not stimulate the
We assume there are a nhumber of reasons for asymmetissue but seriously threatenitby electrode processes and their
try of the current function with respect to the polarity of the by-products. Higher stimulation frequencies are therefore to
DC-bias. One will be the different metals for the central and be preferred. The effect might be an explanation for clini-
the outer electrodes. Nevertheless, even for electrodes of thecal observations that low-frequency DBS signals (10-50 Hz)
same material, a change in polarity will alter the current den- did not have clinical effects and in a range of stimulus fre-
sities atthe anode and cathode as the pole subject to the highegjuencies between 90 and 170 Hz, higher frequencies required
current density has changed. The situation is even more com4ess signal intensity to reach the same clinical effect and had
plicated when microelectrodes are immersed in interstitial fewer side-effectsizzone etal., 2001However, we have to
fluid or media used in cell or tissue cultures, since organic stress that for the non-linearity of the system, the calculations
and highly complex macromolecules of these solutions in- in Table 2are merely qualitative estimations.
fluence electrode behavior, for instance by the formation of  As Figs. 4 and &how, higher amplitudes result in a de-
protein films Omanovic and Roscoe, 2000; Jackson et al., crease in effective impedance, especially at low frequencies.

2000. An additional bias voltage also results in an increased cur-
rent density and a reduced impedance. Probably, the bias can

4.3. AC-properties of electrodes be assumed to contribute to the activation energies of the
redox-reactions at the electrode. Summarizing, input signal

4.3.1. Electrode impedance amplitudes affect the waveform of the field which is induced

In a linear system, a sinusoidal voltage will induce a si- in the tissue.
nusoidal current of the same frequency. At any frequency the  For non-coplanar electrodes, the local impedance de-
impedance can be calculated straight forward by Ohm’s law pends on the local interfacial capacitance and local polar-
from the ratio of voltage and induced current. In such a sys- ization resistance (overpotentials). Both parameters depend
tem, the time domain behavior can be constructed from the on the local current density. As a consequence, an elec-
frequency domain behavior by inverse Fourier transforma- trode impedance distribution along the surface will be ob-
tion. In other words, if the frequency responses (impedance)tained depending on a combination of geometry and polar-
of the electrode and medium were known, the temporal cur- ization effects. The impedance distribution at the electrode
rent behavior in the medium could be predicted. The field in surface will lead to a smoothening of the current—voltage re-
the medium will be proportional to the current. lation of the electrode and a broadening of the impedance

Unfortunately, electrode systems are non-linear and a si- spectrum. This effect is more pronounced for micro-
nusoidal voltage generates a non-sinusoidal current. Furtherthan for macro-electrodes because of the stronger varia-
more, the non-linearity depends on the amplitude and cur-tion in current density along the surface encountered with
rent density of the driving voltage. Therefore, it is not pos- them.
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4.4. AC-properties of medium, tissue and electrodes current density, medium composition, electrode material and
surface properties.
4.4.1. Medium and tissue impedance Two factors determine the local field distribution in the
Impedance spectroscopy provides information on the vicinity of the electrode surface; the overall electrode shape
charge transition processes at the electrodes, as well as orfwhich would fully determine the local current density and
the properties of media like electrolytes, cell suspensions thus spatial field distribution in the ideal case of no electrode
or tissues. With increasing frequency, electrode processesprocesses, e.g. at high frequencies) and the current density
are bridged and the medium properties start dominating theat all given sites of the electrode surface (which determines
overall impedance (see Table 1). Aqueous electrolytes arethe local polarization impedance, modulating the local cur-
characterized by a frequency-independent specific ion con-rent densities). The latter implies that electrode material and
ductivity and the permittivity of water (about 80 times the medium or tissue composition influence the field distribution
permittivity of vacuum) up to GHz frequencies. The over- in tissue.
all current through the medium is the sum of ionic cur- Fig. 7B (inset) is characterized by the decomposi-
rents and the permittivity based displacement currents thattion/redox potential of solution components, like organic
are increasing with frequency, superseding the frequency-compounds in the case of cell culture medium. As in
independent ionic currents above the so called Maxwell- Fig. 4, the observed behavior suggests that low frequency
Wagner frequency (about 300 MHz for physiological ionic input signals will be deformed. The impedance—voltage and
strength). At the Maxwell-Wagner frequency ionic and dis- current—voltage relations are asymmetric for the two voltage
placements currents are balanced. In the complex plane thébranches. This means that for a given voltage, different cur-
frequency dependence is reflected by a semicircle as knownrents will be measured when the inner or outer poles of the
for the parallel circuit of resistor and capacitéiid. 5). In electrode are used as the cathode (or anode). This effect can
an ideal case, its center would lay on the abscissa, reflectingbe explained by the different surface areas of the anode and
a single dispersion process with a single time constant. Thecathode of the concentric bipolar electrodes. Consequently,
time constant corresponds to the frequency of the point abovecurrent densities as well as electrode polarization effects will
the semicircle center, representing the Maxwell-Wagner fre- differ and the question of which electrode is driven as cathode
guency. Semicircle centers below the abscissa likeign 5 (or anode) will be significant.
are caused by a superposition of processes representing a Another interesting consideration is that a rectangular
distribution of time constants. constant-current pulse through the electrode will not neces-
When the medium contains organic molecules or even sarily induce a rectangular field pulses at all electrode sites.

cells both, conductivity and permittivity will become fre-

quency dependent. The medium properties will be charac-

terized by a typical decrease in permittivity and a corre-
sponding increase in conductivity with increasing frequency
(see dispersion curvefF@ster and Schwan, 1997 The

Because of the impedance distribution along the electrode
surface, different electrode sites may exhibit different cur-
rent wave shapes, resulting in different time functions of the
field in the vicinity of the electrode surface. Nevertheless, the
different local surface current contributions must add up to

amplitudes of the dispersions are proportional to the con- the rectangular current input.

centration of molecules or cells. Regardless of their high
concentration in organic molecules, for simplicity disper-
sions of cytoplasmic or interstitial media are usually ne-
glected.

4.4.2. Current—voltage characteristics and medium field
In homogeneous media the local current density is di-

4.4.3. Passive cell membrane properties represent a
high frequency cut-off for DBS

The DBS signal is influencing neuronal activity by the in-
duction of atransmembrane potentiahg) on these cells. For
the comparatively low potentials (a few mV) required for the

rectly related to the local field. For electrodes, only at very induction of an action potential, generally, a linear relation of
low amplitudes (or high frequencies) can a linear current re- the induced potential to the field strength can be assuragd.
sponse be expected, even when harmonic sinusoidal volt-can be calculated analytically for cells of ellipsoidal or cylin-
age signals are applied. Larger amplitudes will result in a drical shape with low membrane conductivities immersed in
non-linear current—voltage response and the generation ofmedia of homogeneous electric properti@smisa and Wach-
higher harmonics§chwan and Onaral, 1985; Moussavi et ner, 2001aGimsa and Wachner, 200LIA s is given bysrE,

al., 1994. The degree of non-linearity depends on frequency. whereé, r, andE stand for the shape factor, the length of the
A qualitative description of the frequency-dependence of cellular semiaxis oriented in field direction and the external
the current—voltage relation of macroelectrodes could be field strength, respectively. For a spherical cklk 1.5. The
obtained by neglecting the distortions in the signal shape limiting values fors are 1 and 2 that are assumed for cylin-
(Fig. 4). Above a certain frequency the bridging of electrode drical cells along and perpendicular to their symmetry axis,
processes leads to a linear behavior. The lowest frequency offrespectively. To avoid irreversible membrane and cell dam-
linear behavior (around 1 kHz Frig. 4) depends on electrode  age, it is important to keepyy below 1V. For increasing
geometry (area and distance for two coplanar electrodes),frequencyAv is declining with a characteristic dependence
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or shorter pulse widths may lead to a capacitive membrane
bridging of the high frequency components of the pulse and a
corresponding energy loss in neuronal stimulation. As shown
before Figs. 5 and § electrode properties do impose a low
frequency limit, reducing the amplitudes of low frequency
components in the tissue. The two contributions will result
in a frequency window for DBS.

on frequencyf:

SrE

A% 1+f2/fc2har

At frequencies far belowfchar Eq. (5) simplifies to
Ay =3rE. At field strengths of 667 and 333 V/m,/&yr of
10 mV is induced for spherical cell bodies of 5 anduif
radius, respectively. For a cylindrical axon of Qi radius, ~ 4.4.4. Long-term alterations of electrodes and tissue
a field strength of 10,000 V/m is required when the symme- damage
try axis of the axon is perpendicularly oriented to the field. Electrode properties are subject to aging driven by metal
The above calculations do not necessarily implicate a promi- corrosion, erosion of the insulating material and deposition
nent somatic effect of DBS since (i) due to their different of organic and inorganic compounds at the electrode. A com-
active electric properties, the threshold for stimulating axons parison of electrodes immersed in electrolyte or cell culture
is much lower than for stimulating cell bodies and (ii) the fre- - medium with and without a stimulation signal revealed a drift
quency window for axonal stimulation is much broader (see of the electrode properties, different in either case. Therefore,
later). Therefore our considerations are not contradictory to a drift of the electrode properties during electrostimulation
the experimental and modeling evidence that the action po-cannot fully be avoided by a post-operational resting time
tential occurs in the axon during extracellular stimulation of the implanted electrode. Metal corrosion, occurring even
(Nowak and Bullier, 1998; Mcintyre and Grill, 1989 with no stimulation signal, is increased during electrostimu-

With increasing field frequency\y, drops, reaching Iation. Since the surface current density reflects the rates of
—3dB, i.e.drE/ /2 atthe characteristic frequerfeyar Please  electrochemical reactions at the electrode—electrolyte inter-
note that the time constant of membrane charging by an ex-face it is related to corrosion and erosion kinetics. Corrosion
ternally applied field, 1/(2fchar), considered here, is much  may result in the ablation of electrode material and, in the ex-
shorter than the membrane time constant observed in a wholereme, a decrease in the mechanical stability of the electrode
cell configuration. Neglecting the membrane conductivity (Kocijan et al., 2008 The changes we found within hours
fcharis given by Gimsa and Wachner, 200ta imply that stimulation parameters should be readjusted, even

1 oo at the short appli_cation time_s_ in animal mo<_jels.
22rCm 0o+ (6 — Doy For the corrosion effect, itis propably of importance as tq
€ : whether the two poles of the coaxial electrodes are electri-
with Cy, oe ando; standing for the specific membrane ca- cally cut short by the stimulator during the signal off-time.
pacitance as well as the external and internal conductivities, Especially, since they are made of two different materials

AW = (5)

(6)

f char =

respectively. AssuminGm to be 0.9.F/cn?, and varying the
cellradius from5to 1@.m as well agrc ando;j in the ranges of
1-1.5and 0.5-1 S/nEabriel et al., 1996; Gentet et al., 2000;
Schmid et al., 2003 respectively, yielded limiting values

which form an electrochemical element. These effects will

be not so important in patients, since the poles of electrodes
for use in humans are made of the same material. Neverthe-
less, it cannot be ruled out that the different coverage and/or

for the characteristic frequencies of the spherical cell soma corrosion of poles with different history will mimic different

between 707 kHzr(=10pum, oe=1S/m,s; =0.5S/m) and
2.65MHz =5um, 0e=1.5S/m,o; =1 S/m), respectively.
For axons of a radius of 0;om, the same conductivity varia-
tions yielded limiting values between 11.8 MHz(=1 S/m,
0i=0.5S/m) and 21.2 MHzo=1.5S/m,ci =1S/m), re-
spectively.

electrode materials.

The adsorption of organic species at the metal surface is a
third effect causing property changes of the metal—electrolyte
interfaces. This bio-layer formation reduces the transport of
ions, oxygen and dissolution products to and away from the
surface decreasing the slope in the corresponding Tafel-plot,

These values are merely rough estimates for an assumed.e. decreasing the exchange current density (compare cell
cell-free, homogeneous external surrounding. The embed-culture medium and ACSF, inset &ig. 7B) (Contu et al.,

ding of the cell in tissue will lower the effective external
conductivity to be assumed in E(). At the same time,

2002. Protein adsorption may also enhance corrosion re-
sistance Robblee and Rose, 1990rhis is in line with our

the tissue will introduce frequency-dependent properties for finding that long-term immersion caused changes in elec-

the external medium (see earlier). lor=0.05 S/m, a lower
limit for the characteristic frequency of 147 kHz is obtained
for a spherical cell soma of 30m radius andr; =0.5 S/m.

trode properties that were irreversible for ACSF but could
largely be reversed for cell culture medium (data not shown).
It is also in line with the more negative corrosion potential

Fig. 2 shows that rectangular pulses of 130 Hz contain only in serum-containing than in serum-free media(tu et al.,
minute amplitudes above 130 kHz. Nevertheless, cutting the 2002. Accordingly, the rate of cathodic oxygen reduction in
frequencies above 130 kHz for the monophasic rectangularserum is lower than in inorganic solution. The rate of protein

pulse Fig. 2A) results in the pulse shape Big. 3D, demon-

adsorption was found to increase with voltageusatori et

strating that already slightly higher stimulation frequencies al., 2003. All these findings suggest that during DBS in ani-
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mal models and patients, protein adsorption processes occuare unavoidable. This teaches us two lessons: first, electrodes
even faster than in our experiments, since we applied lowerfor animal models should be designed to match the materials
voltages for shorter periods of time or immersed the elec- used in humans; second, stimulation parameters for humans
trodes even without stimulation. as well as animal models should be reconsidered so as to re-
On the other hand, electrode adsorption of organic com- duce the energy of the low and high frequency components of
pounds will be related to changes in the tissue. Corrosion the stimulation signal thatis dissipated by electrode processes
will result in the deposition of electrode metal in the brain. and capacitively bridged by the membranes. Since corrosion
Metal ions are known to be a potential source of protein- is an indicator of electrode processes, it emphatically sug-
denaturation and the formation of new antigenic determinants gests a problem that cannot be unique to animal models. Our
leading to immune reactionZifter and Plenk, 1987 Espe- study revealed the basis for a number of different processes
cially iron is known for its cytotoxicity mythies, 1999 The that will also occur in the clinical situation, although without
degradation of organic compounds, the evolution of gas, suchthe drastic effects described here.
as hydrogen, oxygen and chlorine are non-physiological pro-
cesses changing the properties of the extracellular fluid. Such
changes are known to cause neuronal damg€(eery and 5. Conclusion and outlook
Agnew, 1990. Even cell necrosis caused by irreversible di-
electric membrane breakdown must be expected at field hot The focus of this study has been on the electrical and
spots in the vicinity of the electrode surface. electrochemical properties of microelectrodes used in DBS
Corrosion resistance of the electrode metal is of greatestanimal experiments. A comparison of electrodes immersed in
importance for its long-term stability and biocompatibility. electrolyte or cell culture medium with and without a stimu-
Naturally, less noble metals will be subject to stronger cor- lation signal revealed a drift of the electrode properties which
rosion. Pt and Pt/Ir alloys are the most common electrode was different in all cases and which was also dependent on
materials for their electrical, mechanical and chemical prop- the electrode material. With platinum electrodes, the property
erties as well as their biocompatibilitiRobblee and Rose,  drift could be largely reversed by pepsin treatment, though
1990. Accordingly, we found the strongest effects for stain- this was not the case with stainless steel electrodes. The prop-
less steel electrodes with the clear formation of corrosion pits. erty drift may make it necessary to adjust the stimulation pa-
The electrode surface did not corrode uniformly. Instead, we rametersin medical applications. Moreover, our data suggests
found a spatial distribution of the corrosion and erosion in- that stimulation parameters should also be readjusted in ani-
tensities reflecting the site dependence of the current densitymal models—despite the usually shorter application—since
(Figs. 10 and 1]1data of numerical calculations not shown). reversible and irreversible changes in electrode properties
Erosion of the plastics insulation is a severe problem since take place within hours.
the putative biological effects of these erosion products have  The tissue field distribution depends on electrode geome-
not been described so far. try. Along the electrode surface, the field strength is correlated
to the current density distribution which corresponds to the in-
4.5. Comparison with the human situation—relevance in  tensity of electrochemical processes and in turn the corrosion
clinical use rate. Numerical calculations of the influence of electrode ge-
ometries on the field distribution in the tissue and on the cur-
This study focuses on electrodes used in rodent models.rent density at the electrode surface are currently underway
However, the question arises as to the extent our findings ap-(manuscript in preparation). Nevertheless, the calculations
ply to the clinical practice of DBS in patients. Direct transfer- must assume a linear electrode behavior. Site-dependencies
ability is unlikely, as electrodes for use in patients and animal of impedance and the non-linearity in the current—voltage re-
models differ in principal electrode design, i.e. a number of lation cannot easily be included in numerical calculations.
equal ring electrodes in humans and two coaxial electrodes inDespite this uncertainty, even a rough analysis of the local
animals, as well as size and materials, both of poles and insu-current density distribution at the electrode surface and in
lation. In addition, stimulation protocols differ, i.e. constant- the surrounding tissue will help in deciding whether the neu-
voltage stimulation is used in humans while constant-current rons are uniformly influenced and whether the electrodes will
stimulationis commonly applied in rodents. Current densities corrode uniformly.
critically depend on electrode shape and size. Therefore, sim- The sites of maximum plastics erosion can also be cor-
ply down-sizing the electrodes while maintaining the same related in relation to current density. Both processes (metal
stimulation parameters would resultin serious tissue damage corrosion and plastics erosion) contribute to the deposition
Nevertheless, some basic features apply to both situations. in the brain tissue of putative neurotoxic compounds, such
The signals used contain frequencies that are unable toas dissolved electrode metal, reactive compounds stemming
stimulate neurons while being lost in electrochemical pro- from the erosion of the insulating material, evolved gas, as
cesses, such as gas formation due to electrode polarizatiorwell as degraded organic molecules. The use of stainless
processes. Although corrosion has not been observed with thesteel electrodes does not match the situation with humans.
electrodes used in patients, such electrochemical processe$o avoid animals suffering unnecessarily we recommend the
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use of platinum/iridium electrodes. Future electrode devel-  partially dopaminergic denervated rats. J Neuropathol Exp Neurol
opment needs to improve the electrode geometry to avoid  2001;60:15-24.

current density “hot spots” and involve the search for more Brusatori MA, Tie Y, Van Tassel PR. Protein adsorption kinetics under an
inert insulating materials applied electric field: An optical waveguide lightmode spectroscopy

. study. Langmuir 2003;19:5089-97.

A 130 Hz monophasic DBS standard pulse oféthas a Chang JY, Shi LH, Luo F, Woodward DJ. High frequency stimulation of
Fourier content of more than three frequency decades. Itsfre-  the subthalamic nucleus improves treadmill locomotion in unilateral
guency band is located in a window imposed by the electrode ~ 6-hydroxydopamine lesioned rats. Brain Res 2003,983:174-84.
properties at the low frequency end and capacitive membraneCOntu F, Elsener B, Bohni H. Characterization of implant materials in

bridai t the high f d. Of th | fetal bovine serum and sodium sulfate by electrochemical impedance
raging at the high irequency end. course, the complex spectroscopy. Part . Mechanically polished samples. J Biomed Mater

morphology and the active electric properties of the neurons  Res 2002:62:412-21.
also impose an upper limit. Nevertheless, the low frequency Darbaky Y, Forni C, Amalric M, Baunez C. High frequency stimulation
end is more critical since low frequency pulse components of the subtr_lalam_ic nucleus has ben_e_ficial a_ntiparkir_]sonian e.ffect.s on
contribute to electrode processes. Electrode impedance mea- motor functions in rqts, but less efficiency in a choice reaction time
. . . task. Eur J Neurosci 2003;18:951-6.
surements on S75-Pir m'croeleCtrOdeS in NaCl solution, Fleischmann M, Pons S, Hawkins M, Hoffman RJ. Measurement of
ACSF and cell culture medium suggest that eventhough elec-  gamma-rays from cold fusion. Nature 1989:339:667.
trode processes are reduced at higher frequencies they only¥oster KR, Schwan HP. Dielectric properties of tissues—a review. Boca
disappear completely above 1 MHz and cannot be avoided  Raton, FL: CRC Press; 1997. _ _
in the present system. In conclusion, stimulation frequenciesung SH. Burstein D, Bom RT. In vivo microelectrode track recon-
. struction using magnetic resonance imaging. J Neurosci Methods
and pulse widths should be selected so that the frequency g95.50-915-24
components of the Fourier series are as high as possible.  Gabriel ¢, Gabriel S, Corthout E. The dielectric properties of biological
tissues. Part |. Literature survey. Phys Med Biol 1996;41:2231-49.
Gentet LJ, Stuart GJ, Clements JD. Direct measurement of specific mem-
brane capacitance in neurons. Biophys J 2000;79:314-20.
Gimsa J, Wachner D. Analytical description of the transmembrane volt-
age induced on arbitrarily oriented ellipsoidal and cylindrical cells.
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