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Voltage Pulses Change Neural Interface Properties
and Improve Unit Recordings With Chronically
Implanted Microelectrodes
Kevin J. Otto*, Member, IEEE, Matthew D. Johnson, Member, IEEE, and Daryl R. Kipke, Member, IEEE

Abstract—Current neuroprosthetic systems based on electrophysiological recording have an extended, yet finite working
lifetime. Some posited lifetime-extension solutions involve improving device biocompatibility or suppressing host immune
responses. Our objective was to test an alternative solution comprised of applying a voltage pulse to a microelectrode site, herein
termed “rejuvenation.” Previously, investigators have reported
preliminary electrophysiological results by utilizing a similar
voltage pulse. In this study we sought to further explore this phenomenon via two methods: 1) electrophysiology; 2) an equivalent
circuit model applied to impedance spectroscopy data. The experiments were conducted via chronically implanted silicon-substrate
iridium microelectrode arrays in the rat cortex. Rejuvenation
voltages resulted in increased unit recording signal-to-noise ratios
, with a maximal increase of 195% from 3.74 to
11.02. Rejuvenation also reduced the electrode site impedances at
1 kHz
. Neither the impedance nor recording properties of the electrodes changed on neighboring microelectrode
sites that were not rejuvenated. In the equivalent circuit model, we
found a transient increase in conductivity, the majority of which
corresponded to a decrease in the tissue resistance component
. These findings suggest that rejuvenation may
be an intervention strategy to prolong the functional lifetime of
chronically implanted microelectrodes.

(10% 2%)
(67% 2%)
(44% 7%)

Index Terms—Brain-machine interface, chronic recording,
iridium, neuroprosthesis, silicon.

I. INTRODUCTION

L

ONG-TERM multichannel extracellular recordings of
neural responses have potential in both research and
neuroprosthetic applications. Several research groups have
developed devices that are capable of recording from dozens
of neurons for time periods of weeks to months [1]–[5]. These
devices have various success rates, ranging from 54%–80% of
the sites recording single and multi-unit activity over periods
of 3–24 weeks [6]–[9]. Reactive tissue responses have been
implicated as detractors to long-term recording performance
[10]–[13].
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Reports have shown an early and sustained immune response
to penetrating injury of the brain [11], [12]. This response
can result in a compact sheath of glial cells and connective
tissue around chronically implanted microelectrodes, thereby
functionally isolating them from the brain. Thus, minimizing
the tissue reaction at microelectrode sites is important for
extending the functional longevity of chronically implanted
microelectrode arrays. Several methods have been reported in
an effort to hinder one aspect of the reaction, the glial response,
thereby improving the neural interface with the recording
devices. These methods include: optimizing the shape of the
tip and shaft of the implants [14], optimizing insertion [15],
coating the electrodes with biomolecules [16], systemic or local
delivery of anti-inflammatory drugs [17], and constructing the
devices from alternative device substrates [18]. Alternatively,
passing current through an iridium neural microelectrode in
vivo has been shown to cause a reduced 1-kHz site impedance
and improvement in unit recordings [19], [20]. However, the
underlying mechanisms for this improvement in recordings and
drop in impedance are not fully known.
In the present study, we investigated how voltage pulses (rejuvenation) affect the electrophysiological and electrochemical
properties of chronically implanted iridium microelectrodes.
We utilized extracellular recordings as well as complex
impedance spectroscopy to evaluate the electrode interface
and the surrounding neural tissue through an equivalent circuit
model.
II. METHODS
A. Experimental Procedures and Microelectrode Arrays
Eight male Sprague-Dawley rats (250–300 g) were chronically implanted with silicon-substrate microelectrode arrays
using established surgical procedures [7], [9]. The arrays con-wide thin-film silicon shanks separated
sisted of four 50
. Each shank had four iridium microelectrodes (703
by 200
site area) with 200
spacing between sites. In two of
the rats, an array with activated iridium sites (described below)
was implanted into the left primary auditory cortex [21] and
an array with unactivated (native) iridium sites was implanted
in the forelimb region of the rat’s primary motor cortex [22].
The remaining six rats received either one or two arrays with
native iridium sites in the forelimb region of primary motor
cortex. In seven of the rats the rejuvenation protocol began at
least three weeks (ranging from 26 to 97 d) after implantation,
during which time the normal tissue reactive response is likely
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to stabilize [12]. In the remaining rat, the protocol began nine
days postimplant. All data were combined for subsequent
statistical analysis. The experimental procedures complied with
the guidelines for the care and use of laboratory animals and
were approved by the University of Michigan Committee on
Use and Care of Animals.
The rejuvenation protocol was an in vivo procedure used on
both native and activated iridium sites. The rejuvenation voltage
was a 4 s duration, 1.5-V DC signal applied to an electrode site
relative to a 316SS-grade stainless steel bone screw (electrode
site positive). The current induced between the electrode site
and the bone screw was sampled at 1 Hz. Control experiments
were conducted by applying the rejuvenation protocol to electrodes immersed in phosphate-buffered saline referenced to a
stainless-steel 316SS-grade electrode.

B. Neural Recordings
Extracellular recordings were obtained immediately before
and after the rejuvenation protocol in order to evaluate the
effects on the extracellular recording of action potentials.
The recordings were made with a Multichannel Acquisition
Processor (MAP) simultaneously for 16 channels (Plexon Inc,
Denison, TX). The data were sampled at 40 kHz and band-pass
filtered from 450–5000 Hz. Recorded data sets were typically
30 s in duration and repeated two to six times a day (as described below). Recordings were referenced differentially to a
channel on the array with no clear unit activity. This was necessary to eliminate electrical artifact due to muscle movements
within the recordings made prerejuvenation. The amplification
of individual channels was adjusted between 1000 and 32 000
to access maximal dynamic range of the recording system.
Single channels were selectively monitored on an oscilloscope
and audio monitor. The subjects were awake, typically sitting
quietly in an electrically and acoustically shielded chamber
during the recording sessions.
The electrophysiological data were analyzed offline using
custom software in Matlab (Mathworks, Natick, MA). An objective measure of signal quality was developed using wavelet
analysis to estimate noise amplitude, signal amplitude, and
the signal-to-noise ratio (SNR). The wavelet analysis has been
described elsewhere [23]. Briefly, for each channel, a wavelet
decomposition at level 4 was composed using a Symlet wavelet
family. For each decomposition vector, the root-mean square
(RMS) was calculated. Values in the decomposition vector
that were less than three times the overall RMS level were
considered subthreshold and the RMS of these values was
tabulated as the estimate of the noise amplitude. The estimate
of the signal amplitude within the decomposition vector was
calculated as the RMS of the remaining values. The overall
channel noise amplitude and signal amplitude was determined
by calculating a modified RMS of all of the decomposition
vectors, emphasizing the lower level nodes. The SNR ratio was
then calculated as the ratio of the overall signal amplitude to the
overall noise amplitude. Means were calculated from repeated
measures taken both before and after rejuvenation for the noise,
signal and SNR values.

C. Electrochemical Measurements
Electrochemical measurements were made with a two-electrode cell configuration using an Autolab potentiostat (PGSTAT12, Eco Chemie, Utrecht, The Netherlands) that includes
a frequency response analyzer (Brinkmann, Westbury, NY).
Individual iridium sites on the microelectrode array were the
working electrodes and a stainless steel (316SS-grade) bone
screw was the reference electrode for all electrochemical
measurements. The measured electrochemical potential of the
316SS bone screw relative to a saturated calomel electrode
in 0.1 M phosphate buffered saline (Fischer Scientific, Fair
Lawn, NJ) was 0.026 V. The potentiostat system internally
measured and zeroed the open circuit potential of the electrode
site relative to the bone screw reference electrode before each
measurement. Moreover, the 316SS grade reference electrode
is corrosion resistant and provides stable peak potentials in
cyclic voltammagrams, suggesting a stable reference potential
in vivo [24]. In these experiments, peak potentials were stable
throughout the implant duration.
While arrays implanted in the motor cortex had native iridium
electrode sites, arrays implanted in the auditory cortex had electrode sites with layers of activated hydrous iridium oxide. Activation of selected iridium electrode sites used an established
technique that involves applying a 1-Hz square wave with a
1-V positive (anodic) amplitude and
(cathodic) amplitude, referenced to the stainless steel bone screw [25], [26].
The nominal duration of the activation waveform was 100 s to
.
create site charge densities approximately 30
Two types of potentiostatic measurements were made prior
to and immediately after rejuvenation sessions in order to assess reduction-oxidation reactions at the interface, charging of
the double layer, and charge capacity (Qcap). Electrochemical
impedance spectroscopy (EIS) measurements were made using
a 25 mV RMS sine wave at 11 frequencies ranging logarithmically from 100 Hz to 10 kHz. Cyclic voltammetry (CV) measurements were made using a linearly sweeping voltage between
and
with a 1 V/s scan rate. Qcap was calculated by integrating the area of the cyclic voltammagram for the
positive voltage scan.
D. Neural Interface Model
A lumped element, equivalent circuit model was used to analyze the effects of rejuvenation on components of the electrode-tissue interface (Fig. 1). The model was based on a previous model of the reactive tissue response to implanted microelectrode arrays [27], [28]. The model includes an iridium site
component and a neural tissue component, with the latter determined by electrical characteristics of the reactive tissue response
[29]. Microelectrode encapsulation is characterized, in part, by
protein adsorption onto the electrode site and an adjacent layer
.
of connective tissue [10] given by a sealing resistance
Adjacent to this layer is often a sheath of glial cells and other
macrophages that form an equivalent circuit having a membrane
and a membrane concapacitance
[30]. In the model,
ductance
and
are lumped together and represented by the mem. Rather than crossing the cellular
brane area scaling term,
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Fig. 1. Equivalent circuit model of the iridium microelectrode and surrounding
neural tissue. Solid lines indicate electrical connections between the circuit
elements. The circuit elements within the dotted line were lumped into the
scaling term A . CPE: constant phase element; R : sealing resistance; A :
membrane area scaling term; R : membrane resistance; C ; membrane
capacitance; R : extracellular resistance; R : spreading resistance.

membranes, current can flow in an extracellular domain represented by the resistance,
. Thus,
reflects the ratio of the
impedance of the cellular components near the electrode site to
. With the relthe impedance of the extracellular domain
atively large surface area of the bone screw, the spreading resiswas estimated as less than 1
at all frequencies
tance
and assumed to be negligible. The measured shunt capacitance
and was subtracted from the complex impedance
was
at each frequency. The measured resistance of the lead wires
and, thus, not included in the model.
was
A nonlinear regression algorithm was developed to estimate
values of the circuit components in the model from the complex impedance spectroscopy measurements. The algorithm iteratively fit high- and low-frequency data points to their respective circuit paths in the model. Fitting of model parameters to
the data involved minimizing the objective function
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Fig. 2. An example of the neural interface model’s goodness of fit (between the
modeled impedance spectra and the measured impedance spectra) for a typical
prerejuvenation and postrejuvenation set of complex impedance data points.
The model values reflect the combined impedance of the entire model shown
in Fig. 1. These values are then partitioned to reflect the contributions from the
CPE (electrode) and the remaining elements (tissue). Three of the frequencies
used to acquire the impedances are annotated.

The process involved first fitting the two lowest frequency
measurements with a line in the complex impedance space (resistance versus reactance). The slope of this linear fit was used to
determine [see (3)]. The CPE is sufficient to describe the nonideal double-layer capacitance behavior of native iridium [31].
The other two circuit elements in the low-frequency pathway
and
) are estimated from the x-intercept of this linear
(
and
are used to calculate the electrode impedance
fit.
scaling factor,
[see (4)] using the real
and imaginary
components of the impedance measurements
(3)
(4)

(1)
where reflects a particular impedance measurement frequency,
is the number of impedance measurement frequencies,
is the real component of the impedance measurement,
is the
imaginary component of the impedance measurement, and is
. Incorporating
a weight given by the impedance magnitude
weights within the function is important to prevent biasing
to the low-frequency data. Model estimations that did not fit a
measure were discarded. Fig. 2 shows a typical fit of
the model to the complex impedance spectroscopy data, as well
as the individual electrode and tissue contributions to the model
data.
The low-frequency pathway is the current pathway through
, and
. The electhree circuit components: the electrode,
, was modeled with a constant phase
trode component,
element (CPE) [see (2)], with an electrode impedance scaling
and a phase term
defined over
factor
(2)

Given estimates of , .
, and
, the tissue component,
, is calculated based on high-frequency data points in the
impedance spectrum. The objective function, [see (1)] is then
calculated. Subsequent iterations are conducted to estimate the
,
, and
values that minimize .
For activated iridium sites, the electrode impedance
was modeled [see (5)] with an additional parallel capacitance
and serial resistance
with respect to the CPE following Weiland et al. [24]. These two parameters were estimated from in vitro measurements prior to implanting the electrode array in order to differentiate high-frequency contributions
between the activated site and the neural tissue
(5)
III. RESULTS
week (rangingfrom7to
Allanimalshadbeenimplantedfor
97 d) and had little discernable unit activity prior to rejuvenation.
The rejuvenation voltage on a site (4 s, 1.5 V) resulted in small

336

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 53, NO. 2, FEBRUARY 2006

Fig. 3. A 1 s example of the most extreme effects of rejuvenation on the
recording quality. (A) Prerejuvenation recordings from two electrodes with 3.74
and 3.37 SNR respectively. (B) Postrejuvenation recordings on these electrodes
increased in SNR to 11.32 and 6.98 respectively.

currents flowing between the selected site and the bone screw
reference (typically less than 300 nA, measured at 1 Hz). The
current increased exponentially with a time constant of 0.4 s.

Fig. 4. Box and whisker plot showing the ratio of SNR postrejuvenation to
the SNR prerejuvenation. Nearby electrodes not rejuvenated did not show a
significant trend in the SNR ratio of postrejuvenation to prerejuvenation. SNR’s
increased after the rejuvenation voltage was applied in 114 of the 140 electrodes
tested (asterisk indicates statistical significance of a t-test, p < 0:001).

The rejuvenation voltage pulse caused a large increase in the
SNR for a subset of the tested electrode sites (Fig. 3). On average, over all sites that were tested the SNR increased signifi,
,
cantly from 3.63 to 4.00 a 10.4% increase (
paired t-test). In 114/140 (81.4%) of the electrodes, the SNR
increased above the prerejuvenation level (Fig. 4). In 42/140
(30.0%) of the electrodes the SNR increased more than 10%.
In some cases readily discriminated single units were present
postrejuvenation when no units were discriminable before rejuvenation, which resulted in the reported large increases in
the SNR. This was the case for the maximum SNR increase
from 3.74 to 11.32 a 194.8% increase, as illustrated in Fig. 3.
The SNR for electrode sites on the arrays that were not rejuvenated did not significantly change from the prerejuvenation
,
, paired t-test).
levels (
SNR increases for most electrodes were primarily attributed
to a reduction in the noise recorded on the electrode. In 121/140
(86.4%) of the electrodes sites, the noise decreased postrejuveto 9.98
nation. Overall, the mean noise changed from 12.10
, a 17.5% decrease (
,
, paired t-test). The
mean signal amplitude also decreased although by a smaller percentage. Rejuvenation caused a reduction in mean signal amto 40.28
, an 8.7% decrease (
,
plitude 44.11
, paired t-test).

Site impedance reductions were found to depend on the
voltage used to provide the pulses. Via an implanted native
iridium array, voltage pulses were stepped in 0.25-V increments for 4 s as shown in Fig. 5 (solid line) with 1-kHz
site impedance measurements taken between each step. Site
pulse and
impedances decreased steadily after a
pulse; thus, applying a
plateaued after a
pulse (not shown) did not cause a significant decrease in site
impedance. Stepping the voltage pulse back to 0 V and beyond
did not produce a significant increase in impedance
to
suggesting that rejuvenation caused a lasting change in the electrode-tissue interface. In vitro rejuvenation of native iridium
microelectrodes caused a 43% drop in the 1-kHz impedance
to
(
, paired
from
) as shown in Fig. 5 (dotted line). Although
t-test
these drops were significant, the in vitro normalized impedance
decrease was significantly smaller than in the in vivo arrays.
Further, for native iridium rejuvenated in vitro, the microelec, whereas the
trode site impedances dropped sharply at
.
in vivo arrays showed a more gradual fall-off above
The four-second duration of the anodic pulse used in this
study had been explored previously and shown effective at
improving unit recordings [32]. We also explored alternative
pulse durations ranging from 2 to 5 s. Longer rejuvenation
durations (2 to 5 s) resulted in higher charge injections (9.2
nC to 465.2 nC); however, little effect of duration was seen
in the value of the change in 1-kHz impedances or in neural
interface parameters.

B. Voltage Pulse Effects on Site Impedances in Vivo

C. Voltage Pulse Effects on Neural Interface Model Parameters

Rejuvenation resulted in instantaneous drops in 1-kHz site
impedances. For the native iridium implanted sites, initial 1-kHz
site impedances were 2.39
and after rejuvenation were 525
, a 78% reduction (
, paired t-test,
). Similarly, site impedances for the activated iridium implanted sites
and after rejuvenation were 309
,a
were initially 1.23
75% reduction (
, paired t-test,
).

Through the iterative algorithm, components in the neural
interface model were estimated from the complex impedance
spectroscopy data before and after rejuvenation (Fig. 6). Prior to
rejuvenation, resistive circuit elements dominated the interface
impedance within the model (M); however, after rejuvenation,
in comparthe interface resistance decreased on average 578
ison to an average drop of 211
in interface reactance. This

A. Voltage Pulse Effects on Neural Recordings
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Fig. 5. Normalized 1-kHz impedances of in vivo (solid line) and in vitro
(dotted line) native iridium sites as the voltage pulse was increased from 0 V
to 1.5 V and subsequently decreased back to 0:25 V . Rejuvenation voltages
between 1 and 1.5 V caused long-term decreases in the 1-kHz impedance.
Error bars represent the standard error of measures taken for 10 sites in one
subject (in vivo) or 17 sites (in vitro).

0

Fig. 6. Nyquist plot of average 1-kHz impedance of the entire circuit model
(M) and contributions from the electrode component (E), the tissue component
(T), and the encapsulated resistance (R). Each point is shown prior to and after
rejuvenation, following the arrows. Each component demonstrated different
degrees of rejuvenation-induced impedance drops. The error bars represent the
standard error of the measured data.

resulted in an equal contribution of both types of impedances
to the total interface impedance. The electrode component (E)
impedance on average decreased primarily along the reactance
drop along the
axis, by an average of 109 , with only a 24
resistance axis. The tissue component (T) impedance decreased
and reactance 107
.A
in terms of both resistance 299
similarly large resistive decrease was evident in the encapsulated
on average.
resistance component (R), dropping by 246
These general trends were analyzed further for native iridium
and . Represites to determine the electrode components,
sentative complex impedance spectra for in vivo rejuvenation
and in vitro rejuvenation are shown in Fig. 7(a) and (c) respectively. For in vivo and in vitro tests the electrode impedance
decreased by 16.5% (
, paired t-test,
scaling factor
) and by 62.1%, (
, paired t-test,
) respectively. Overall, increased for the in vivo tests by 11.9%
, paired t-test,
) and there was not a signifi(
cant change in the phase term in the in vitro tests.
,
,
The model consists of three cellular components,
. The two cellular tissue components,
and
, both
and
changed dramatically after rejuvenation. Representative values

337

Fig. 7. Complex impedance spectra and subsequent model parameter changes
of representative electrode sites prerejuvenation and postrejuvenation. (A)
Impedance spectra from one site treated with in vivo rejuvenation show
a significant impedance shift from prerejuvenated values (dotted line) to
postrejuvenated values (solid line). (B) The individual component parameters
from the model fitting routine applied to the data in (A) show significant
changes due to in vivo rejuvenation. These changes were dominated by the
tissue components of the model (R , R , and A ). (C) Impedance spectra
from sites rejuvenated in vitro show smaller changes from prerejuvenation
(dotted line) to postrejuvenation (solid line). In vitro rejuvenation resulted
in smaller gain (K ) changes compared to the in vivo results and show little
change in the phase term ( ).

Fig. 8. Cyclic voltammetry results in vivo and in vitro rejuvenation. (A)
Average of 16 native iridium sites before (gray line) and after (solid line) in
vivo rejuvenation (inset: in vitro). (B) Average of 16 activated sites before and
after in vivo rejuvenation (inset: in vitro).

from one subject indicating the effect of rejuvenation on the
fitted model parameters are shown in Fig. 7(b). Overall, the norfor rejuvenated sites decreased by
malized value of
(
, paired t-test,
). The normalized value of
for adjacent nonrejuvenated sites did not demonstrate a significant change (
, paired t-test,
, not shown).
on rejuvenated sites increased
The normalized values for
(
, t-test,
). Again, the adjacent
by
,
nonrejuvenated sites did not show a significant change (
t-test,
, not shown). In contrast to the cellular compodecreased for
nents, the values for encapsulation resistance
(
, t-test,
)
both rejuvenated sites by
(
, t-test,
,
and for nonrejuvenated sites
not shown).
D. Voltage Pulse Effects on Electrode Charge Capacity
For in vivo rejuvenation, native iridium Qcap increased from
to 1.70
(
, paired t-test,
0.48
), and for previously activated iridium electrodes, from
to 10.63
(
, paired t-test,
6.37
) (Fig. 8). Fig. 8(a) shows that for the native iridium sites,
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rejuvenation caused increased charge capacities for both oxidageneration point
tion and reduction voltages. In addition, the
shifted toward a more positive voltage, while a broad peak developed at negative voltages. In vitro rejuvenation had no affect
on the cyclic voltammagram as shown in the inset. For activated
iridium sites, rejuvenation similarly shifted, but also amplified,
the oxidation and reduction peaks as shown in Fig. 8(b). Once
again, upon applying the same protocol to in vitro arrays, the
cyclic voltammagram waveforms did not change significantly
after rejuvenation as shown in the inset. In vitro experiments did
in the open cirshow that there was a slight change of
cuit potential of the 316SS bone screw postrejuvenation (relative
to a saturated calomel electrode). However, this was corrected
for in the PGSTAT12 potentiostat by measuring the open circuit
potential before every applied potential, ensuring that the potentials delivered for cyclic voltammetry were correct.
IV. DISCUSSION
The present results demonstrate several effects of rejuvenation potentials on chronically implanted microelectrodes in the
brain. First, there was an immediate impedance decrease measured at 1 kHz. Across the spectrum reported in this study, the
impedance drop was complex in nature, but the main effect was
the near elimination of the dominating resistive element that
developed with the lifetime of the implant. Second, the SNR
of the electrophysiological recordings obtained with the microelectrodes increased for the majority of the sites. This SNR increase was mainly due to a decrease in the magnitude of the
noise recorded at the sites and resulted in clear action potential
identification in some cases.
It has been shown in the literature that during the period post
implant 1-kHz impedances generally rise and then stabilize with
the lifetime of the chronically implanted electrodes [1]. Additionally, impedance spectroscopy has revealed that the complex impedance increase is due to both resistive and capacitive
increases, and is highly correlated with the local immune response as determined by immunohistochemical markers [28].
Our prerejuvenation values support these studies, with 1-kHz
impedance values elevated considerably above their preimplant
values. Furthermore, the complex impedance spectra reported
in this study indicate that both capacitive and resistive elements
contribute to this increase, implicating a normal immune response around the electrode shanks.
Rejuvenation voltages applied to the microelectrode sites
immediately decreased the microelectrode 1-kHz impedances
to values comparable to those measured immediately postimplant. These impedance changes were voltage dependent with
the largest changes occurring at 1.5 V versus the reference electrode. It has been shown in the literature that a single monolayer
of anodic hydrous oxide is produced at the upper limits of a
single cycle between potentials [33], [34]. The build-up of this
layer is consistent with the initial anodic pulse during activation
of iridium microelectrodes [24]. However, the magnitude of the
increase of the storage capacity postrejuvenation in the cyclic
voltammetry data cannot be explained completely by a single
monolayer of anodic hydrous oxide. Thus, by applying an
anodic pulse, the formation of a hydrous oxide monolayer may

effectively remove (“clean-off”) cellular and acellular debris
that has formed proximal to the electrode site.
This “cleaning” of the microelectrode surface is supported by
the changes in the model parameters. The largest changes were
and
, implicating the cellular aspects of the
found for
model. These cellular model parameters were not affected for
nearby sites that were not rejuvenated. There was also a signifi, and interestcant change in the acellular model component
decreased for both rejuvenated
ingly, the model parameter
and nonrejuvenated sites. This suggests a change in the tissue
resistance at distances not adjacent to the rejuvenated sites.
The most direct electrophysiological consequence of the
changes at the electrode-tissue interface was a decrease in the
noise of the recorded signal. Due to the decrease in the denominator of the SNR, it follows that the SNR of greater than 80% of
the sites tested increased postrejuvenation. Often, although not
always, this SNR increase manifested as clearly discriminable
single neurons or multi-unit clusters. Whether these neurons
were present and firing but could not be detected, or they were
evoked from a silent state to begin to produce action potentials
is still unknown. In the few cases where discriminable single
neurons or multi-unit clusters were detectable prerejuvenation,
the rejuvenation current did not appear to affect these cells
adversely. Both the action potential waveshapes and the rate of
action potential generation of these nearby neurons appeared
unaffected by the nanoampere scale current utilized in the rejuvenation procedure. The 20% of the sites in which the SNR did
not increase postrejuvenation were thought to have no nearby
neuronal activity. Cases where the signal amplitude decreased,
but the SNR increased were attributed to a reduction of the
overall impedance between the electrode site and the reference,
reducing the potentials generated by the membrane currents.
This would also reduce the thermal noise of the recordings due
to a reduction in the real component of the model impedance
over the recording frequency band-pass.
All recordings in this study utilized differential recording in
order to remove electrical artifacts due to movement. It should
be noted that the differential recording procedure will artificially
inflate the calculation of the noise level due to uncorrelated noise
on the working and reference electrode. However, by increasing
the noise level the effects of the rejuvenation would be seemingly diminished. Thus, the effects reported in this study are a
conservative estimate of the effects of rejuvenation.
Several limitations of the model were considered during development. The ability of the model to adequately fit all of the
data across the test situations implemented was a main design
criterion. The main reason for poor model fit was too few data
points at the low frequencies in order to determine the electrode
components ( and ). In the results of this study only a few
impedance spectra of site data were neglected from further anal. Another limitation of
ysis due to a poor model fit
the model, due to its lumped circuit implementation, is in its
spatial resolution. Our model assumes homogeneous layers of
neural tissue surrounding each implant site, disregarding variations within the neuropil surrounding the microelectrode site.
However, a finite element model has demonstrated that 90% of
of the microelectrode site and
the impedance is within 250
[28].
50% of the impedance within 30
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In order to model the activated iridium sites, an additional
in parallel to the CPE and a resistance
capacitance
was used. These values were assumed to be stable in vivo in
the period following implantation. There are several arguments
that validate this assumption. First, in vitro experiments demonstrated little change over time in terms of cyclic voltammetry
peaks, charge storage capacity, and impedance spectra. Second,
of the 32 activated sites, the data gathered from these two
probes proved to be similar to the remaining 108 sites with
native iridium sites. However, to the best of our knowledge, a
detailed study on whether activated iridium oxide properties
change over time in vivo has not been performed.
Further validation of the equivalent circuit model developed
in this study will require predictions for different treatment situations followed by subsequent experiments to confirm these
predictions. One application of the model is its use in assessing
the long-term implications of rejuvenation on the microelectrode-neural tissue interface. Another application is to determine the feasibility of rejuvenation as a daily or weekly treatment for microelectrodes used for chronic neural recording.
The results of this study have direct implications for applications involving neurophysiological recording. The classic applicationexampleisintheuseofextracellularrecording forscientific
research; however, the emerging neural engineering application
of brain-machine interfaces requires a long-term neural interface
[35], [36]. Rejuvenation may be a mechanism to improve the lifetime of chronically implanted neural recording devices.
V. CONCLUSION
This study investigated the underlying mechanisms of rejuvenation through an equivalent circuit model of the neural interface. Rejuvenation involved passing a small amount of current (typically 200 nA) over 4 s with a 1.5-V voltage pulse between an iridium microelectrode site and a stainless steel reference bone screw. Our findings indicate that rejuvenation caused
a temporary enhancement to the electrode oxide conduction and
a more substantial long-term change in the resistance of the encapsulated and extracellular spaces surrounding the microelectrode. This resulted in significantly better single and multi-unit
recording from the microelectrode sites. This technique may be
a useful intervention strategy to prolong the functional lifetime
of chronically implanted microelectrode arrays.
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