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Abstract

Implantable microfabricated microelectrode arrays represent a versatile and powerful tool to record
electrophysiological activity across multiple spatial locations in the brain. Spikes and field potentials,
however, correspond to only a fraction of the physiological information available at the neural
interface. In urethane-anesthetized rats, microfabricated microelectrode arrays were implanted
acutely for simultaneous recording of striatal local field potentials, spikes, and electrically-evoked
dopamine overflow on the same spatiotemporal scale. During these multi-modal recordings we
observed 1) that the amperometric method used to detect dopamine did not significantly influence
electrophysiological activity, 2) that electrical stimulation in the medial forebrain bundle (MFB)
region resulted in electrochemically-transduced dopamine transients in the striatum that were
spatially heterogeneous within at least 200 um, and 3) following MFB stimulation, dopamine levels
and electrophysiological activity within the striatum exhibited similar temporal profiles. These neural
probes are capable of incorporating customized microelectrode geometries and configurations, which
may be useful for examining specific spatiotemporal relationships between electrical and chemical
signaling in the brain.
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Introduction

The physiological basis for local field potentials (LFPs) is an increasingly significant question
given the involvement of LFPs in neurological disorders (Bragin et al., 2002; Hammond et al.,
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2007), the hemodynamic response of fMRI (Logothetis et al., 2001; Mukamel et al., 2005;
Niessing etal., 2005), and neural prosthetic applications (Schwartz et al., 2006). Understanding
the rhythmic generation and amplification of LFPs in the intact brain may benefit from
techniques that can simultaneously monitor neurotransmitter dynamics. An approach to
examine correlations between tonic neurotransmitter concentrations assessed through
microdialysis and local field potentials (LFPs) has been suggested previously (Darbin et al.,
2006). However, to examine high-frequency oscillations, which are often transient, sampling
neurotransmitter levels requires a faster approach such as in vivo electrochemistry (Adams,
1976; Boulton et al., 1995).

Previous reports examining both electrochemical and electrophysiological signals in the same
preparation have focused on single-unit spike activity and have employed either a ‘serial’ or a
‘parallel’ approach. The former consists of toggling between recording modalities with a single
microelectrode (Armstrong-James and Millar, 1984; Cheer et al., 2005; Crespi et al., 1995;
Ikeda et al., 1985; Stamford et al., 1993; Williams and Millar, 1990), while the latter involves
continuously detecting each modality with separate, closely-spaced microelectrodes
(Bickford-Wimer et al., 1991; Hefti and Felix, 1983; Su et al., 1990). The ‘serial’ approach
has the advantage of sampling both types of signals from the same location, but it inevitably
leads to under-sampling and can result in LFP filtering artifacts that can make concurrent
recordings of low-frequency oscillations difficult to interpret. In combination with
amperometric techniques, the “parallel’” approach resolves these issues, but can be problematic
if the microelectrodes for each recording modality are not located within the same
microenvironment. Developing a neural probe with precise and closely-spaced microelectrode
sites is a well-suited problem for microfabrication (Wise et al., 1970).

Recent advances in microfabrication processes have enabled the development of
microelectrode arrays with highly reproducible geometrical and electrical characteristics.
These devices have facilitated sampling electrical activity of the same neuron from multiple
perspectives (Blanche et al., 2005; Drake et al., 1988) as well as different neurons across
multiple microenvironments (Buzsaki, 2004; Csicsvari et al., 2003). Moreover, with certain
microelectrode materials such as platinum (van Horne et al., 1990) or carbon (Sreenivas et al.,
1996), these arrays are capable of detecting phasic changes in neurotransmitter levels in the
extracellular space through electrochemical techniques such as amperometry (Burmeister et
al., 2000).

Here, we describe an intracranial, silicon-substrate probe that facilitates concurrent recordings
of LFPs and spikes on one set of microelectrodes (Blanche et al., 2005) and detection of extra-
synaptic dopamine dynamics on an adjacent set of microelectrodes through constant potential
amperometry (Kawagoe and Wightman, 1994; Pennington et al., 2004). These multi-modal
probes were implanted in the striatum of urethane-anesthetized rats to examine 1) reciprocal
influences of amperometry on neuronal activity, and 2) spatiotemporal characteristics of
dopamine efflux and LFP/spike activity following electrical stimulation of the medial forebrain
bundle (MFB).

Materials and Methods

Microsensor Array Fabrication

Microfabrication of silicon-substrate probes involved an eight-mask process, including
selective boron diffusion in silicon to define the probe geometry; patterned deposition of thin-
film dielectrics, traces, and conductors; and subsequent probe-wafer release in
ethylenediamine-pyrocatechol (Drake et al., 1988). The devices developed for this study
consisted of a single 7-mm long shank with a linear array of microelectrode sites (Fig. 1). Along
the shank, the majority of sites alternated between iridium (177 pm?) and platinum (450
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um?) for transduction of electrophysiological and amperometric signals, respectively. Center
to center site separation was 200 um, which facilitated multi-modal recordings while limiting
putative amperometric cross-talk between channels (Yu and Wilson, 2000). Arrays were
attached to a 16-channel printed circuit board (PCB) with hot wax. Array bond pads were then
wire-bonded with gold wire to the PCB and insulated with a silicone elastomer (MED-4211;
Nusil Technology, Carpenteria, CA).

Surgical Procedures

Ten male Sprague-Dawley rats (250-350 g) were anesthetized with an intraperitoneal injection
of urethane (1500 mg/kg), placed in a stereotaxic frame with a base heating pad
(myneurolab.com, St. Louis, MO), and supplied with a steady flow of oxygen. Heart rate and
blood-oxygen levels were monitored with a pulse oximeter. The surgical procedure involved
opening three craniotomies including two on the right hemisphere over coordinates for the
striatum (AP: 0-2 mm, ML: 1-3 mm) and the medial forebrain bundle (AP: —4.6 mm, ML: 1.4
mm) and one on the left hemisphere (AP: 1-3 mm, ML: 3-4 mm) for placement of an Ag/AgClI
wire reference electrode (Paxinos and Watson, 2005). To facilitate probe implantation, dura
mater was resected over both right hemisphere craniotomies. A bipolar stimulating electrode
(MS308, Plastics One, Roanoke, VA) was then lowered to the MFB target (DV: 7.8-8.1 mm).
Reference electrodes were positioned between the dura mater and a piece of saline-soaked
gelfoam (Pfizer, New York, NY). Four auxiliary 316SS bone screws were also secured on the
contralateral hemisphere with another bone screw placed 1 mm posterior to lambda for an
electrophysiological recording ground. The array was then inserted quickly (0.5 - 1.5 mm/s)
into the striatum through a micromanipulator to reduce acute tissue damage (Bjornsson et al.,
2006; Johnson et al., 2007). Recordings were made at least 30 minutes after device insertion
to allow for tonic dopamine levels to equilibrate. Each rat was maintained in the stereotaxic
frame placed inside a Faraday cage. All procedures complied with the NIH guidelines for the
care and use of laboratory animals and were approved by the University of Michigan
Committee on Use and Care of Animals.

Electrochemical Recordings

Probes were dipped three times in the perfluorinated ion-exchange resin Nafion (Sigma-
Aldrich; St. Louis, MO) and dried at 200°C for five minutes to improve selectivity of platinum
sites for dopamine (Gerhardt and Hoffman, 2001). Site impedances at 1 kHz after Nafion
deposition were 1.611 + 0.094 MQ at iridium sites and 0.579 + 0.022 MQ at platinum sites.
Prior to and after the surgical procedures, each Nafion-coated platinum microelectrode was
characterized for its sensitivity to dopamine (Fig. 2A) and selectivity over confounding
analytes. In separate solutions of 0.1 M phosphate buffered saline (pH 7.4, warmed to 37°C),
the microelectrode arrays were challenged with infusions of dopamine (DA — 20 nM to 50
M), ascorbic acid (AA — 1 to 200 uM), dihydroxyphenylacetic acid (DOPAC — 1 to 200 uM),
and homovanillic acid (HVA — 1 to 200 uM). These analytes were detected through constant
potential amperometry at +500 mV in reference to an Ag/AgCl glass body electrode (Kawagoe
and Wightman, 1994; Pennington et al., 2004). Devices typically achieved selectivity ratios
greater than 100:1 for AA, DOPAC, and HVA and DA detection limits of 200 nM post-
implantation, which were defined as current steps with a signal-to-noise ratio greater than three.

In vivo amperometry consisted of applying the same anodic potential versus an AgCl reference
electrode and sampling the resulting current at 60 Hz through either a 4-channel potentiostat
(Biostat System, ESA, Chelmsford, MA) or a single-channel potentiostat (PGSTAT12

Autolab, Eco Chemie, Utrecht, Netherlands). Experimental stimulation of the MFB began once
the non-faradaic charging current at each platinum site had reached approximately 1-5 pA (or
~30-60 minutes post-implantation). Electrochemical measurements were digitized and stored
for offline analysis in MATLAB (Mathworks, Natick, MA). Analysis of the arrays’ sensitivity
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prior to implant and after explant showed a significant decrease in sensitivity from 10.04 +
0.08 pA/uM to 1.72 £ 02 pA/uM (Fig. 2A-C). Consistent with previous studies, we used the
post-implant calibrations for assessing in vivo dopamine concentrations (Phillips and
Wightman, 2003).

While confirmation that the amperometric currents corresponded exclusively to dopamine was
unattainable (Phillips and Wightman, 2003), we did employ metrics to increase our confidence
in the detected waveforms including verifying that the sensor selectivity ratios were greater
than 100:1 for other oxidizable analytes. In vivo experiments comprised of electrically
stimulating a fiber bundle containing dopaminergic neurons and subsequent recording in distal
regions innervated by those fibers. In addition, we observed increased amplitude and duration
in the electrically-evoked signals following intraperitoneal injection of the dopamine uptake
inhibitor nomifensine (7-12 mg/kg) (Fig. 2D) (Wightman and Zimmerman, 1990). For striatal
implants in which the distal recording site resided in or near the corpus callosum, little to no
dopamine signal was detected after MFB stimulation (Fig. 2E). Hence, subtraction of the
residual background signal on this site from more distal amperometric signals in striatum
removed ‘noise’ common to both microelectrodes, which is an approach similar to the self-
referencing technique proposed by (Burmeister and Gerhardt, 2001).

Electrophysiological Recordings and Stimulation

Local field potential and spike recordings were made continuously across seven 177 pm?
iridium sites, which were referenced to a bone screw positioned posterior to the cranial lambda
mark. The location of this reference was chosen because of its distance from brain regions of
high amplitude field potentials that might bias field potential measurements (Berke et al.,
2004). For each recording session, Medusa or Pentusa amplifiers sampled voltage-time series
data sets at 25 kHz with 16-bit resolution and band-pass filtering from 0.1 to 100 Hz for LFPs
and 500 to 5000 Hz for spikes (Tucker-Davis Technologies, Alachua, Florida).

The medial forebrain bundle was stimulated through a bipolar electrode with a biphasic pulse
train (10-100 pulses, 10-100 Hz, 2 ms pulse duration, 30-300 pA, (Wightman and
Zimmerman, 1990)) triggered by an RV8 base station (Tucker-Davis Technologies, Alachua,
Florida) and delivered through a stimulus isolator (A-M Systems Model 2200, Sequim, WA).
Since the duration of stimulation was fixed (1 s), the number of pulses within the stimulation
train scaled with the frequency of the stimulation. Identical trials with inter-trial periods of at
least 100 s were repeated 5 to 10 times for each location sampled within the striatum (Michael
et al., 1987), after which a different set of stimulation parameters were repeated such that the
parameter sweep varied randomly among implant depths and animals. Time stamps of
stimulation onset were recorded and used to examine peri-event activity.

Statistical Analysis

Current measured at each recording site was converted into dopamine concentration with each
site’s post-implant sensitivity to dopamine as shown in Fig. 2. Recordings were analyzed for
the maximum stimulation-evoked dopamine concentration across multiple trials. Peak
amplitudes were first normalized by subtracting the current 100 ms prior to stimulation onset
and then assessing significant differences between trials (ANOVA with subsequent post-hoc
Tukey tests, p<0.05).

Power spectral densities of recorded LFPs were calculated to investigate changes in oscillatory
activity concurrent with electrically-evoked dopamine overflow. Event-averaged spectrograms
of the LFP data were generated in MATLAB utilizing a segmented multi-tapered Fourier
transform function (1 s window, 0.5 s steps, NW=3, K=5) with results averaged across trials
(www.chronux.com). Each frequency band of a given spectrogram was baseline-subtracted
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with the average spectral response 5-10 s prior to stimulation. Typical response windows were
20 to 50 s in duration.

Unit-spike activity before and after electrical stimulation was sorted in Offline Sorter (Plexon,
Dallas, TX) using a combination of automated t-distribution expectation maximization and
manual clustering. Inter-spike interval histograms (ISIs) and cross-correlograms were
examined for each sorted waveform to verify that sorting did not inadvertently group or divide
neurons between sorting clusters. Peri-stimulus time histograms (PSTHs) and raster plots for
each sorted waveform were generated in NeuroExplorer (Nex Technologies, Littleton, MA).
To examine possible changes in firing rates during constant potential amperometry, PSTHs
with 100 ms bins were compared 20 s prior to and 20 s during the applied bias potential for
each neuron. Wilcoxon rank-sum tests were then used to assess significant changes in the
average firing rates (p<0.05).

Following each experiment, rats were perfused with 100 mL of 0.1 M PBS followed by 300
mL of a 5% paraformaldehyde solution. Explanted brains were blocked around the striatum
and the medial forebrain bundle implants. Striatal blocks were sliced in 10 um coronal sections
with a cryostat, stained for cell nuclei (Hoescht 33342, Invitrogen, Carlsbad, CA) and in some
cases also tyrosine hydroxylase (32-2100, Invitrogen) and p-opioid receptors (ab10275,
Abcam, Cambridge, MA), and imaged to locate the probe tracts. MFB blocks were sliced in
50-100 um sections with a vibratome, stained with cresyl violet, and imaged to determine the
final placement of the MFB bipolar electrode.

Effects of constant potential amperometry on spike and local field potential activity

A previous study found that chronoamperometric pulses with amplitudes less than +0.55 V did
not influence unit-spike activity (Hefti and Felix, 1983); however, the effects of constant
potential amperometry on neuronal activity in vivo remain unclear. In our study,
microelectrodes sites spaced 200 um to 2.4 mm from a voltage-biased platinum site were used
to record spike and LFP activity during constant potential amperometry. When the
electrochemical bias potential was first applied, the adjacent recordings often exhibited a
transient electrical artifact lasting 3 to 5 ms. Unlike other amperometric and voltammetric
waveforms, however, constant potential amperometry produced no residual artifacts on
adjacent or distal microelectrode sites.

Single and multi-unit spike recordings were analyzed for reciprocal effects during constant
potential amperometry at +250 mV (n=32), +500 mV (n=25), and +750 mV (n=24). The mean
firing rates across at least five trials for each cell were calculated for 20 s prior to and 20s during
the electrochemical recordings. Only microelectrodes spaced 200, 600, and 1000 pum from a
voltage-biased platinum microelectrode were used in the analysis. For the large majority of
recordings, neuronal activity during amperometry showed no change in average firing rate. At
the 250 mV potential, 2/32 neurons had a slight but significant inhibition during amperometry
(0.72 Hz t0 0.40 Hz, p=0.032, and 1.28 Hz t0 0.92 Hz, p=0.024, Wilcoxon rank-sum test). Only
1/25 cells exhibited a significant change in firing rate during the +500 mV trials (0.25 to 0.58
Hz, p=0.040). At +750 mV, 3/24 neurons showed a decrease in firing rate (0.28 to 0.00 Hz,
p=0.008; 3.38 to 0.78 Hz, p=0.016; and 3.67 to 2.07 Hz, p=0.016). However, potentials up to
+750 mV at individual 450 um? platinum sites did not generally affect neuronal firing rates
(p>0.05, two-way ANOVA). In terms of concurrently recorded LFPs, no significant changes
in the LFP power spectra were apparent during constant potential amperometry (p>0.05).
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Spatiotemporal heterogeneity of electrically-evoked striatal dopamine dynamics

Following repeated MFB stimulation trials, we observed peak striatal dopamine overflow
signals with nearly identical responses (Fig. 3). These responses were examined across a range
of stimulation intensities and frequencies. Higher stimulation amplitudes evoked progressively
larger dopamine overflow with peaks 95% larger at 150-175 pAthan at 100-125 pA (ANOVA,
p=0.004, n=28 for seven different implants). Increasing stimulation frequency also resulted in
detection of greater response magnitudes with the highest magnitudes generated with pulse
trains at or above 100 Hz.

The multi-channel potentiostat used in these experiments permitted sampling from only four
microelectrodes at any one time, but the probes themselves provided up to eight distinct
locations for detecting dopamine dynamics. Multiple 4-channel recording configurations were
examined in which spacing between platinum recording sites ranged between 200 um to more
than 1 mm along the dorsal-ventral axis of striatum. A representative example of these
recordings is shown in Fig. 3, in which spatially-heterogeneous dopamine overflow across
multiple regions of striatum was observed following electrical stimulation of the MFB. These
differences were repeatable for multiple stimulation trials at the same striatal implant depth
(n=5 per location). Post-implant calibration of the platinum sites showed slight variation in
sensitivity between sites; however, both raw amperometric measurements and calibration-
converted waveforms demonstrated similar spatial response heterogeneity.

Concurrent recordings of dopamine overflow and striatal LFPs

Since platinum sites were held at a fixed potential, adjacent iridium microelectrodes could
readily record local field potentials with no apparent cross-talk between conducting traces. Fig.
4 shows an example of these recordings during MFB stimulation, which induced transient and
robust modulation of striatal LFPs. Prior to stimulation onset, striatal LFPs exhibited slow-
wave activity (0.1-4 Hz), which was characteristic of urethane anesthesia (Magill et al.,
2006) (Fig. 4A). After MFB stimulation, however, activity in this band was suppressed for
more than 20 s. These responses were repeatable for consecutive stimulation trials provided
that the trials were not performed more than once per minute (Michael et al., 1987). In general,
stimulation at 10 Hz (10 pulses) depressed slow-wave activity for only 5 to 10 s, whereas
stimulation at 100 Hz (100 pulses) reduced slow-wave activity for 30 to 60 s. In conjunction
with these dynamics, the arrays often detected spatially heterogeneous gamma-band activity
(40-90 Hz) and as shown in Fig. 4B,C the baseline-subtracted spectrograms, regions with
larger amounts of detected dopamine paralleled greater modulation of LFP activity.

Concurrent recordings of dopamine overflow and striatal spike activity

The majority of neurons in the striatum have been described as medium spiny projection cells
(90-95%) with spike activity characterized by long-duration action potentials, firing rates less
than 5 Hz, and non-bursting activity in the anesthetized state (Gerfen and Wilson 1996).
Neuronal activity with these characteristics was readily apparent during recordings with the
multi-modal arrays, though the observed proportion of cells of this type was slightly lower
(81%, 55 of 68 cells). On occasion, the arrays also recorded other neurons with faster firing
rates and bursting activity (19%, 13 of 68 cells).

When firing activity was modulated following MFB stimulation, most responses were
excitatory. While the initial increase in firing rate may have resulted from antidromic
stimulation (Nieuwenhuys et al. 1982), the prolonged responses were likely due to a different
mechanism. Fig. 5A shows an example of two different types of responses recorded
simultaneously on the same microelectrode array. The unit in the top row exhibited baseline
firing characteristics of a medium spiny cell and an increase in firing rate (0.2 to 4 Hz for
approximately 6 s) following MFB stimulation. In this case, an adjacent microelectrode site
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recorded an electrochemical dopamine transient with an average peak response of 700 nM with
elevated levels lasting for 8.8 s. Other cells exhibited prolonged inhibitory responses following
MFB stimulation (Fig 5A, bottom row). For this cell, the decreased firing rate also paralleled
an increase in dopamine overflow that was significantly above baseline for 9.6 s.

The same neurons that were modulated at high intensity MFB stimulation also exhibited a
dose-dependent relationship to electrical stimulation frequency (Fig. 5B,C). For an example
cell with an excitatory response to MFB stimulation, 10 Hz pulse trains did not substantially
modulate its firing rate above a 95% confidence interval (dashed line), but 100 Hz stimulation
did lead to significant excitation lasting for ~12 seconds. In parallel with these recordings, a
negligible electrochemical dopamine signal was detected at 10 Hz stimulation, whereas
significantly elevated dopamine levels were apparent following 100 Hz stimulation with
durations similar to those observed in the firing rate analysis.

Discussion

We developed a microfabricated microelectrode array for simultaneous recording of
electrophysiological and endogenous extra-synaptic dopamine signals. Recordings from these
arrays in the striatum of urethane-anesthetized rats revealed spatial heterogeneity of
electrically-evoked dopamine and spatiotemporal parallels between recording modalities.
While there are reports describing microdialysis measurements with LFP recordings made from
electrodes implanted outside (Fried et al., 1999; Ludvig et al., 1992) or inside the microdialysis
tubing (Darbin et al., 2006; Obrenovitch et al., 1993), to our knowledge measuring
neurotransmitter levels and LFPs at the same spatiotemporal scale through microfabricated
arrays is a novel approach. In this parallel scheme, a constant bias potential sufficient to oxidize
dopamine was applied independently at multiple platinum sites across the array with currents
sampled every 16 ms. This fixed potential permitted the recording of wide-band
electrophysiological activity simultaneously on adjacent iridium sites with no residual
electrical artifact. The multi-modal concept was integrated into an array of microelectrodes
fabricated on a thin silicon-substrate probe (~15 x 80 pum cross-section) (Drake et al., 1988).

A critical, and often overlooked, consideration with in vivo electrochemical techniques is the
possibility that the applied potentials may influence neuronal activity (Stamford, 1986). Given
the experimental challenges of concurrently recording both signal modalities, only a few
studies have examined such effects and only in terms of modulations of spike rates (Armstrong-
James and Millar, 1984; Crespi et al., 1995; Hefti and Felix, 1983). For example, the studies
examining concurrent differential pulse or cyclic voltammetry have suggested that no
concomitant changes in firing activity occur (Crespi etal., 1995; Stamford et al., 1993). Another
study observed neuronal inhibition (50% of the cells) for chronoamperometric pulses (1 s
duration) at potentials between +0.6 and +1.0 V (Hefti and Felix, 1983). Since modulation was
not evident at lower voltages in the Hefti and Felix study, the initially high non-faradaic currents
(0.5 to 2 pA) at the larger applied potentials may have been responsible for the effects. We
show in this study that applying constant potential amperometry to several 450 pm?
microelectrode in the striatum, which resulted in picoampere baseline currents, did not
significantly modulate striatal activity within 200 pm of the sensors. Whether these findings
are consistent in awake-behavioral states or in other brain regions requires further examination.
However, we believe the microfabricated arrays presented in this study offer a robust approach
for further examination of the spatial distribution of influence, if any, that electrochemical
waveforms may have on neuronal activity (Johnson et al., 2005).

The multi-channel recordings showed significant spatial distribution of electrochemical
dopamine transients following MFB stimulation with differences evident for microelectrode
sites spaced as close as 200 um apart. This is in agreement with previous studies examining
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dopaminergic stores ex vivo (Fallon and Moore, 1978; Glowinski and Iversen, 1966) and
overflow dynamics in vivo with a single carbon fiber along consecutive insertion depths
(Bergstrom and Garris, 1999; Garris et al., 1994; May and Wightman, 1989) or at a single
implant depth with a cluster of four carbon fibers (Dressman et al., 2002). These reports
suggested that electrically-evoked dopamine concentrations could vary over distances less than
100 um within the striatum given the constraints imposed by diffusion, metabolism, and
dopamine transporters (Cragg and Rice, 2004; Peters and Michael, 2000). The increase and
decrease of the dopamine signal recorded through the platinum microelectrode sites was of a
longer duration than those reported in a previous study using a thin cylindrical carbon fiber
microelectrode (Venton et al., 2003), which suggests that a diffusion distance may have been
present between the platinum microelectrode surface and release terminals. Narrowing the
substrate width or placing the microelectrode sites on the lateral edges of the probe may
facilitate closer proximity of the sensors to distal release sites.

The multi-channel measurements also provided evidence that the previously observed
dopamine overflow heterogeneity was not simply a manifestation of tissue trauma induced
during incremental insertions of a single microsensor (Westerink and De Vries, 1988). It should
be emphasized that comparing dopamine responses with multiple microelectrodes requires
detailed calibration in terms of sensitivity, response time, and selectivity. Though these metrics
will inevitably vary slightly for any microelectrode (Kawagoe et al., 1993), microfabrication
processes are designed to limit this variance with reproducible microelectrode geometries and
configurations with sub-micron precision (Burmeister and Gerhardt, 2001; Drake et al.,
1988; Najafi et al., 1990).

While there is no one technique to identify an in vivo amperometric current as deriving
exclusively from dopamine, there are ways to increase the confidence in the measurements
(Phillips and Wightman, 2003). Selectivity considerations are particularly important since
electroactive metabolites are often present in higher extracellular concentrations than their
neurotransmitter predecessors (Marsden, 1984). Arrays can include a number of components
to improve selectivity. For example, layering of selective diffusion barriers, such as Nafion,
over a microelectrode site can limit confounding analyte adsorption or shift its oxidation
potential (Gerhardt et al., 1984). Patterns of identical microelectrode geometries on the same
neural probe also provide an opportunity for differential recording methods in which a
‘reference’ site is pre-located in a region devoid of dopaminergic innervation such as in the
corpus callosum. An analogous self-referencing approach had been proposed previously to
increase signal-to-noise ratios for biosensor recordings (Burmeister and Gerhardt, 2001).

Identification of dopamine overflow can also benefit from certain experimental procedures,
including stimulation of dopaminergic projection neurons (somatic or axonal) that directly
innervate the targeted recording region (Garrisetal., 1997; Yeomans et al., 1988). Additionally,
dopamine uptake inhibitors such as nomifensine can be used as selectivity indicators such that
the electrically-evoked responses after injection show larger peak amplitudes with extended
durations (Wightman et al., 1988). Delivery of such pharmacological agents would benefit
from the integration of microfluidic channels within the microfabricated array (Johnson et al.,
2003; Rathnasingham et al., 2004). Finally, performing a more selective electrochemical
approach such as differential pulse or fast-scan cyclic voltammetry with lower capacitance
microelectrode materials, such as glassy carbon or diamond, prior to the multi-modal
recordings would provide additional validation of the measurements (Kawagoe and Wightman,
1994).

The parallel recording approach facilitated simultaneous acquisition of electrophysiological

signals with no residual electrical artifact. Striatal oscillations are typically smaller than those
observed in more laminate brain regions including cortex (Buzsaki and Draguhn, 2004;
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Mitzdorf, 1985) and hippocampus (Buzsaki, 2002; Buzsaki et al., 1992). Nevertheless, studies
have shown substantial modulation of striatal local field potentials during the sleep-wake
transition (Gervasoni et al., 2004), through behavioral tasks (Berke et al., 2004), and in
abnormal conditions (Boraud et al., 2005; Costa et al., 2006). We observed modulation of
oscillation frequencies following MFB stimulation, particularly in the low (<20 Hz) and
occasionally in the gamma (40-90 Hz) bands. These modulations often paralleled the temporal
response of dopamine overflow, which may reflect the emergence of synchronized activity
within local striatal populations. Indeed, dopamine is thought to have a significant modulatory
effect on corticostriatal processing at multiple spatiotemporal scales (Schultz, 2007), which in
the depleted state can lead to significant impairment of sensorimotor and motivational circuits
as in evident in Parkinson’s disease and dopa-responsive forms of dystonia. The multi-modal
recording approach demonstrated in this study may thus be useful for investigating the role of
neurotransmitters on abnormal oscillation dynamics in neurological disorders (Brown, 2003;
Lee et al., 2003; McNamara, 1994).

Future designs incorporating stereotrode and tetrode configurations on the silicon probe should
help improve unit isolation, which is important for recording cells with low firing rates or from
regions of high neuronal density (Blanche et al. 2005). Moreover, clusters of closely-spaced
microelectrodes will be important for studies that seek to robustly correlate spike activity with
neurochemical dynamics. Lithographic processes facilitate designing implantable
microelectrode arrays with customized recording site placement and substrate shape, high
reproducibility of geometrical and electrical characteristics, and smaller cross-section profiles
limiting the extent of gross tissue damage that insertion of multiple microwires may cause
(Burmeister et al., 2000; Hetke and Anderson, 2002; Wise et al., 2004).
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Fig. 1.

Linear microelectrode arrays implanted in rat dorsal striatum recorded unit-spike and local
field potential activity on iridium sites (177 pm?2) with adjacent platinum sites (450 pm?) used
for measuring electrochemical dopamine overflow signals through constant potential
amperometry. Arrays were fabricated from a boron-doped, silicon substrate with metal contacts
and phosphorus-doped polysilicon traces insulated with a multi-layer stack of silicon dioxide
and silicon nitride.
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Fig. 2.

Interfacial dopamine concentration was transduced at a platinum microelectrode with the
constant potential amperometry technique, which involved applying a +500 mV potential with
respect to an AgCl electrode. Simultaneous calibration across four channels of the array was
performed (A) prior to and (B) after implantation with dopamine solution concentrations
ranging from 100 nM to 20 uM. (C) In vivo amperometric recordings were transformed into a
dopamine concentration with the post-implant calibration fits. Although sites were sensitive
to dopamine after probe explantation, the sensitivity was decreased (paired t-test, p=0.013,
n=4). (D) To verify that the electrically-evoked in vivo electrochemical signals corresponded
to changes in extra-synaptic dopamine concentrations, rats were injected i.p. with a dopamine
uptake inhibitor (nomifensine, 12 mg/kg). Response curves represent an average of five trials
with standard errors indicated by the gray fills. (E) MFB stimulation did not elicit detectable
dopamine transients when a microelectrode site was positioned in the corpus callosum (CC),
which contrasted with the large peaks observed simultaneously in the striatum (Str). Shown
are three stimulation trials for 1-s long consecutive pulse trains using frequencies of 10, 50,
and 100 Hz (150 pA, 2 ms duration biphasic waveforms). Subtraction of the two recordings
decreased common noise between the two platinum microelectrodes.
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100 Hz biphasic MFB stimulation
(100 pulses, 2 ms period, 150 pA)
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Concurrent electrochemical recordings across microelectrode sites within the striatum were

characterized by spatially heterogeneous responses following MFB stimulation. Response
curves exhibited different peak dopamine levels on sites as close as 200 pum and their

magnitudes depended on stimulation frequency. Each trace corresponds to an average of five

Recordings reflect the presence of nomifensine (10 mg/kg).
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MFB stimulation elicited local field potential modulation in striatum. (A) The figure shows an
example recording session sampled continuously during electrochemical recordings for
dopamine on adjacent sites (indicated by numbers 1-4 next to the probe). Following MFB
stimulation (indicated by the gray rectangle), slow-wave activity was suppressed considerably
and coincided with the emergence of higher frequency activity. (B,C) Event-averaged
spectrograms showed significant modulation in the 0-20 Hz and 40-90 Hz bands following
stimulation (n=5 trials). Above each plot is the event-averaged dopamine response recorded
on an adjacent site. Recordings reflect the presence of nomifensine (10 mg/kg).
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Responses to MFB stimulation evoked distinct changes in striatal spike activity as shown in
representative examples of neurons recorded simultaneously along an implanted array. (A)
This neuron responded with an excitatory response (top row) that paralleled the duration of
elevated dopamine overflow. Other neurons (bottom row) exhibited an inhibitory response,
which also paralleled dopamine overflow. This particular neuron exhibited a higher incidence
of bursting than the neuron shown in the top row as indicated by the autocorrelograms.
Recording modalities were separated by 200 um. MFB stimulation consisted of a 100 pulse,
100 Hz train of 2 ms duration biphasic waveforms at 150 pA amplitude. (B, C) An example
of neuronal firing rates and dopamine overflow depending on stimulation frequency for a
striatal neuron excited during MFB stimulation. Both dopamine overflow and neuronal firing
rates were smaller in magnitude and shorter in duration during randomized trials at (B) 10 Hz
than at (C) 100 Hz. Recordings reflect the presence of nomifensine (10 mg/kg). Dashed lines
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represent 95% confidence intervals. Stimulation artifacts prevented including spikes during
the 100 Hz stimulation train in the analysis.
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