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Chronic, Multi-Contact, Neural Interface for Deep Brain
Stimulation
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Satinderpall Pannu, Donald G. Rainnie, Vanessa Tolosa

Abstract— Recent clinical studies show deep brain
stimulation (DBS) as a promising therapy for the chronic
treatment of major depression. Although an increasing
number of studies have shown the clinical benefits of DBS in
patients with major depressive disorder, little is known about
the underlying mechanisms by which the treatment works. The
neural interface described here consists of two multi-contact,
polymer-based, microelectrode arrays that were specially-
designed and fabricated. The first is for stimulation of the
medial prefrontal cortex (mPFC) and the second is for
recording local field potentials (LFPs) and event related
potentials (ERPs) in the basolateral amygdala (BLA). Unlike
conventional metal wire stimulating arrays, this stimulating
array offers 144 spatial configurations, both monopolar and
bipolar. We present here preliminary results involving
stimulation of various contact points spanning the mPFC, with
simultaneous recording from multiple contacts across the
temporal lobe.

1. INTRODUCTION

Deep brain stimulation (DBS) as a therapeutic option has
been FDA-approved for the treatment of essential tremor, and
Parkinson’s disease. =~ With promising clinical trials for
diseases such as obsessive-compulsive disorder, Alzheimer’s,
dystonia, and epilepsy, the patient population treated with
DBS is expected to grow [1-3]. Major depressive disorder
has also emerged as another neuropsychiatric disorder to
benefit from DBS [4-5]. Despite the clinical successes,
however, the biological mechanisms of DBS are still
unknown. As the mechanisms are likely specific to both the
disease and the stimulation parameters/location, investigating
the mechanisms of DBS treatment for different disorders will
likely require a flexible platform with a variety of different
sensing/stimulating modalities.

Investigations into the neurobiology and brain circuitry
underlying the mechanisms of DBS treatment for depression
have been limited, partly by the neuro-technologies available.
Standard metal wire stimulating electrodes only allow a
single stimulation site per animal, with no control over
position or current spread after implantation. A commitment
to either monopolar or bipolar stimulation is made even
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earlier, as they require different electrode structures (a ground
wire wrapped around a skull screw, as opposed to a bipolar
concentric stimulating electrode).  Therefore, only one
configuration per animal is possible, and all comparisons of
different conditions must be made between animals
introducing high variability. The development of neuro-
technologies with larger numbers of electrodes, capable of a
wide range of stimulus parameters, will further contribute
towards an understanding of the mechanisms underlying
DBS and may result in more effective stimulation.

Micro-fabricated, multi-contact, polymer-based electrode
arrays are well-suited to overcome these challenges [6-10].
These arrays can be fabricated with large numbers of
variously-sized electrodes, suitable for recording or
stimulating at very specific locations in the brain. They can
be easily interfaced with commercially-available stimulating
and recording equipment. Further, a single microelectrode
array can be used with a wide variety of stimulus options,
both bipolar and monopolar.

Multiple studies have now demonstrated the effectiveness
of stimulation of subcallosal cingulate region, specifically
adjacent to the Brodmann area (BA) 25, for treatment of
depression. In the rat, the ventromedial prefrontal cortex
(vmPFC) has been suggested to be homologous to the human
BA 25, and stimulation of the vmPFC has been tested in rat
models of depression [11]. However, the rat vmPFC can be
further divided into the infralimbic and prelimbic cortex,
each of which has distinct patterns of anatomic connectivity,
including different projections to the amygdala [12]. They
also have dissociable, sometimes opposing, effects on fear
conditioning [13] and on response to the forced swim test, an
animal model of depression [14]. Independent stimulation of
these areas, while recording the electrophysiological response
from an anatomical target involved in emotion regulation and
expression, together with  simultancous  behavioral
observation provides a powerful way to further investigate
the therapeutic mechanism of DBS.

We present here results from an investigation of electrical
stimulation and electrophysiological recording in a freely
moving rat using a microfabricated polymer-based neural
interface. The neural interface is customized to stimulate
across 12 different contacts within the mPFC and
simultaneously record LFPs and single units (spikes) across
the temporal lobe. Preliminary analysis show marked
differences in response across the temporal lobe depending
on stimulation contacts and other factors, providing support
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for the benefits of a multi-contact microelectrode neural
interface.

II.DESIGN AND FABRICATION

The neural interface is specially-designed for use in rats.
It is however, scalable for use in a wide variety animals,
including humans. It consists of two separate electrode
arrays: one optimized for stimulating and the other optimized
for recording.

A. Stimulating Electrode Array Design

This first electrode array is designed for electrical
stimulation of the medial prefrontal cortex (mPFC). The two
main design considerations for this array were 1) large
electrical contacts (0.06 mm®) and 2) an implantable length of
at least 6 mm. The array has 12 stimulating electrodes, each
150 pm by 400 pm (Figure 1). The electrodes are arranged in
two rows, with a center-to-center spacing of 600 pm within
each row and a center-to-center spacing of 200 um between
rows. There are also four small electrodes at the tip of this
array, designed for future use as electrochemical sensors [6].
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Figure 1. Image of the stimulating electrode array. The twelve stimulating
electrodes are each 150 um by 400 pm. The four small electrodes at the
right of the probe are designed for future use as electrochemical sensors.

B. Recording Electrode Array Design

The second electrode array is designed for recording local
field potentials (LFPs) and event related potentials (ERPs) in
the basolateral amygdala (BLA). The primary design
considerations for this array were: 1) an implantable length of
at least 10 mm, 2) multi-shank, and 3) an extra-large
reference electrode (> 0.3 mm?). The array has 4 individual
shanks, each with 4 recording electrodes (Figure 2). The
electrodes are 50 pm in diameter with a center-to-center
spacing of 800 um. The shank width is 218 pm and the
separation between the shanks is 582 pm. The implantable
region for this device is 11 mm. There is a reference
electrode (150 um by 2000 pm) on one of shanks.

Figure 2. Images of the recording electrode arrays. The top image shows
four individual shanks. The second shank from the top has the extra-large
recording electrode. The bottom image shows an enlargement of one of the
shanks. Each shank has four electrodes, 50 pm in diameter.

C.Electrode Array Fabrication

Both the stimulating and recording arrays undergo the
same fabrication process. These are polyimide-based arrays
utilizing three layers of trace metal (gold) and a separate
electrode metal layer (iridium). A cross-section of the final

device is shown in Figure 3, the full fabrication process is
described elsewhere [7].
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Figure 3. Schematic of the final electrode array cross-section. Both the
stimulating and recording arrays utilize the same fabrication process
(although the stimulating array does not have a reference electrode).

Upon completion of the device fabrication, electrical
connectors, ground wires, and insertion stiffeners are
attached (Figure 4). Standard Omnetics connectors
(Omnetics Connector Co., Minneapolis, MN) are attached to
the polyimide electrode array. A ground wire is also attached
directly to the polyimide array. The Omnetics connector and
ground wire allow these devices to interface directly with a
wide variety of commercially-available stimulation and
recording equipment. As these polyimide arrays tend to
buckle upon insertion into neural tissue, custom-designed
insertion stiffeners were utilized [15]. The silicon insertion
stiffeners are specially-designed to mate with either the
stimulating or recording array. At one end of the insertion
stiffener there is a large tab, which allows for easy handling
without contacting the attached array. The stiffeners are
fabricated using standard silicon processing techniques. The
array and stiffener can be easily aligned to within 10 um
using a flip-chip bonder.

Figure 4. Images of electrode arrays with Omnetics connectors, ground
wires, and insertion stiffeners attached. The top device is the stimulating
electrode array and the bottom device is the recording array.

III. RESULTS

A. In Vitro Electrical Characterization

The iridium electrodes were activated using biphasic
potential pulsing in phosphate-buffered saline to form an
activated iridium-oxide film (AIROF). All electrodes were
characterized to determine the charge-storage-capacity (CSC)
and impedance. Cyclic voltammetry and electrochemical
impedance measurements were made with a Princeton
Applied Research (PAR) potentiostat using vendor-supplied
software. The average CSC for the 12 stimulating contacts is



20.17 £ 0.2 mC/cm?, with an average impedance of 1.9 + 0.1
kQ at f=1 kHz. For the 16 recording contacts, the average
impedance is 6.3 + 0.1 kQ at f=1 kHz.

B. In Vivo Neural Stimulation and Recording

An adult Harlan Sprague-Dawley rat weighing
approximately 400g was chronically implanted with both a
stimulating and a recording electrode. The stimulating
electrode was implanted in the right mPFC (AP: +2.7, ML: -
1.12, DV: -5.91, 6° lateral approach angle), with the intention
of covering the infralimbic and prelimbic portions. The four-
shank recording electrode was implanted in the ipsilateral
basolateral amygdala (AP: -3.0, ML: -3.59, DV: -9.83, 6°
medial approach angle). Craniotomies were sealed with
KwikSil (World Precision Instruments, Sarasota, FL) and
probes were fixed in position with dental acrylic and
superglue. The flexible polyimide cable was then coated in
KwikSil to help avoid kinking during final positioning and
fixation of the Omnetics connector in the acrylic headcap.

After one week of surgical recovery, acute stimulation
with simultaneous recording was performed in the awake,
freely-moving rat, typically over a period of 75-150 minutes
per day.

In contrast to commercially available stimulating
electrodes, the multi-contact electrode arrays presented here
offer 144 possible spatial configurations (12 monopolar +
12x11 bipolar pairs, including reversed polarities), allowing
within-subject comparisons. All of this flexibility, of course,
runs the risk of seriously overcomplicating the experimental
design. Thus, as an initial exploratory pilot experiment, we
chose to stimulate mostly adjacent pairs of electrodes across
the full extent of the array. We expected to find differential
responses to stimulation in the Prelimbic Cortex (PrL) and
Infralimbic Cortex (IL), which have distinct patterns of
reciprocal connectivity with different parts of the amygdala.
Figure 5 shows the event related potentials (ERPs) recorded
in the BLA in response to 2 Hz, 0.45 mA stimulation pulses
on 14 bipolar electrode configurations, in random order.
Using the color-coded topography at right, we can see that
the ERP waveforms tend to cluster by anatomical position of
the active stimulation site. Specifically, the yellow/green
range of stimulation sites is notable for its strong negative
component of the ERP around 50-80 ms, especially at the
dorsal recording contact (AD15), and the blue/black range
shows a strong positive component around 100-160 ms,
especially on the more ventral recording contact (AD16).
The red/gray range has relatively small ERPs, blending into
noise, which likely reflects that those contacts were situated
in the dorsal mPFC region Cgl, which is less intimately
interconnected with the amygdala.

The two recording contacts selected for analysis here,
because of their large ERPs with representatively distinct
patterns, are both located on a single shaft, separated by 1.6
mm. The ERPs measured across the entire 2.4 mm by 2.4
mm distribution of recording sites are noticeably different,
suggesting that they are indeed spread across various nuclei
of the amygdala and surrounding temporal cortices.
Inferences may be drawn especially from the latency at

which ERP deflections are first observed, as it has been
shown in cats that antidromic activation of BLA projections
to mPFC fire with shorter latency (8-23 ms) than
orthodromic activation of BLA neurons by projections from
mPFC (35-40 ms) [16]. Those values are similar to the two
earliest peaks in AD15 (Figure 5), albeit slightly slower
owing to the larger brains.
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Figure 5. Event Related Potentials on the stimulating electrode arrays.
LFPs recorded from two selected contacts on the amygdala array, triggered
by each mPFC stimulation artifact (at time 0), and averaged across 3
minutes of 2 Hz, 0.45 mA stimulation in 14 different bipolar configurations.
The schematic at right gives an approximate color-code for the spatial
arrangement of the stimulated pairs, wherein the arrowhead indicates the
active (-) contact, while the circle indicates the ground (+) contact.

Following that survey of mostly adjacent contact pairs, it
was noticed that one of the largest and earliest responses
came from stimulation of the most distal pair of electrodes.
Furthermore, the polarity was critical, as stimulation with
the most ventral contact as the active (-) electrode and the
most dorsal contact as the ground (+) electrode produced the
largest positive component of the ERP (black), while the
reverse polarity stimulation of the same pair had a minimal
ERP (gray), despite an equally large, mirror image
stimulation artifact. Thus, the next experiment was to keep
either the ventral active (-) contact or the dorsal ground (+)
contact constant, while varying the other in random order.
Thus, the spatial configurations of interest were narrowed
down to two, on which we explored higher frequencies of
stimulation, to gain a better understanding of the
mechanisms at play in a clinical DBS application.

Figure 6 represents a preliminary experiment in which
the frequency was increased from 2 Hz to 4, 8, and finally
20 Hz. Other experiments have since progressed all the way
to the clinically applicable 130 Hz, and reversed the
progression of frequencies back down to 2 Hz. Notice how
2 Hz stimulation initiates a damped oscillation around 5-8
Hz, which is the same range as BLA projection neuron’s
resonant frequencies. In fact, it seems that specific
recording sites across the array have distinct frequencies at
which they prefer to respond, reflected in the ERP



waveforms. Overall, there is a tendency for the ERPs to
entrain easily to stimulation at or below the resonant
frequency, but get disrupted, such that there is almost no
significant ERP, when stimulated above the recording site’s
preferred frequency. Albeit preliminary, this finding could
hint at a possible therapeutic mechanism for DBS. We and
others have demonstrated the central role of low frequency
(2-4 Hz) oscillations in fear learning and expression [17-18].
If this can be generalized to other forms of negative affect, it
seems plausible that high frequency DBS may disrupt the
limbic network’s ability to organize at such low frequencies.
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Figure 6. ERPs over time, with increasing stimulation frequency.
Stimulation artifact triggered average of a single LFP (AD15), with the
recorded voltage, now reflected by color, as a slower (experimental)
timescale is added to the Y axis. Each row reflects the ERP calculated over
a sliding window of a few minutes. The relative times of experimental
manipulations to the stimulation current and frequency can be seen at the
right.

IV. CONCLUSION

We present here the results from the initial studies using
this multi-contact, microelectrode, neural interface. The
preliminary results show that there is a marked difference in
response across the temporal lobe depending upon the
stimulation parameters, especially the spatial configuration of
electrodes and the stimulation frequency.

This current neural interface is a chronic implant, capable
of electrical stimulation and recording in a freely moving
animal for at least 7 weeks. Future versions will incorporate
targeted drug delivery and electrochemical sensing on a
single, integrated neural interface.
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