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A fully-implantable rodent neural stimulator
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The ability to electrically stimulate neural and other excitable tissues in behaving
experimental animals is invaluable for both the development of neural prostheses and basic
neurological research. We developed a fully-implantable neural stimulator that is able to
deliver two channels of intra-cochlear electrical stimulation in the rat. It is powered via a
novel omnidirectional inductive link and includes an on-board microcontroller with
integrated radio link, programmable current sources, and switching circuitry to generate
charge-balanced biphasic stimulation. We tested the implant in vivo and were able to elicit
both neural and behavioral responses. The implants continued to function for up to five
months in vivo. While targeted to cochlear stimulation, with appropriate electrode arrays the
stimulator is well suited to stimulating other neurons within the peripheral or central nervous
systems. Moreover, it includes significant on-board data acquisition and processing
capabilities, which could potentially make it a useful platform for telemetry applications,
where there is a need to chronically monitor physiological variables in unrestrained animals.

1. Introduction

Electrical stimulation of excitable tissue in animal models has numerous applications in
basic research, and for studying the safety and efficacy of neural prostheses. Most
commonly, electrical stimulation is delivered via a percutaneous connection (e.g. [8]).
Whilst this is a simple approach, it is time consuming to maintain the percutaneous wound
and there is continual risk of infection migrating along the leadwire. Percutaneous
connections are subject to considerable wear (e.g. due to animal grooming) and the external
leadwire may impede normal animal behavior. Battery-powered implanted stimulators
resolve these issues; however, their lifespan is limited. We developed a stimulator that is
fully-implantable, and powered via an omnidirectional inductive link. It is designed to
deliver two channels of intra-cochlear electrical stimulation in the rat. The implant builds
upon an earlier design developed within our lab [17], addressing several design limitations
associated with that device. These include (a) the inability to adjust current level post-
implantation (stimulus intensity can only be adjusted by varying pulse width), (b) variable
rate of stimulation according to animal orientation, and (c) only single channel stimulation.
The improved design addresses all of these issues at the expense of increased complexity
and size.

Our design criteria called for the implant to be fully implantable, and have a lifespan of up
to six months /n vivo. The stimulation must be charge-balanced to prevent the non-
reversible production of electrochemical byproducts or the delivery of direct current, both of
which can lead to tissue damage [20]. The stimulation waveform had to be completely
customisable, including pulse width, current and rate, as well as providing the ability to
stimulate using complex envelopes, such as amplitude modulation. We required the voltage
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compliance to be 5V or more to ensure adequate current could be delivered to the target
neural tissue, given a typical electrode impedance of several thousand Ohms. The stimulator
had to be compatible with the recording of electrically-evoked potentials to verify neural
activation. The implant had a target size of less than 3 cm?, although larger implants can be
tolerated in rats [18]. The stimulator had to be low maintenance and avoid impeding animal
behaviour, which is not always the case for skull mounted connectors (e.g. [27]) or
stimulator hardware mounted in a backpack (e.g. [8]). Finally, the implant had to be
inexpensive, have minimal requirements for specialized equipment, and be constructed
using off-the-shelf components rather than custom silicon. All of these design requirements
are met by the implant design described. We now describe the design of the implant, and its
performance /n vivo.

The implant system (summarized in Figure 1) consists of a plastic animal enclosure, which
is wound with three orthogonal coils. Each of these coils is energized in turn, creating a
rotating magnetic field. This is inductively coupled to a smaller tuned coil within the
implant. This arrangement ensures that power is delivered irrespective of animal orientation.
Earlier studies have achieved a similar omnidirectional link by powering each orthogonal
coil with a 120° offset between phases [5, 25]. Energy is stored using a small capacitor and
regulated to power the microcontroller, radio, and stimulation circuitry. A PC-based
controller sends stimulation commands to the implant via a 2.4GHz radio link.

1.1.1. Implantable Stimulator—The implant (Figure 1B) consists of a circular four layer
circuit board, 17mm in diameter, with a small rectangular stub to which the 2.4GHz antenna
was mounted. A coil consisting of 25 turns of enameled copper wire (34G) wound on a
ferrite core (3mm diameter, 15mm length, 78 material, Fair-Rite Products Corp.) was
coupled with a parallel 122nF capacitor, forming the resonant inductive power receiver. The
AC output was rectified by a Schottky diode and limited to 5.6V by a Zener diode. The
output was smoothed by a 22uF capacitor and fed into two buck-boost DC-DC power
regulators (REG710, Texas Instruments Corp.), outputting 2.7V and 5V, for the control and
stimulation circuitry, respectively. A combined microcontroller and 2.4GHz radio
transceiver IC (CC2510, Texas Instruments Corp.) was used to communicate with an
external PC-based controller, and to control the stimulation circuitry. The stimulation
circuitry consisted of three digital SPDT switches (MAX4693, Maxim Corp), which were
used to connect the electrodes to the 5V rail or to ground. Two of these outputs were in
series with bidirectional current regulators, with the current level set by a digital
potentiometer (MAX5493, Maxim Corp). These outputs were capacitively coupled. Unlike a
clinical implant, the electrodes were shorted during the inter-phase gap, as the common
switch terminal cannot be left floating. This is generally undesirable as it does not serve to
reduce current requirements as does a floating inter-phase gap [4, 19]. However, this gap can
be skipped or set to a short duration if need be. The combination of capacitive coupling and
electrode shorting between stimuli ensures charge balancing [13]. The implant is able to
deliver up to 2mA of current at a stimulation rate of up to 600pps. In the current firmware,
pulse widths and gaps of up to 255us can be accommodated. Schematics are shown in the
Supplementary Data.

The electrode array used in this study was based on earlier designs used within our lab,
constructed using injection molding techniques [21, 26]. It consisted of a platinum banded
electrode array within a silastic carrier, 0.31mm in diameter at the tip with 0.45mm between
bands . It was connected to the implant using a platinum wire helix within the bulla,
followed by a stainless steel helical leadwire. Stimulation was delivered in a bipolar
configuration.

J Neural Eng. Author manuscript; available in PMC 2013 February 01.
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1.1.2. Encapsulation—Seven implants were constructed and tested in vivo. The first two
implants were encapsulated as per [17], using a combination of spray-on silicone conformal
coating (DCA SCC3, Electrolube) and silastic (65AR, Permatex). The remaining five
implants were protected using a combination of parylene conformal coating and silastic.
Parylene is a biocompatible vapour-deposited polymer that provides excellent moisture
protection. It is deposited at room temperature. The PCB assemblies were cleaned using a
proprietary cleaning solvent (Ultrasolve, Electrolube) in an ultrasonic cleaner until no traces
of flux or other contaminants remained when viewed under a microscope. A ball grid array
component on the PCB was underfilled with epoxy (U300, Epotek) to prevent any voids in
parylene coating. The implants were plasma cleaned for 5 minutes (PlasmaTech, BT1, O,
plasma, 450W) to remove any remaining contaminants and to improve parylene adhesion.
The electrode array was masked off and the assembly coated in Parylene-C (EURO 494,
Paratronics Inc.). The stimulator was coated in flowable silastic, with several pieces of
silicone sheet (0.127mm, Bioplexus) used as intermediary layers to ensure a minimum
coating thickness. The complete implant is shown in Figure 1B.

Polyester mesh (Boston Scientific) was attached to the implant and electrode leadwire to
provide a substrate for tissue growth, which aided in securing the implant. During surgery,
the polyester mesh was also used to safely grasp the implant and to attach sutures. The
implant was kept in saline for at least two weeks for testing, before being rinsed in alcohol
and then distilled water, and sterilised using hydrogen peroxide gas plasma (Sterrad, Ethicon
Inc).

1.1.3. Stimulation Enclosure—The stimulation enclosure (Figure 1C) consisted of a
plastic frame, approximately 25x25x25cm in size, as per the design described by [17]. Each
of the three orthogonal axes was wound with ten turns of Litz wire (#175/46). The small
number of turns allowed animal behaviour to be easily monitored through the walls of the
enclosure. Each coil was driven at 500kHz for 1 ms at a time by a Class E amplifier,
regulated by a closed loop controller [24]. The RMS current level was set to between 2.7A
and 4.2A, depending upon the particular geometry of the coil (i.e. the inner coil required less
current than the larger outer coil to produce a similar magnetic flux). Schematics are shown
in the Supplementary Data. Because the stimulation waveform is not directly coupled to this
omni-directional RF power system, the quality of stimulation does not vary with animal
position. Rather, if there is insufficient magnetic flux, the implant stops stimulating
altogether. We have provisioned sufficient external coil current to ensure the implant
functions reliably during chronic stimulation.

The implant was controlled by a CC2510 development kit (Texas Instruments Corp.)
connected to a PC via the serial port. When the implant is powered, it polls the controller at
200ms intervals to check for a new stimulation command. If a new command is available, it
is carried out and a verification response is sent to the controller. Radio packets may be lost
both to and from the implant, but this arrangement guarantees that the stimulation command
is carried out. Occasionally, the verification response from the implant is lost and so
stimulation is repeated. A fan was mounted above the enclosure to ensure adequate
ventilation. A photo of the stimulation enclosure, coil driver and controller are shown in the
Supplementary Data. The strength of the magnetic field was measured (MC162; Magnetic
Sciences) at 500kHz, and was found to meet occupational and public exposure guidelines,
provided a 1m clearance was maintained while the coils were energized [14].

1.1.4. Surgery—Animal trials were approved by the St. Vincent's Hospital Animal
Research Ethics Committee (#07/149). The stimulators were implanted in seven adult rats
(Hooded Wistar, >12w old) using surgical procedures as described previously [16, 17].
Briefly, the animal was anesthetized using isoflurane in oxygen (1-2%) and a sub-auricular

J Neural Eng. Author manuscript; available in PMC 2013 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Perry et al.

Page 4

incision made to access the bulla. The bulla was opened and stapedial artery cauterized
around the round window using bipolar coagulation. A cochleostomy was made adjacent to
the round window, and the electrode array inserted into the scala tympani. The
cochleostomy was sealed with a muscle plug and the bulla filled with dental cement to
secure the electrode array. Figure 3 gives an overview of the implanted components. The
leadwire was fixed at the skull using a polyester mesh tie, and the implant and leadwire
threaded into a subcutaneous pocket along the back. The wounds were closed in two layers
using sutures and skin staples. Prophylactic antibiotics and analgesia were administered for
three days.

1.1.5. Evoked Potential Recording—The electrically-evoked auditory brainstem
response (EABR) measures activation of the ascending auditory pathway in response to
electrical stimulation of the auditory nerve. It is useful to record the EABR in chronically
implanted animals so that implant functionality can be verified, and an appropriate chronic
stimulation level set.

EABRs were recorded as described previously [17, 23]. Briefly, the animals were
anesthetized using a ketamine/xylazine mixture (70/6.5 mg/kg) during recording sessions.
The EABR was scalp recorded using needle electrodes at the vertex and neck. A ground
electrode was inserted at the nose, which avoids interference from the stimulator's RF power
system. The recording electrodes were connected to an amplifier (1SO-80, WPI Instruments)
with 100x gain, and bandpass filtered between 5Hz and 10kHz. The output was connected to
a data acquisition system (NI USB-6251, National Instruments) driven by a PC. A
stimulation command was sent to the implant, which selected the stimulus rate (30pps),
pulse width (50ps), current (O to 2000LA in 100LA steps) and number of pulse repetitions
(100). The raw recording was then analysed by custom software, using the stimulus artifact
time (detected by a simple level crossing) to generate a raw averaged response. This allowed
identification of the stimulus timing at current levels down to 200A for bipolar stimulation.
This approach may prevent the determination of very low thresholds, although pulse width
can be reduced as required to ensure that at least one sub-threshold response can be
recorded. This averaged response was bandpass filtered between 300 and 3000Hz to obtain
the EABR at each current level.

The chronic stimulation enclosure generates a 333Hz magnetic field as the field orientation
is switched, which would interfere with EABR recordings. To overcome this, a single coil
was used to power the implant during EABR sessions. The coil was identical to that on the
implant, and was driven by a simple circuit consisting of a sine wave generator and high
current op-amp . It was placed parallel to the receiving coil, and could power the implant at
a distance of 5mm, which was sufficient to penetrate the skin.

In a separate acute study in one animal, we recorded EABRSs using both the implanted
stimulator and our standard benchtop laboratory stimulator, developed in-house, connecting
each as required using a percutaneous connector. A diagram detailing the EABR recording
procedure for both acute and chronic experiments is shown in the supplementary data
section.

1.1.6. Chronic Stimulation—Chronic stimulation was performed in three animals once
they had recovered from surgery, and an EABR was able to be recorded. The chronic
stimulation program consisted of amplitude modulated pulse trains (bipolar, 50p.s pulse
width, 10us inter-phase gap, 300pps rate) between 5 and 150Hz at 100% depth, for four
hours a day, five days a week. Current level was set at 100 A above EABR threshold.
Chronic stimulation was ceased if the implant or electrode array failed (i.e. lack of radio
contact or if no electrical artifact or EABR could be recorded).

J Neural Eng. Author manuscript; available in PMC 2013 February 01.
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An example output pulse train from one stimulation channel is shown in Figure 2 using a
1kQ load. It demonstrates that current level can be dynamically varied, unlike the earlier
design developed in our lab where current level is fixed post-implantation, and stimulus
intensity can only be adjusted by varying pulse width [17]. Further output waveforms are
included in the Supplementary Data, using a larger 5.6kQ load, as well as an intra-cochlear
electrode array placed in saline.

The results of /n7 vivotesting are summarized in Table 1. The first two stimulators (#1,2),
encapsulated using a spray-on silicone conformal coating, failed after approximately one
month post-implantation due to fluid ingress. While we were able to elicit a behavioral
response, we failed to record an EABR prior to implant failure. Examination of the
stimulator revealed corrosion where the leadwire was soldered to the PCB assembly,
suggesting the conformal coating (which was not heat cured at the electrode connections)
had failed. The electrode array was intact, and when percutaenously connected to a
laboratory stimulator, an EABR was able to be recorded.

Three of the five subsequent implants, protected using Parylene, withstood chronic
implantation, and functioned normally. A further implant (#5) functioned intermittently
while implanted. This was likely due to an increased tissue response associated with an
inflammatory response. The implant functioned normally upon explantation. The final
implant (#7) was not able to be contacted immediately after implantation, although upon
explantation and drying, the implant functioned normally. Microscopic examination
revealed no obvious corrosion, suggesting partial fluid ingress. Whilst the parylene appeared
intact in all implants, the outer siliastic was readily removed, indicating poor adhesion to the
parylene.

The electrode array failed in all but three animals, typically after at least two weeks. This
was apparent through the lack of an EABR, electrical artifact, and high electrode impedance
upon explantation. Examination of the electrode array showed that all failures could be
attributed to breakage at the connection between the stainless steel and platinum wires.
Stimulation waveforms were inspected in working implants upon explantation and were not
found to differ to those produced prior to implantation (Figure 2).

Figure 4 shows a comparison of EABRS recorded acutely in one animal using stimulation
generated by the implanted or laboratory stimulator. The response amplitude, latency and
threshold (700uA) are nearly identical over the 100uA current steps used. We were able to
record an EABR in three chronically implanted animals at two weeks post implantation. A
further EABR was recorded in one animal six weeks post implantation. While threshold
increased in this second recording, this cannot be simply attributed to stimulator
performance, as threshold may increase due to tissue encapsulation of the electrode array, or
changes in the peripheral and central nervous system following deafness and chronic
stimulation (e.g. [6, 10]).

In animals where an EABR was recorded, there was a clear behavioral response to the first
suprathreshold stimulus, at a level equal to or below EABR threshold. The animals quickly
habituated to the stimulation, and showed little or no response to subsequent stimulation.
Chronic stimulation was well-tolerated, with no deleterious effects (e.g. weight loss) from
either the stimulation or magnetic field observed.

1.3. Discussion

We developed a novel fully-implantable neural stimulator, fabricated using off-the-shelf
components, powered via an omni-directional wireless link. It was implanted in seven

J Neural Eng. Author manuscript; available in PMC 2013 February 01.
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animals and successfully stimulated the auditory nerve for periods of up to five months. A
separate acute study demonstrated that the neural activation produced by our implant was
indistinguishable from that produced by an existing neural stimulator. This demonstrates
that the implant is successfully stimulating the auditory nerve and is equivalent to
established stimulation procedures used in our laboratory.

The first two implants encapsulated using a silicone conformal coating failed after one
month. An earlier implant design [17] utilizing this method proved reliable, ostensibly
because critical components were located some distance from the non-heat cured leadwire
connections. In contrast, the current implant design places components only millimeters
away, such that ingress fluid may readily short the power supply. We tested a fully heat
cured implant in saline at 37°C (data not presented); it continued to function normally for
six months. Heat curing was not applied to the entire implant due to the fragility of the
electrode array, although in retrospect we found that this introduced a failure site in our
stimulator. Parylene coating, which may be applied to the entire implant at room
temperature, was used in later implants. This proved reliable in four out of five implants.
Parylene has a long history as an encapsulation material, and under ideal conditions may be
expected to last a year or more [11, 12, 15, 22]. Implants that failed did so completely (i.e.
we could not contact them by radio to initiate stimulation). We found no evidence that the
quality of stimulation varies over time.

While not related to the stimulator design described herein, the electrode array proved to be
the most troublesome aspect of /n vivotesting, eventually failing in four of seven animals.
The weak point appears to be the connector between the platinum and stainless steel wires.
This issue may be resolved by constructing the electrode array and leadwire from a single
length of platinum, eliminating the connector. This is the approach taken in our mouse
implant design [17].

The microcontroller on the implant contains several analog to digital channels, and
combined with additional amplification, buffering and storage circuitry on a second PCB,
may be used to monitor electrode impedance, or record neural or other physiological
responses. A small rechargeable battery could be added to allow telemetry or stimulation in
any environment, with the stimulation enclosure used only for charging [3]. The maximum
pulse width is limited to 255us by the current firmware, however this can be easily modified
to allow for longer pulse widths. While the implant does not contain a DSP, the
microcontroller has sufficient processing power to permit simple event analysis and
potentially form a closed loop neural prosthesis for use in animal studies. With the addition
of an appropriate electrode array, it could be used in animal studies of deep brain, motor and
sensory stimulation, both for development and safety studies. It may also find utility in basic
neuroscience research, where chronic electrical stimulation needs to be delivered to
unrestrained behaving animals. While the stimulator system can be readily adapted to larger
animals, it is unlikely to be tolerated by smaller species, such as mice, without first
integrating much of the circuitry into an application specific integrated circuit to reduce the
stimulator volume.

The implantable stimulator described by Winter et al [25] most closely resembles our own.
It similarly used a rotating magnetic field (at 82kHz), combined with a separate FM
transmitter (at 140MHz), to provide stimulation in freely-behaving animals. It is slightly
larger than our implant, and while it can generate arbitrary stimulation waveforms, it is
limited to a single stimulation channel. Several commercially-available telemeters share
characteristics with our stimulator, namely that they are fully-implantable, have a long life-
span, and don't restrain animal behavior [3, 7]. In particular, the design described by Budgett
et al [3], where a battery-powered implant is able to be repeatedly charged using an
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inductive charging platform, placed under the animal's enclosure, could be redesigned to
deliver electrical stimulation. Several other wireless neural stimulators have been published,
but they either require custom silicon, batteries, or are not fully implantable (e.g. [1, 2, 9,
27)).

Where neural stimulation studies require only fixed, constant current stimulation, the
simpler stimulator developed previously by our lab would prove appropriate [17, 23]. This
stimulator is smaller, has far fewer components, and therefore less potential failure modes.
However, if precise control over the stimulus waveform or multiple channels are required,
then the stimulator described here would prove useful. Whilst only AM stimulation is
implemented in the current implant firmware, it can readily store and deliver other arbitrary
stimulation waveforms, varying pulse width, current, timing and channel on the fly. The
stimulator design described is presently being used to examine the effects of chronic AM
cochlear stimulation on the rat auditory cortex, a study that would not be possible with our
earlier implant design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(A) Block diagram of implant system, consisting of implanted stimulator, wireless power
delivery and controller. (B) Photo of implant, prior to attachment of polyester mesh. (C)
Photo of stimulation enclosure, without controller.
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Figure2.

Example of AM stimulus output (600pps, f,=60Hz, depth=100%, 100ps pulse width, 10pus
inter-phase gap, 1kQ load, 600pLA peak current). (A) Detail of a single pulse (B) A 20ms
segment of the AM pulse train. The current spikes at the pulse onsets are over-emphasized
by the oscilloscope sampling, and are minimal when driving a reactive biological load.
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Implanted Stimulator Leadwire Intracochlear Electrode Array

Leadwire Fixation

Figure 3.
Overview of implanted components, showing intracochlear electrode array, fixation at the
skull (using polyester mesh), leadwire, and stimulator.
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Figure4.

Comparison of EABRs produced by a fully implanted stimulator (left) versus a laboratory
based stimulator (right), using a bipolar stimulus with 25us pulse width, and 10ps inter-
phase gap, averaged over 100 pulses delivered at 30pps. The first 1ms of the response was
blanked to remove any stimulus artifact.

J Neural Eng. Author manuscript; available in PMC 2013 February 01.



Page 13

Perry et al.

X X VIN € aua)Ared L
X A VIN Gl aus|Aied 9
X r 009 Ll ausjhred G
X » 00€ 25T aua|Aied ¥
a A 00./00S 7S auajAled I
a X VIN 124 |uodlIs 4
A X VIN 8f 3U0dI|IS T

spoue|g  Jornwns  (v) poyssayl ygva  (SAep)swip ueidw|  uomensdeous  jueidw

"JX8) Ulew ayl ul paguIasap aJe juejdwi yoes Jo) SwWSIueYdaW ainjie) payoadsns Jo sjre1aq "uonelue|dxas uodn jeuonouny alom Aelse
3P0J193]8 puk Jole[nwWIlS 8yl Jaylaym pue (sjgejreae Ji ‘uoieluejdwi-1sod syaam g pue g 1e) pjoysaiyl 49w Buipnjoul ‘s)nsai 044 ur Jo Alewwins Jejnge

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Neural Eng. Author manuscript; available in PMC 2013 February 01.



