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E
lectrical stimulation of neural activity is
the basis of a number of technologies
for the restoration of sensory or motor

functions,1�4 brain�machine interfaces
(BMI),5,6 deep brain stimulation (DBS) thera-
pies for neurological disorders (i.e., DBS for
Parkinson's disease (PD), dystonia, and
depression),7 and peripheral nerve stimula-
tion for treatment of a variety of diseases.8

In all of these applications, the electrode is
the essential component that connects the
man-made device with the nervous system
by delivering the charge required to initiate
a functional response in the neural struc-
tures. Stimulating electrodes must deliver
the necessary amount of charge without
exceeding the safety voltage limits while
remaining stable, functional, and biocom-
patible for chronic use. Moreover, a require-
ment of a number of emerging applications
is an interface that establishes bidirectional

communications with neural ensembles,
which dictates the use of electrodes on
the size scale of individual neurons,9 that is,
geometric surface areas below ∼2000 μm2.
Metal microelectrodes suffer from intrinsic
limitations in the maximum current and
charge density that can be delivered
through capacitive or reversible faradaic
mechanisms. Moreover, the high impe-
dance of metal microelectrodes degrades
the signal-to-noise ratio (SNR) and sensitiv-
ity of recordings. Finally, the mechanical
mismatch between stiff metals and soft
brain tissue causes inflammation and scar-
ring, neuronal degeneration, and loss of
recording functionality in chronic use.10,11

Metallic and organic coatings on the
electrode active site, such as poly(3,4-
ethylenedioxythiophene) (PEDOT)12,13 and
iridium oxide (IrOx),14 have been shown to
improve charge transfer and impedance

* Address correspondence to
mp@rice.edu.

Received for review February 14, 2015
and accepted March 24, 2015.

Published online
10.1021/acsnano.5b01060

ABSTRACT The development of microelectrodes capable of

safely stimulating and recording neural activity is a critical step in

the design of many prosthetic devices, brain�machine interfaces,

and therapies for neurologic or nervous-system-mediated disorders.

Metal electrodes are inadequate prospects for the miniaturization

needed to attain neuronal-scale stimulation and recording because

of their poor electrochemical properties, high stiffness, and pro-

pensity to fail due to bending fatigue. Here we demonstrate neural

recording and stimulation using carbon nanotube (CNT) fiber

electrodes. In vitro characterization shows that the tissue contact impedance of CNT fibers is remarkably lower than that of state-of-the-art metal

electrodes, making them suitable for recording single-neuron activity without additional surface treatments. In vivo chronic studies in parkinsonian rodents

show that CNT fiber microelectrodes stimulate neurons as effectively as metal electrodes with 10 times larger surface area, while eliciting a significantly

reduced inflammatory response. The same CNT fiber microelectrodes can record neural activity for weeks, paving the way for the development of novel

multifunctional and dynamic neural interfaces with long-term stability.

KEYWORDS: neural interfaces . soft neural microelectrodes . carbon nanotube fibers . multifunctional microelectrodes .
ultrasmall neural probes . long-term recordings . single-neuron isolation . deep brain stimulation . brain�machine interfaces
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properties. However, degradation and delamination of
the coating materials still greatly limit electrode lon-
gevity and, thus, their chronic use.12,15,16 Recently, car-
bon fibers have been used to fabricate subcellular scale
size microelectrodes (4.5 to 7 μm in diameter) with
improved performance in terms of biocompatibility
and quality of chronic in vivo recordings.13,17 However,
the high impedance and low charge injection of
carbon fibers13 make them unsuitable for chronic
applications in neural stimulation.
Carbon nanotubes (CNTs) have attracted increasing

attention, due to the intrinsically high mass-specific
surface area,18 mechanical strength,19 electrical con-
ductivity,20 and biological stability.21 Moreover, Poulin
et al. demonstrated that microelectrodes made solely
of CNT fibers22 show remarkable electrochemical
activity, sensitivity, and resistance to biofouling com-
pared to conventional carbon fibers when used for
bioanalyte detection in vitro.23�25 However, despite
some promising initial attempts,26�30 the feasibility,
scalability, in vivo performance, and long-term stability
of CNT-based electrodes have not yet been demon-
strated.
Here we show that high-performance CNT fibers31

possess remarkable electrochemical properties, yield
electrodes combining small surface area, low impe-
dance, effective therapeutic stimulation, long-term
stability, and biocompatibility, and can be used to
reliably detect and isolate single neuronal units over
several weeks.

RESULTS AND DISCUSSION

Electrochemical Characterization. Electrodes were fabri-
catedby insulating individual CNT fibers31with a∼3 μm
layer of a copolymer of polystyrene�polybutadiene
(PS-b-PBD), leaving only the tip exposed as an electri-
cally active site. PS-b-PBD was selected because of
good dielectric properties, biocompatibility, flexibility,
and resistance to flexural fatigue.32 Electrochemical
properties of the resultant electrodes were character-
ized through analysis of impedance, charge storage
capacity, charge injection limit, and the water window.
While specific requirements depend on the applica-
tion, minimization of impedance and maximization of
the charge storage and injection properties are gen-
erally considered particularly desirable to achieve
noise reduction and stability of recordings and safety
and efficacy of stimulation.9 Electrochemical impe-
dance spectroscopy (EIS) shows that the impedance
of the CNT fiber microelectrode is 15 to 20 times lower
than that of a PtIr wire of the same size (18 μm dia-
meter, Figure 1a) in the range of frequencies tested
(1 Hz to 10 kHz);the specific impedance at 1 kHz is
also 2.5 to 6 times better than tungsten33 and carbon
fibers13 (Figure 1c). The improved impedance arises
from the high surface area of CNT fibers accessible to
ions due to the interstitial spaces between the aligned
CNTs and CNT bundles constituting the fiber.31 The
impedance phase lag and the featureless appearance
of the cyclic voltammogram (Figure 1b,d) indicate that

Figure 1. In vitro characterization of CNT fiber microelectrode properties and comparison with other electrode materials.
(a)Modulus and (b) phaseof the impedanceof CNTfiber andPtIrwires (diameter: 18μm,n=5); (c) specific impedance at 1 kHz;
(d) cyclic voltammetry of CNT fiber andPtIr electrodes used for in vivoDBS study. The shaded area is used to calculate cathodic
charge storage capacity of the electrodes.
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the electrochemical interaction is controlled by capa-
citive charging and discharging of the CNT fiber�
electrolyte double layer; this is particularly advan-
tageous for neural stimulation because it avoids
the risk of tissue damage from irreversible faradaic
reactions.9 Moreover, the cathodic charge storage
capacity (shaded area in Figure 1d), which charac-
terizes the maximum charge available for stimulation,
is 372 ( 56 mC/cm2, 2�3 orders of magnitude higher
than other materials.34�36 One of the main limitations
of stimulating metal electrodes is the low charge
density that can be delivered during a stimulation
pulse without exceeding the water electrolysis limits.
CNT fibers show a wide water window, with the
reduction and oxidation potentials of �1.5 and 1.5 V,
respectively (Supporting Information Figure S1); the
charge injection capacity calculated from the volt-
age excursion at a conservative maximum negative
potential of �1 V is 6.5 mC/cm2, more than two times
higher than typical electrode materials.34�36 In stan-
dard electrode design, high interface impedance
and low charge injection capacity are usually miti-
gated by using electrically active coatings (such as
PEDOT), which might degrade under overpulsing con-
ditions.12,15,16 Conversely, CNT fibers are stable even
when subjected to 97M cycles of pulsing beyond the
water window limits (9 days), whereas PEDOT coatings
fail after 43M cycles (Supporting Information Figure S2).
We fabricated CNT fibermicroelectrodes with active site
surface area of 1450 μm2, impedance of 11.2 ( 7.6 kΩ,
and estimated stiffness in the direction perpendicular
and lateral to the active site of 6.1 kN/m and 12 mN/m,
respectively (Table 1 and Figure 2a). As a comparison,
commercial PtIr stimulating microelectrodes have an
active site of 17000 μm2, impedance of 37.9 ( 14 kΩ,
and more than 1 order of magnitude higher axial and
lateral stiffness (Table 1 and Figure 2b�d).

Surgical Implantation and In Vivo Stimulation Efficacy of CNT
Fiber Microelectrodes. The substantially smaller size and
increased flexibility of CNT fiber microelectrodes com-
pared with typical metal electrodes of equivalent im-
pedance suggests that they should be significantly
more biocompatible. However, are CNT fiber stimulat-
ing electrodes functional? To assess functionality and
biocompatibility, we compared CNT fiber and com-
mercial stimulating PtIr electrodes in an experimental
model of deep brain stimulation for Parkinson's dis-
ease. Four rats were injected with the neurotoxin
6-hydroxydopamine (6-OHDA) in the medial forebrain

bundle (MFB), resulting in a unilateral loss of dopamine
neurons, whichmodels Parkinson's disease on the side
of the body contralateral to the lesion.37 CNT fiber
stimulating electrodeswere implanted in the ipsilateral
entopenducular (EP) nucleus, a stimulation target we
have previously validated (Figure 3a).38 In order to
ensure precise implantation in the EP (insertion depth
∼8 mm), CNT fiber microelectrodes were implanted
using a polyimide shuttle (100 μm diameter) attached
withwater-soluble poly(ethylene oxide) (PEO).Within a
few minutes from implantation, the PEO coating dis-
solved and the shuttle was removed, leaving the
electrode in place (Figure 3c). Inactive PtIr electrodes
were implanted in the contralateral EP and used as
controls for biocompatibility studies (Figure 3b). The
efficacy of the CNT fiber microelectrodes was assayed
with a rotation test after methamphetamine adminis-
tration, which is a commonly adopted behavioral test
used to quantify the effectiveness of theDBS treatment

TABLE 1. Mechanical and Electrical Properties of CNT Fiber and PtIr Stimulating Microelectrodes

exposed active site surface area

(μm2)

specific impedance

(MΩ μm2)

charge storage capacity

(mC/cm2)

charge injection limit

(mC/cm2)

axial stiffness

(N/m)

lateral stiffness

(N/m)

CNT fibers 1450 20.44 ( 8.2 372 ( 56 6.52 5.09 � 103 0.02
PtIr 17000 451.9 ( 13.9 1.2 ( 0.08 0.15 1.3 � 105 0.77

Figure 2. Scanning electron microscopy imaging of CNT
fiber and PtIr bipolar microelectrodes used for in vivo DBS
and biocompatibility study: (a) two-channel CNT fiber mi-
croelectrodes, fabricated by twisting single filaments of
a 43 μm diameter CNT fiber, coated with a 3 μm layer of
PS-b-PBD; inset shows a close view of the active site with an
average impedance of 11.2( 7.6 kΩ obtained by exposing
CNT fibers only at the electrode tip (value expressed as
mean( SD; scale bar 200 μm). (b�d) PtIr electrode at three
different locations: (b) top part of the electrode is composed
of a polyimide insulating tube with a length of∼4 cm and a
diameter of 200 μm; (c) final 5 mm of the electrode is
composed of 75 μm shafts coated with a 3 μm thick layer
of parylene. The shafts terminate with (d) tapered active
sites with an impedance of 37.9 ( 7.6 kΩ obtained by
exposing 200 μm of PtIr (scale bar 200 μm).
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in attenuating the motor asymmetry produced by the
unilateral 6-OHDA lesion.37,38 Effective DBS reduces
the unilateral rotation rate, thus demonstrating ther-
apeutic efficacy. DBS with CNT fiber microelectrodes
significantly reduced the methamphetamine-induced
rotation rate (Figure 3d), confirming that CNT fiber
microelectrodes were able to deliver effective stimula-
tion charge in the target EP, with an effect comparable
to that of the much larger PtIr electrodes used in our
previous study.38 Thus, the efficacy of CNT fibers in
alleviating motor symptoms of PD demonstrate that
small, flexible CNT fiber microelectrodes can be pre-
cisely implanted in deep brain structures and selec-
tively deliver the stimulation charge needed to elicit
therapeutic benefits.

Chronic Biocompatibility and Stability. To assess in vivo

biocompatibility and stability of CNT fiber microelec-
trodes, we evaluated both the brain tissue and elec-
trodes 6 weeks postimplantation. In immunohisto-
chemical analysis of the brain hemisphere implanted
with CNT fiber microelectrodes, we observed an over-
all reduction in the extent of the central nervous
system specific inflammatory response (i.e., gliosis)
and in the expression of inflammatory macrophage
phenotypes compared with the PtIr electrode hemi-
sphere (Figure 4). Specifically, we measured a 4-fold
reduction in the accumulation of astrocytes and a
2-fold reduction in the expression of general micro-
glia at the CNT fibermicroelectrode site (Figure 4a�c).
Expression of activatedmacrophages was found to be
confined within approximately 50 μm from CNT fiber

microelectrodes and to bemore than two times lower
than at the PtIr site, where the region of activation
extended to more than 150 μm (Figure 4a,d).

Depending on the nature and on the time course of
the injury, activated microglia/microphage can differ-
entiate into predominantly “pro-inflammatory” pheno-
type M-1 or into “anti-inflammatory” phenotype
M-2.39�41 The upregulation of M-1 macrophage
expression has been correlated with neurotoxic in-
flammatory processes, whereas upregulation of M-2
expression is indicative of tissue repair processes,
including formation of a fibrotic scar.41 When stained
for surface markers of M-1 and M-2 macrophages, a
very low upregulation of both phenotypes could be
observed at the site of the CNT fiber implant; con-
versely, an evident increase was found around the PtIr
electrodes, particularly in the case of the M-2 pheno-
type (Figure 4e,f). These results suggest the presence of
an extended fibrotic scar around the PtIr electrode,
which is also consistent with the enhanced expression
of astrocytes and general microglia. When the tissue
was stained for healthy neuronal nuclei, however, a
weaker neuronal population was found around the CNT
fiber microelectrodes. The zone of neurodegeneration
was two times more extended compared to PtIr im-
plants (Figure 4g). We hypothesize that this enhanced
neuronal loss was caused by the stiffening shuttle used
during the electrode implant procedure.42,43

In scanning electron microscopy images of ex-
planted devices, we noted negligible tissue on CNT
fiber microelectrodes, in contrast with substantial

Figure 3. In vivo characterization of efficacy of DBSwith CNT fibermicroelectrodes. (a,b) Schematic representation of location
of the implants for the in vivo study. 6-OHDA dopaminergic lesion was induced in the MFB of the right hemisphere; (a) CNT
fibermicroelectrodes or (b) PtIrmicroelectrodeswere implanted ipsilateral to the lesion andused for DBS. In the subjectswith
CNT fiber implants, inactive commercial PtIr electrodes were implanted contralaterally and used as controls for biocompat-
ibility studies. (c) Illustration of the implant strategy of CNT fibers in 0.6% agar phantom: CNT fiber microelectrode was
attached to the PI stiffenerwith PEO adhesive. From left to right: the stiffener allows the insertion of the CNT fiber in the target
area. The PEO adhesive dissolvedwithin a fewminutes from the implantation, allowing the removal of the stiffener, while the
CNT fiber microelectrode was left in place. (d) Results of the methamphetamine rotation test: average normalized rotation
rate of a population of four Long-Evans rats implanted with CNT fiber microelectrodes in comparison with a population of 10
Long-Evans rats implanted with PtIr electrodes. The high-frequency DBS (HF-DBS) condition represents data pooled from
stimulation at two high frequencies, 160 and 175 Hz. Repeated measures with ANOVA showed that there was a significant
different between treatment conditions (p < 0.05). Error bars: (SD.
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encapsulation around PtIr implants, which is consistent
with results of chronic histology (Supporting Informa-
tion Figure S3). Additionally, we found no evidence of
alterations in the structure of the CNT fibers, no signs of
degradation at the stimulation site, and no cracks in
the insulation material.

Chronic Recordings of Neural Activity. The small CNT fiber
microelectrodes are effective for stimulation. Does
lower impedance and biocompatibility translate to
quality neural recordings? In vivo chronic recording
capabilities of CNT fibermicroelectrodes were tested in
primary motor cortex (M1) of freely behaving rats. The
primary motor cortex is the area of the brain that
controls the initiation of voluntary movements and is
a common target for investigation on neurally con-
trolled prosthetic devices,3 BMI,5 and on closed-loop
intracortical5,6 and deep brain stimulation protocols.44

CNT fiber recording electrodes were fabricated using
12.6 μm individual filaments insulated by PS-b-PBD

coating. The average impedance of each electrode
measured at 1 kHz was 151 ( 75 kΩ. Four-channel
electrode arrays (tetrodes) were fabricated by assem-
bling one CNT fiber microwire with three NiCr wires
of the same size (diameter 12 μm). The active site of
NiCr electrodes was coatedwith colloidal gold through
galvanostatic deposition (hereafter referred to as
NiCr-Au) to reduce the impedance from 3.89( 0.40MΩ
to 250.4( 14.8 kΩ (NiCr-Au is the standardmaterial for
multichannel microwire electrodes for in vivo electro-
physiological recording).45 The tetrodes were loaded
into a microdrive and implanted into M1; after 2 weeks
postop recovery, recording experiments were per-
formed every 1 to 2 days on freely behaving animals
for the following 2 weeks. We were able to detect
and isolate single-unit spikes on CNT fiber electrodes
with amplitude and SNR ∼3, which is comparable to
neighboring NiCr-Au channels, as shown by electro-
physiological recordings in the high-frequency range

Figure 4. Histological analysis of tissue response to chronic implants of CNT fiber and PtIr electrodes. (a) Fluorescence images
of tissue response after 6 weeks of implant with CNT fiber, also used for DBS, and a PtIr electrode implanted contralaterally.
Panels show tissue labeled for (from left to right) astrocytes, microglia, and activated macrophages. Scale bar 500 μm. (b�f)
Fluorescence intensity profiles at increasing lateral distance x from electrode midline: (b) astrocytes, (c) microglia, (d)
activated macrophages, (e) “pro-inflammatory” macrophages, (f) “anti-inflammatory” macrophages. Error bar: SD. (g)
Neuronal count at increasing lateral distance from the electrode tract.
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(0.3�6 kHz) (Figure 5a,b), average mean spike ampli-
tudes (Figure 5c,d), and the spike clustering analysis
(Figure 5e). Recordings in the local field potential (LFP)
range (Figure 5f) showed comparable signal ampli-
tude, and no discernible difference could be observed
in the power spectra of the LFPs (Figure 5g), confirm-
ing the quality of the recordings obtained from CNT
fiber microelectrodes. Over 4 weeks of recording,
there was no evidence of degradation of recording
quality in the CNT fiber microelectrodes as observed
in the high-frequency recordings and from analysis of
the temporal evolution of SNR (Figure 5a,h): after an
initial stabilization of about 1 week (characterized by
some degree of fluctuation), the average peak-to-
peak amplitude reached a stable value of about
6 standard deviations (SD). These early variations of
SNR upon electrode implantation are common and
related to the initial inflammatory response.13 Our
recording experiments show that CNT fibers create
stable interfaces capable of detecting neuronal activ-
ities for a period of at least 3 weeks, without any
evidence of degradation of the recording site or the
insulation material. Thus, CNT fiber microelectrodes
perform as well as coated metal microwires as neural
recording electrodes, while eliminating the need for

the unstable coatings used to lower the impedance of
metal microwires.

CONCLUSIONS

In this work, we presented the fabrication, charac-
terization, and the first evaluation of in vivo perfor-
mance and biocompatibility of CNT fiber micro-
electrodes for neural stimulation and recording. We
found that CNT fibers are the ideal candidate material
for the development of small, safe, high charge density,
low impedance, flexible microelectrodes capable of
establishing stable interfaces for manipulating the
activity of neural ensembles, without the need for
any additional surface modification. Thus, in a single
device, these electrodes neatly combine the properties
of traditional electrodes of vastly different shapes and
materials optimized for either stimulation or recording,
while also benefiting from the advantageous softness
of CNT materials. The potential of CNT fibers as inter-
faces capable of establishing bidirectional interactions
with neural activity may have a significant impact on
future neuroscience research, closed-loop therapeutic
brain stimulation,44,46 and BMIs.47 In addition, the
technology of CNT fiber microelectrodes can be easily
translated to other applications, such as the design of

Figure 5. In vivo recordings with CNT fiber microelectrodes. (a,b) High-frequency electrophysiological recordings taken
simultaneously on the same tetrode from (a) CNT fiber and (b) neighboring NiCr-Au at 3 weeks postop. Recordings taken on
CNT fibers are qualitatively andquantitavely comparable to theNiCr-Au channel, with detection of single-unit spikes, average
peak-to-peak amplitude of 124.4 ( 15.5 μV, and SNR of 3.21. The average peak-to peak amplitude for NiCr-Au was 123.0 (
17.7 μV and SNR of 3.1 (values expressed as mean ( SD). (c,d) Mean waveforms of single units averaged over multiple 40
sample traces detected on (c) CNT fiber and (d) NiCr-Au channel (sampling rate = 10 kHz; the shaded area depicts themean(
SD). (e) Clustering analysis shows distinct clusters from CNT fibers and from NiCr-Au. (f) Raw LFPs over 10 s of simultaneous
recordings on both channels. (g) Comparison of power spectral density in the LFP range shows no substantial difference
between the two materials. (h) Time evolution of the SNR over the 2 weeks of recording sessions: after initial fluctuations
caused by inflammatory response to the electrode implant, SNR reaches stable values of ∼6 SD, which confirms that CNT
fibers are suitable for chronic recordings.
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flexible and durable interfaces for monitoring and
conditioning peripheral nerves and cardiac activity.
Ongoing and future research will be directed toward
the study of chronic biocompatibility, scale-up to a
high-density, all-CNT fiber microelectrode array for

long-term selective recording and stimulation, refine-
ment of fabrication and surgical techniques to by-
pass the use of the insertion shuttle, and develop-
ment of innovative techniques for analysis of neural
circuits.

METHODS

Microelectrode Fabrication. CNT fibers were fabricated with a
wet-spinning process described elsewhere.31 Flexible stimulat-
ing microelectrodes were fabricated using CNT fibers with a
diameter of 43 μm. Individual CNT fiber filaments were coated
with a block copolymer of polystyrene�polybutadiene (PS-b-PBD,
Sigma-Aldrich) with a custom continuous dip-coating apparatus
andassembled inbipolarmicroelectrodesby twisting the filaments
on an electrode assembly station (Neuralynx Inc.). The active sites
of the electrode were exposed with a razor blade. CNT fiber
microelectrodes were then attached to a polyimide (PI) shuttle
(diameter 100 μm) via dip-coating in a 5% aqueous solution of
poly(ethylene oxide) (Sigma-Aldrich). The assembly CNT fiber
stereotrode�PI shuttle was air-dried and then stored until used.
For recording experiments, single-filament CNT fibers with dia-
meter of 12.6 μm insulated with PS-b-PBD were twisted with three
polyimide-insulated NiCr wires with a diameter of 12 μm (RO-800,
Sandvik Wire and Heating Technology) on the tetrode assembly
station. The recording sites of the tetrodes were exposed by cut
with a razor blade, and theNiCr channelswereplatedwith colloidal
gold solution. Electrode plating was performed with constant
current stimulus of 1�5 s of duration from an automated electro-
plating device (nanoZ, Neuralynx Inc.), until the electrode reached
the target impedance of 250 ( 10 kΩ. After electroplating,
tetrodes were rinsed with saline solution (0.9% NaCl), air-dried,
and stored until used. Values are reported as mean ( SD.

Electrochemical Characterization. EIS and cyclic voltammetry
(CV) were performed with a Gamry Reference 600 potentiostat
(Gamry Instruments) in phosphate buffered saline (PBS), pH 7.4
(Gibco-Invitrogen) at room temperature. A three-electrode
configuration was used, with the potentials referenced to a
Ag/AgCl electrode, a large surface area carbon wire as counter
electrode, and the tested sample as working electrode. EIS was
performed in the frequency range of 1�104 Hz at Vrms of 10 mV
on a CNT fiber, PtIr (90/10, diameter 18 μm, California FineWire),
and NiCr (diameter 12 μm, RO-800, Sandvik Wire and Heating
Technology) microwires. Cyclic voltammograms were recorded
by sweeping the PtIr and CNT fiber microelectrodes between
the voltage limits of �0.6 and 0.8 V at scan rate of 0.1 V/s. Each
sample was swept for two cycles, and the cathodic charge
storage capacity was calculated as the time integral of the
cathodic current recorded in the second cycle.9 For character-
ization of the electrochemical water window, cyclic voltamme-
try was performed between the voltage limits of�2 and 2 V and
the water oxidation and reduction potentials were determined
as the potentials at which sharp peaks in the anodic and
cathodic current were detected. Voltage transient experiments
were performed with a stimulator AM Systems (Sequim).
Biphasic, cathodic first, current pulses of 60 μs duration and equal
amplitude per each phase were delivered to the tested sample.
Pulse frequency was kept at 130 Hz. Voltage transients were
recorded with an oscilloscope, and the maximum negative
potential excursion (Vmax) was calculated by subtracting the
initial access voltage due to solution resistance from the total
voltage.9 The charge injection capacity was calculated by multi-
plying the current amplitude and pulse at which Vmax reaches
the water reduction limit and dividing by the geometric surface
area of the electrodes. Values are reported as mean ( SD.

Analysis of Mechanical Properties. Following the analysis re-
ported by Kozai et al.,13 the axial stiffness for one channel of
the CNT fiber and PtIr microelectrodes was calculated as

k ¼ AE

l
(1)

where A is the cross-sectional area, E is the Young's modulus,
and l is the length of the electrode implanted in the brain.

The lateral stiffness was calculated from the expression of
the cantilever beam spring constant for a cylinder:

kl ¼ 3πE(do
4 � di

4)
64l3

(2)

where do and di are the outer and inner diameters, respectively.
The geometrical and mechanical properties used in eqs 1

and 2 are reported in Supporting Information.
Animal Surgery. For DBS experiments, male Long-Evans rats,

450�500 g, were induced to be hemiparkinsonian and were
implanted with two stimulating bipolar microeletrodes, one
made from the CNT fibers and onemade from platinum iridium.
Prior to surgery, desmethylimipramine (10�20mg/kg IP), which
is a serotonin�norepinephrine reuptake inhibitor, was adminis-
tered to protect noradrenergic neurons. Under anesthesia
(0.5�5% isoflurane in oxygen, buprenorphine 0.01�0.05 mg/kg
SQ), 6-OHDA (2 μL of 4 mg/mL in 0.9% saline; Sigma
Zwijndrecht, The Netherlands) was stereotactically injected into
the medial forebrain bundle (coordinates from Bregma: AP�4,
ML 1.2, DV �8.1). In the same procedure, a platinum iridium
stereotrode (impedance 10 kΩ; Micro-Probes, Gaithersburg,
MD) was implanted in the contralateral EP (coordinates from
Bregma: AP �2.5, ML �3, DV �7.9) and a CNT fiber microele-
trode was implanted in the EP ipsilateral to the 6-OHDA injec-
tion (coordinates from Bregma: AP �2.5, ML 3, DV �7.9). Cra-
niotomies were sealed with silicone elastomer (World Precision
Instruments), and the electrode connectors were affixed in
place with 6�12 stainless steel skull screws and dental metha-
crylate (i.e., acrylic). The solvent formethacrylate is also a solvent
for the insulating polymer on the CNT fiber, so silicone elasto-
mer was also used to form a protective barrier from the acrylic
for the exposed CNT fiber microelectrodes. The rats were given
2 days of postoperative care, and all rats began behavior testing
3 weeks following the injection of 6-OHDA, which is a sufficient
time for a lesion to develop.37,38

For the recording experiments, male Long-Evans rats,
450�500 g, were implanted with chronic microdrives for bilat-
erally recording in the primary motor cortex (M1). Prior to the
procedure, buprenorphine (0.01�0.05 mg/kg SQ) and des-
methylimipramine (10�20 mg/kg IP) was administered. Rats
were placed in a stereotactic apparatus (Kopf Instruments)
throughout the procedure. Holes were drilled through the skull,
and bone anchor screws were placed (6�10) to help affix the
microdrive to the skull. One screwwith a wire soldered to it was
placed in the most posterior portion of skull to serve as the
ground screw. Craniotomies were made for the cannulae (from
Bregma: AP 1, ML( 2.2), and durotomies were performed at the
craniotomy sites for the tetrode cannulae. The microdrive
cannulae were inserted through a small, sterilized piece of
silicon sheeting, and then the drive was positioned about the
craniotomies. The sheeting was trimmed to size and then glued
to the skull, protecting the exposed brain from external ele-
ments and infections. Finally, dental acrylic was used to cover
the sheeting and skull screws, adhering the microdrive to the
rodent's head. The wire from the ground screw was soldered to
a wire connected to a contact on the PCB, which was connected
with the ground pin of the preamp used for recording. The rats
were given 2 days of postoperative care, and during this time,
the recording tetrodes were lowered into the brain tissue. Over
a period of 2 weeks, the position of the recording electrodes
was adjusted every 1�2 days. Net movement over an adjust-
ment session ranged from 0 to 500 μm in the dorsal/ventral
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dimension. Positions of the recording tetrodes were localized
in three ways: stereotactic coordinates, changes in firing
properties, and the profile of sleep spindles in the LFP signal.
After this 2 week adjustment period, recording experiments,
consisting of 1�5 recording sessions lasting up to 20 min in
duration each, were implemented every 1�2 days over an-
other 2 week period. During this time, tetrodes were adjusted
between recording sessions for the purpose of capturing new
cell activity, but they remained within the same cortical layer.
The subjects were awake and freely moving during all record-
ings. Two environments were used for recordings: a sleep box,
which was the environment where all tetrode adjusting took
place, and the open field environment. All procedures were
approved by the Institutional Animal Care and Use Committee
of Rice University.

Drug-Induced Rotation Tests. Methamphetamine dissolved in
saline was administered intraperitoneally (1.875 mg/mL)38 un-
der isoflurane anesthesia (5% in oxygen). Rats regained con-
sciousness in 1�2 min and rested for an additional 15 min. This
resting period allowed the methamphetamine to take effect.
Rats were then placed in a cylindrical environment (diameter
30 cm, height 45 cm) made of clear acrylic and allowed to
behave spontaneously. Infrared video was captured by a Kinect
(Microsoft) and processed in Matlab to determine the angular
movement of the rat over time. Each test consisted of two
blocks of eight epochs each: one epochwas allocated for testing
the rat in the hemiparkinsonian state (i.e., stimulation was off)
and then seven epochs of active stimulation at frequencies
ranging from 85 to 175 Hz. Each stimulation epoch was 2min in
duration, followed by a control epoch of 3 min. The order of the
epochs was randomized within each block. Rotation rates
during the prior and post control epochs were averaged and
used to normalize the rotation rate of the stimulation epoch.
Prior to pooling data for high-frequency DBS (160 and 175 Hz),
Brown-Forsythe test and Levene's test for homogeneity of
variances were used to determine comparability of data across
stimulation conditions. For the normalized rotation rate with
CNT fiber microelectrodes with 160 and 175 Hz stimulation,
these tests found that the variances were not significantly
different (Brown-Forsythe: p = 0.213, Levene: p = 0.405), and
one-way ANOVA found that the means were not significantly
different (p=0.203). Similarly, for the population implantedwith
PtIr electrodes, the tests for homogeneity revealed no signifi-
cant difference in variance for 160 Hz versus 175 Hz stimulation
(Brown-Forsythe: p = 0.644, Levene: p = 0.683), and one-way
ANOVA found that the means were not significantly different
either (p = 0.198). This means that data collected in the two
conditions for each population are comparable and can be
aggregated in a statistically meaningful way. Pooled mean and
variance with Bessel's correction were performed to generate
values for the HF-DBS treatment.

In Vivo Neural Recordings. NSpike software was used to acquire
neural activity data in the freely moving rats. The LFP signal,
which is dominated by the voltage produced by the cumulative
synaptic current flowing across the extracellular volume of
tissue, was recorded on either one or all channels of the tetrodes
at a sampling rate of 30 kHz. The signals were referenced to one
tetrode that served as a designated reference electrode. This
electrode was referenced to the ground screw, which was
connected to the ground pin of the preamplifier. The reference
electrode was selected based on a low baseline level of activity,
which enabled a higher SNR signal to be acquired from the
other electrodes. Additionally, threshold-crossing event wave-
forms from all channels were saved when activity on one
channel exceeded a tetrode-specific threshold, which was set
between 35 and 60 μA (depending on the quality of the signal).
Waveforms were acquired at a sampling rate of 10 kHz and then
digitally filtered between 300 Hz and 6 kHz. The SNR was
computed as the ratio of the average peak-to-peak voltage of
the single-unit spike waveforms to twice the standard deviation
of the high-pass filtered LFP signal with spikes blanked. Addi-
tional postprocessing of the data was performed off-line in
Matlab. The LFP data were initially divided into 60 s windows for
ease of processing and filtering. The power spectra of the LFP
are estimatedwith amultitapermethod using a timebandwidth

productof 5 s � Hz and 9 leading Slepian tapers.48,49 Individual
units were identified from the threshold-crossing events by
clustering spikes using peak amplitude and spike width. All
analysis of LFP and single-unit data was performed using
custom Matlab code or the Chronux toolbox.48,49

Chronic Histology. At 6 weeks postop, subjects were anes-
thetized and administered a fatal IP injection of Euthasol
(0.5�2 mL) and then transcardially perfused with 250 mL of a
10% isotonic sucrose solution followed by 250 mL of 4%
paraformaldehyde (PFA). The brain was removed, and the
electrodes were explanted at this time. The tissue was allowed
to fix in PFA for 1�2 days at 4 �C to ensure complete absorption.
Sucrose was then added to create a 30% sucrose solution in PFA
to aid in cryoprotection of the tissue, and the brain was
maintained in this solution at refrigerated temperature until it
sunk in the solution. The tissue was then frozen in Tissue Tek
OCT and kept at �80 �C until it was sliced. Frozen tissue was
sliced coronally into 30 μm sections using a cryostat machine
(microtome) and stored in PBS. Prior to staining, tissue sections
were blocked for 1 hwith a solution of 10% (v/v) goat serum and
0.2% (v/v) Triton-X in PBS. Sections were washed with the
blocking solution and then immunostained by incubating over-
night in the appropriate primary antibodies: rabbit antiglial
fibrillary acidic protein (GFAP) for astrocytes (1:500, Millipore),
mouse anti-ionized calcium binding adaptor molecule 1 (Iba1)
for microglia (1:800, Millipore), mouse anti-CD68 for activated
macrophages (1:600, AbD Serotec), goat anti-CCR7 for M-1
macrophage (1:400, Novus Biologicals), and rabbit anti-CD206
conjugated to FITCmacrophages M-2 (1:600, Biorbyt). Solutions
were kept agitated at 4 �C. After being washed with blocking
solution, sections were incubated for 4 h at room temperature
with the following secondary antibodies: goat anti-rabbit Alexa
Fluor 647 (1:400, Life Technologies); goat anti-mouse Alexa
Fluor 488 (1:200, Life Technologies); donkey anti-goat Alexa
Fluor 680 (1:200, Life Technologies); goat anti-rabbit FITC (1:400,
Millipore); goat anti-rabbit Alexa Fluor 647 (1:200, Life
Technologies). All the tissue sections were also stained by
incubating with 40 ,6-diamidino-2-phenylindole (Invitrogen) to
mark all cell nuclei. After being washed, tissues sections were
mounted on glass slides with coverslips using Pro-Long mount-
ing media.

Imaging and Image Analysis. Tissue sections were imaged using
a Nikon A1-Rsi fluorescence confocal microscope (Nikon, Tokyo,
Japan), using a 20� objective. Images were saved in standard
TIFF format and pseudocolored using Nikon NIS-Elements
(Nikon, Tokyo, Japan). All images, except those of neuronal
nuclei, were analyzed with a custom Matlab script (Mathworks
Inc.) to compute the average fluorescence intensity as a func-
tion of distance from the electrode tract. The midline of the
electrode tract by the electrode implant was manually defined.
The script calculates the distance of every pixel from this
midline and computes the average fluorescence intensity in
10 μm bins, expanding from the center of the electrode (x = 0)
tract up to x =(500 μm. Average fluorescence intensities were
normalized by the background signal, defined as the fluores-
cence intensity of uninjured tissue approximately 500�800 μm
away from the implant. Neuronal nuclei were counted using
Nikon NIS-Elements. Scanning electron micrographs were
acquired on FEI Quanta 400 ESEM (FEI). Samples were sputter-
coated with gold prior to imaging.
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