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Abstract

Objective—Spatial localization of neural activity from within the brain with
electrocorticography (ECoG) and electroencephalography (EEG) remains a challenge in clinical
and research settings, and while microfabricated ECoG (micro-ECoG) array technology continues
to improve, complimentary methods to simultaneously modulate cortical activity while recording
are needed.

Approach—We developed a neural interface utilizing optogenetics, cranial windowing, and
micro-ECoG arrays fabricated on a transparent polymer. This approach enabled us to directly
modulate neural activity at known locations around micro-ECoG arrays in mice expressing
Channelrhodopsin-2 (ChR2). We applied photostimuli varying in time, space and frequency to the
cortical surface, and we targeted multiple depths within the cortex using an optical fiber while
recording micro-ECoG signals.

Main Results—Negative potentials of up to 1.5 mV were evoked by photostimuli applied to the
entire cortical window, while focally applied photostimuli evoked spatially localized micro-ECoG
potentials. Two simultaneously applied focal stimuli could be separated, depending on the
distance between them. Photostimuli applied within the cortex with an optical fiber evoked more
complex micro-ECoG potentials with multiple positive and negative peaks whose relative
amplitudes depended on the depth of the fiber.

Significance—Optogenetic ECoG has potential applications in the study of epilepsy, cortical
dynamics, and neuroprostheses.

1. Introduction

Recording potentials from the surface of the brain, electrocorticography (ECoG), was
originally developed to functionally map the cerebral cortex in patients with epilepsy [1].

6These authors contributed equally.
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More recently, brain-computer interfaces (BCIs) have been implemented based on ECoG
[2,3]. Both epilepsy and BCI applications of ECoG could benefit from improved interface
technology. High density microfabricated ECoG (micro-ECoG) arrays have been developed
to record from large cortical areas at high resolution [4,5], and chronically implanted micro-
ECoG arrays show promise for BCI applications [6]. While recording devices continue to
improve, complementary approaches to simultaneously stimulate cortical activity would be
useful for many applications. Such bidirectional cortical interfaces could be used to study
the dynamics of epilepsy, to validate inverse models that relate potentials measured on the
surface of the cortex to localized neural activity at known locations, or to create BCIs with
sensory feedback.

Electrical microstimulation and transcranial magnetic stimulation (TMS) are potential
methods that could be combined with ECoG to implement a bidirectional interface.
Microstimulation is used to excite small volumes of neurons [7], but simultaneous recording
can be difficult due to potential electrical artifacts. Custom electrical hardware can
significantly reduce artifact size [8], but artifacts cannot be completely avoided. Artifacts are
also created by TMS, and while TMS has the benefit of being non-invasive, it has relatively
low spatial resolution and limited ability to stimulate at multiple locations simultaneously.

Optogenetics is potentially an ideal technology to be combined with micro-ECoG electrode
arrays to create a bidirectional neural interface. Optogenetics is an emergent field that offers
the ability to excite or inhibit a specific neuron type with light sensitive ion channels or
pumps [9-11]. Since optogenetics leverages the inherent properties of modern optical
systems, it can be used on a similar spatial resolution as electrode arrays and can modulate
multiple locations simultaneously. Researchers have previously combined optogenetic
modulation with neural electrode recording technologies, primarily through the integration
of optical fibers with silicon or wire intracortical electrodes [12-16]. Optically induced
recording artifacts are a potential problem [17], and even though the high work function of
the noble metals can help prevent the photoelectric effect, the Becquerel effect is still a
concern [18]. Carefully designing the device to minimize the amount of light incident on the
exposed sites can help prevent this problem. Optical waveguides or LED arrays [19] have
been used as light delivery technologies and could be integrated into micro-ECoG
electrodes, although high density optical connections are challenging to fabricate, and
photostimulation would be limited to a finite set of locations.

Alternatively, cranial windowing, a surgical technique in which the skull is replaced with a
small piece of cover glass [20,21], could also be adapted for optogenetic photostimulation
and electrode implantation. Cranial windowing is most often used for optical imaging of the
cortex [22], but it has also been used to deliver optogenetic stimulation [12,22,23]. The
depth of optical penetration through the cortex is limited [23-25], but focused or collimated
light, in comparison to light diverging from an optical fiber, could be used to stimulate at
greater depths. Cranial windowing could be further adapted for implantation of thin devices
such as micro-ECoG arrays.

In this study, we developed an optogenetic micro-ECoG platform by implanting a custom
thin-film electrode array under a cranial window in an optogenetic mouse model. Utilizing
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both LEDs and a fiber-coupled laser, we investigated the spatial, temporal, and spectral
properties of the optogenetic micro-ECoG platform. We investigated the spatial separation
of multiple optical sources, the evoked waveform of optogenetic stimulation at different
depths within the cortex, and the response of the cortex to complex stimuli that vary in
space, time, and frequency.

2. Methods

Our approach integrates electrode arrays microfabricated on a transparent polymer,
windowing techniques adapted from in vivo imaging, and optogenetics to create a
bidirectional chronic neural interface in mice. We fabricated custom micro-scale ECoG
(micro-ECoG) electrode arrays on Parylene C (figure 1(b)) using a lift-off photolithography
process (figure 1(a)). We implanted Parlyene C based arrays under a cranial window (figure
1(d)) in Thyl::Channelrhodopsin-2/H134R (ChR2) mice (5 mice chronic implantation, 5
mice acute, 2 wild type mice for control). Blood vessels were clearly visible through the
array and cranial window up to 6 weeks after implantation (figure 1(e)). The platinum
electrode sites and connecting traces occluded only 8.3% of the array’s area, so the cortex
could be readily modulated by photostimuli applied through the window and array.

2.1. Electrode fabrication

Custom micro-ECoG electrodes were fabricated by patterning platinum electrode sites on a
transparent insulative substrate polymer, Parylene C. This transparent substrate was chosen
so that photostimuli could be applied through the array and onto the cortex. In comparison,
polyimide, another material commonly used in flexible electrode arrays, blocks blue light
considerably (supplementary figure 1). Parylene C is a biocompatible polymer for neural
implants [26,27] that has been used as an insulator for microwire electrodes [28,29] and
more recently as a substrate for flexible electrode arrays [30]. We fabricated our thin film
micro-ECoG arrays with a biocompatible lift-off process including chemical vapor
deposition, photolithography, and plasma etching (figure 1(a)). First, we deposited a layer of
Parylene 15 pm thick on a silicon wafer. Second, we patterned metal layers (10 nm Cr, 200
nm Au, and 20 nm Pt) using photolithography and lift-off to form the electrical connection
traces and electrode sites. Alternatively, a transparent metal layers such as indium tin oxide
could be used for more transparent arrays [31]. The sites (150 ym in diameter) were
arranged in a 4x4 grid with 500 um site-to-site spacing. Next, we deposited a 10 um layer of
Parylene and etched with oxygen plasma (790, Unaxis) to expose the platinum electrode
sites. We spun two 24 pm layers of AZ P4620 photoresist (AZ Electronic Materials) on as a
mask during oxygen plasma etching. We chose oxygen plasma over more aggressive etching
processes to preserve biocompatibility. Last, we released the arrays from the silicon wafer in
a water bath.

Once the arrays were separated from the wafer, we bolstered the connector pad region with a
polyimide backing to add the thickness required (200 pm) by the flexible printed circuit
connector. We cut these backings out of 175 pm polyimide sheet (Pryalux LF, Dupont) with
a cutting plotter (CE5000-40-CRP, Graphtec), and bonded them to the electrode pad area
with the adhesive included on the polyimide sheet at 180° C and 235 kPa for 1 hour.
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We inserted Parylene electrodes with polyimide connector backings into custom printed
circuit boards (PCBs) to finish assembly (figure 1(c)). We designed the boards with Eagle
(CadSoft) and had the boards fabricated and assembled (Imagineering Inc.) with surface
mounted connectors. A flexible printed circuit connector (FH26, Hirose) accepts the
electrodes, and the PCB routes the signals to a zero insertion force connector (DF30, Hirose)
compatible with Tucker-Davis Technology amplifiers. We chose this mechanical connection
scheme due to the difficulty of soldering platinum and to speed the assembly process. Once
assembled, we measured the electrical impedance spectrum [32] (PGSTAT 128N, Metrohm)
of the arrays in a dish of Saline to ensure typical values (e.g. 50 kOhms @ 1 kHz) at every
site prior to implantation.

2.2. Cranial window implantation

We obtained Thyl::ChR2/H134R-YFP mice, one of the many optogenetic strains created by
Guoping Feng [33,34], from the Jackson Laboratory (stock number 012350) and bred these
hemizygous mice to wild type (WT) females to maintain a breeding colony. We chose mice
with the H134R point mutation of ChR2 to reduce the intensity of light required to achieve
photostimulation, but at the expense of slower channel kinetics [35-37].

In vivo experiments were approved by the Institutional Animal Care and Use Committee at
the University of Wisconsin-Madison. The cranial windowing method has been used for
many decades [20], and multiple investigators have adapted and improved the approach for
specific applications [22,38-42]. Our approach adds implantation of a flexible array
epidurally, underneath the cranial window (figure 1(d) and (e)) [43]. Dexamethasone (1
mg/kg SC) was administered on the day prior to surgery and again on the day of surgery to
prevent cerebral edema. Buprenorphine (0.05 mg/kg SC) and ampicillin (100 mg/kg SC)
were given 30 minutes before surgery, and glycopyrolate (0.02 mg/kg SC) was administered
as the procedure began. Sterile implantation surgery was done in isoflurane-anesthetized
mice (1.5-2.0% in oxygen).

The mouse was shaved, mounted in a mouse stereotaxic frame (Cunningham Mouse
Adapter, Leica), and the surgical site was cleaned. An incision was made over the calvarium
to expose the bregma and lambda sutures, and the connective tissue was removed with
cotton swabs. UV acrylic (Fusio, Pentron) was applied in front of bregma, behind lamba,
and around the periphery of exposed bone. Bone screws were not used due to the limited
bone thickness, so the ground/ref wire was coiled and implanted over an area of thinned
skull, similar to that used for thinned skull in vivo imaging, on the side contralateral to the
cranial window. The bone was thin enough, and the area of the coiled wire was sufficient, to
provide a low impedance ground connection. A drill (Micromotor Drill, Leica) was used
with a burr (#105 & #106 Dremel) to create a craniotomy for the electrode array. The
electrode was lowered onto the dura with a stereotaxic electrode positioner. With the
electrode in place, a round piece of cover glass 3.0 mm in diameter (Warner Instruments)
was placed over the craniotomy, and the cover glass was encircled with small pieces of gel
foam. A small piece of drape was used to occlude the window while UV acrylic was applied
around the edge of the glass and up to the connector. Once the electrode and connector were
stable, the electrode positioner was removed. The ground/reference wire was then placed
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over the area of thinned bone on the other side of the sagittal suture with a piece of gel foam
and covered with UV acrylic. The mouse was then recovered while maintaining
supplemental oxygen and heat.

2.3. Chronic neural interface testing with LEDs

Over subsequent weeks, we recorded neural signals from the micro-ECoG array while
applying pulses of blue light through the cortical window under sedation. The mice were
sedated with ketamine (75 mg/kg SC) and dexmedetomidine (25 pg/kg SC), and
supplemented with oxygen and a heating pad. A Tucker-Davis Technologies system (RZ2 &
PZ2) was used to sample the signals at 3 kHz and to generate LED control signals. The
voltage pulses were converted to current pulses (0-1000 mA, 0.5-12 ms) with an LED
driver (BuckBlock, LED dynamics). Initial experiments (figure 2 and 3) were done by
simply photostimulating the entire cortical window with an LED (465 nm, RGB MC-E,
Cree) positioned 20 mm away producing 0 to 0.75 mW/mm? (0 to 5.3 mW total applied to
the window). Irradiance was found by measuring optical power (PM100D, S130C, Thor
Labs) 20 mm from the LED, and the result was divided by the sensor’s area. In subsequent
experiments (figures 4, 5 and 6), up to 4 LEDs were focused onto the cortical surface
through a microscope (MZ16F, Leica) and individually controlled by separate drivers. The
optical meter was used again to measure the total power, and the area was measured with the
microscope. Each LED could be focused down to a spot 150 um in diameter at 115x
magnification. The stimulus location relative to the electrode sites was recorded manually or
with a camera as multiple stimulus locations were tested. Multiple stimuli were applied at
each location while recording the micro-ECoG signal. Atipamezole (0.5 mg/kg SC) was
given to reverse dexmedetomidine at the end of the recording session. Rectangular light
pulses were generally applied, except when testing the spatio-spectral response (figure 6) in
which a frequency ramped sine wave (from 0.5-200 Hz increasing at 10 cycles/s?) was used.

Control experiments were conducted to verify the optogenetic origin of the observed signals
(figure 2(b) and supplementary figure 2). Since ChR2/H134R is primarily excited by blue
light, we used an RGB LED (RGBW MC-E Star, Cree) to apply either blue or red light to
verify that only blue light generates photostimulation. We also implanted and tested wild
type mice (n=2) lacking the ChR2 gene.

2.4. LASER-coupled fiber experiments

A fiber-coupled LASER system [44] was used to deliver light to known depths below the
electrode array and cortical surface (figure 7). These experiments were done terminally. The
procedure was similar to the cranial window implantation described above through the
placement of the electrode array on the dura. The anesthesia was switched from isoflurane,
which blocks neural signals, to ketamine (75 mg/kg/hr SC) and dexmedetomidine (25
ug/kg/hr SC) at least 20 minutes before beginning data acquisition. Buprenorphine was
given as before (0.05 mg/kg SC). The craniotomy was left open and an optical fiber (200 um
in diameter, 0.22 NA, flat cleaved and polished, Thorlabs) was inserted into the cortex with
a stereotaxic positioner which was equipped with a digital micrometer to precisely measure
the depth of the fiber’s tip. The fiber was advanced into the cortex 150 um at a time, and
micro-ECoG potentials were recorded in response to several stimuli at each depth. A 100
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mW 473 nm LASER (Laserglow, Toronto, Canada) was used to produce photostimuli
pulses 3 ms in duration and up to a power of 80 mW/mm? at the tip of the fiber. Irradiance
was found by measuring optical power (PM100D, S130C, Thor Labs) and then dividing this
value by the diameter of the fiber.

2.5. Polyimide and Parylene optical transmission

While designing electrode arrays for this study, we considered using Polyimide or Parylene
C as the insulative substrate. Polyimide is an amber colored flexible insulator previously
used in microelectrode arrays[45-50,4], while Parylene C is colorless polymer commonly
used to coat implantable devices. We compared the transmission of blue light through 25 pm
samples of each polymer into a 1% agar gel mixed in 0.9% phosphate buffered saline (PBS).
The polyimide sample was prepared while fabricating arrays for another study[51]. The
samples were laid along the side of a block of agar (7.5 x 40 x 40 mm). We aimed the fiber
coupled LASER horizontally through the polymer samples and into the agar. The
transmitted light was imaged with a digital color camera and stereoscope (DFC300 FX,
MZ16 F, Leica). The images were spatially filtered (low-pass FIR, 0.01 pixels/um corner
frequency, 0.219 pixels/um spatial sampling rate, order 50) to remove LASER speckles and
isointensity contour lines were interpolated at levels relative to the maximum value when no
polymer sample was present (supplementary figure 1).

2.6. In vivo and brain slice imaging

An in vivo image of cortical and dural blood vessels under the electrode was taken 6 weeks
after implantation (figure 1(e)). We used an epifluorescence stereomicroscope (Leica MZ16
F, 546/10 nm excitation, 590 nm long pass) following tail vein injection (0.1 ml, 10 mg/ml)
of rhodamine B isothiocyanate dextran (70,000 MW, R9379, Sigma-Aldrich). Rhodamine-B
was chosen for minimal spectral overlap with ChR2 excitation. A video of the stimulus
location was captured (figure 5(a)) by attaching a video camera to the Leica MZ16 F.
Frames were captured from the video for the figure.

A fixed brain slice was imaged to locate ChR2-YFP expression. A mouse was transcardially
perfused with 15 ml of PBS followed by 15 ml of 4% paraformaldehyde in PBS to fix the
brain, and 500 um thick coronal slices were cut with a vibrating microtome (Campden
Instruments). YFP expression of an entire slice 1.5 mm posterior to bregma (figure 7(b))
was imaged with epifluorescence microscopy (Leica MZ16 F, 480/40 nm excitation, 510 nm
long-pass emission). To achieve better resolution, a 2-photon image was taken of the cortical
layers (figure 7(c)) with 890 nm excitation (Mai Tai DeepSee, Spectra Physics) and a 10x
0.5 NA Nikon objective lens.

2.7. Micro-electrocorticography signal processing

Signals were initially recorded with no digital filtering, and later processed using Matlab.
The only filter applied was a 500 Hz low-pass FIR (order 25, applied forwards & backwards
to preserve phase) to remove aliasing unless otherwise specified. Multiple trials were
averaged to generate event related potentials and remove uncorrelated activity. The duration
versus irradiance plot (figure 2(d)) was made by recording a set of event related potentials
for all combinations of photostimulus durations (0.5, 1.0, 2.0 & 4.0 ms) and irradiances (20,
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40, 60, 80 & 100% of 0.75 mW/mm?2), measuring the peak depolarization for a single
channel, and then linearly interpolating the data with Matlab’s contour function. Linear
interpolation was also used to localize and pseudocolor the peak potentials of the space-time
varying photostimulus (figure 5). For the space-frequency figure (figure 6), Chronux 2.1
[52] was used to calculate a spectrogram of each channel with the multi-taper method (3
tapers, time-bandwidth product 5, 1 s moving window, 50 ms step size).

3.1. Optogenetic micro-ECoG potentials

Stimulation of the cortical surface with a blue LED (465 nm, 3 ms, 5.3 mW across the
window, 0.75 mW/mm?) in Thy1-ChR2/H134R +/- mice produced large negative micro-
ECoG potentials that were readily distinguishable from background activity (figure 2(a)).
These negative potentials were consistent with ChR2 stimulation as they persisted for
several milliseconds after the light pulse turned off (figure 2(b), left), and blue (but not red)
light evoked a response that was absent in wild type mice (figure 2(b), supplementary figure
2). ChR2 evoked potentials were highly reliable with similar amplitude potentials being
produced on each trial, especially at large amplitudes (figure 2(a)). When we applied the
photostimulus to the entire window, the averaged potentials were spatially uniform, and
stimuli longer in duration evoked larger amplitude potentials than brief stimuli (figure 2(c)).
The amplitude of the potentials depended on both the photostimulus duration and brightness
(i.e. irradiance), so we systematically explored this parameter space for single pulses of light
(figure 2(d)). Given a desired potential amplitude, parameters for single pulses could be
selected from this graph.

Light-induced artifacts were a potential issue for this hybrid approach. While the
photoelectric effect was not a major concern as the energy of a blue photon of light is below
the work function of the metals used in our arrays, the Becquerel effect (a.k.a.
photochemical effect) could create light-induced artifact. The Becquerel effect scales
linearly with the site impedance [18], so the relatively low impedance of our micro-ECoG
sites (~50 kOhms @ 1 kHz) may help keep the artifact small. We controlled for optically
induced artifacts in multiple ways. Wild type mice showed no response to blue photostimuli
(figure 2(b) and supplementary figure 2), while ChR2 expressing mice responded to blue but
not red light. We replicated the LED setup with an array in saline. The Becquerel effect was
very small at less than 10 uV for a 10 ms pulse (0.75 mW/mm?, 465 nm) and required
hundreds of trials to be resolved (supplementary figure 3). This light-induced artifact was
orders of magnitude smaller than the signals observed in ChR2 mice, and the artifact was
tightly time locked to the photostimulus, whereas in ChR2 mice the potentials followed the
photostimulus for tens of milliseconds (figure 2(b)). The high expression level of ChR2 in
the chosen transgentic mice, the extended photocurents afforded by the H134R mutation,
and the broad application of light to the entire window helps explain why fairly large
optogenetic signals were observed for a fairly low level of irradiance (0.75 mW/mm3).

We investigated the ability to resolve two stimuli separated by a short interval by applying
pairs of photostimuli. A second pulse 1-12 ms after the first caused an additional negative
potential that could be resolved for pulse separations of 4 ms or greater (figure 3). At lower
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stimulus levels, the additional potential evoked by the second pulse was similar to that of the
first pulse, but at higher stimulus levels, the additional potential evoked by the second pulse

was less than the first (compare rows 1 and 3 of figure 3 ). This describes a saturation effect.
Subsequently, we investigated spatial activation and localization of neural activity.

3.2. Spatial localization

Focal photostimulation of a small cortical area (200 um in diameter) was achieved by
focusing an LED through a microscope objective (1 mW, 32 mW/mm2, 465 nm, 20 nm
FWHM). This focal stimulation evoked a spatial distribution of potentials with the largest
amplitudes nearest the stimulus site (figure 4(a)). The spatial distribution of potentials
changed with each new stimulus location. We tested the spatial resolution of the interface,
the ability to distinguish signal originating at two locations separated by distance. Two
LEDs were focused on the cortex and simultaneously applied. These two sources could be
distinguished from the micro-ECoG potentials when the stimuli were greater than 1 mm
apart (figure 4(c)), but the stimuli could not be distinguished when separated by smaller
distances (figure 2(b)). Multiple sources were separable after averaging stimulus trials
(figure 4(c)), but more sophisticated localization algorithms could also be applied [53,54].

3.3. Space-time & frequency characterization

Complex photostimuli, varying both in time and space were applied to the cortex to further
assess the cortical response to stimuli at multiple locations and with varied frequency
content. To demonstrate stimuli varying in both time and space, we focused a 2x2 array of
blue LEDs onto the cortex. The LEDs were sequentially illuminated every 125 ms in a
clockwise pattern (figure 5(a)). Each stimulus location could be spatially localized with two-
dimensional interpolation from the cycle-averaged micro-ECoG recordings (figure 5).

To test the space-frequency response of the cortex, we applied a frequency-ramped sine
wave photostimulus to an area of cortex 400 um in diameter. Electrode sites nearest the
stimulus location recorded a larger signal that decreased as distance and frequency increased
(figure 6). Stimulation frequencies below 50 Hz generated the largest response, which
corresponds to the closing time constant for ChR2/H134R of 20 ms [36]. Deactivation of the
ChR2 channel due to prolonged stimulation also accounts for roughly half of the ChR2
conduction decrease over time [36], but a change of many decibels can be seen after 50 Hz.
After characterizing surface stimuli varying in time, frequency, and two spatial dimensions
across the cortical surface, the third spatial dimension remained. We investigated neural
activity below the cortical surface using an acute preparation and an optical fiber.

3.4. Intracortical fiber stimulation

Photostimuli were applied at multiple depths below the cortical surface by advancing an
optical fiber stereotaxically during an acute surgical procedure (figure 7(a)). The fiber was
coupled to a 473 nm LASER [44]. Photostimulation with the optical fiber caused spatially
defined potentials with the largest amplitudes observed nearest to the stimulus, similar to
focal stimulation at the surface through the microscope. Multiple negative and positive
potential peaks were observed at high stimulation intensities (2.5 mW, 78 mW/mm2, 3 ms)
(figure 7(d)), but only the first negative peak remained when the intensity was decreased
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(0.8 mW, 25.5 mW/mm?) (figure 7(e)). These additional peaks at high stimulus intensities
could be due to cortical circuitry with synaptic transmission to and inhibitory feedback from
interneurons, or these multiple peaks could be due to pyramidal neurons in deeper layers
responding more slowly. Expression of ChR2/H134R-YFP was found in layers 2/3 and 5 at
similar levels (figure 7 (c)). As we inserted the fiber deeper, the initial negative potential
peak decreased in amplitude, but the subsequent positive peaks increased with a maximum
amplitude occurring when the fiber tip was positioned 300 um deep within the cortex. As a
control for light induced-artifacts, we found that the addition of isoflurane reduced the size
of the potentials, and half an hour following the end of this terminal procedure, no light-
induced artifacts were measureable. Further investigation with intracortical electrode arrays
and modeling of this phenomenon will be necessary, but the current data could be readily
applied to validating epileptic source localization algorithms.

5. Discussion

Optogenetics is an effective approach for studying temporal and cell-type specific aspects of
micro-ECoG. We found that exciting pyramidal neurons in the upper layers of the cortex
causes negative micro-ECoG potentials (figures 2 & 4). This result was in accordance with
Ayling et al. who also reported negative potentials when recording from the cortical surface
in Thy1-ChR2 mice with silver wire electrodes [23]. Depolarization of neurons with ChR2
would be expected to create a negative potential as a net flux of cations enters the cells,
leaving behind a net negative charge. Interestingly, this negative potential was less apparent
when the photostimulus was deeper within the cortex (figure 7). This could be investigated
with computer simulations bridging neuron models, optogenetics, and electrostatics [55], but
it is an open question whether a model with multiple cell types is required to account for the
multiple potential peaks observed in figure 7(d). Using this system, optogenetics could be
used to determine the contribution of specific cell types to the micro-ECoG signal. Studies
in mice expressing ChR2 in interneurons have reported the generation of gamma rhythms
[56,57], a frequency band of great importance to the ECoG community for BCI
implementation [2] and cortical mapping [58].

Optogenetic micro-ECoG has potential applications for the study of epilepsy and other
diseases affecting the electrophysiology of the cortex. Localizing aberrant neural activity
from EEG or ECoG recordings remains a challenging inverse problem that requires a priori
assumptions to be made about the nature of the solution (see [59] for a review), and direct
verification of source localization algorithm performance is difficult, requiring the
researcher to cause neural activity at a known time and location [53]. Towards testing a
priori assumptions about the solution, it would be desirable to be able to drive multiple and
spatially diffuse neural sources. This is difficult to do electrically, but relatively simpler to
do optogenetically due to the inherent parallelism of light. Stimulating multiple neural
sources simultaneously was readily achievable (figure 4) and more complex
photostimulation could be induced with more advanced optical hardware (e.g. spatial light
modulators). Additional directions relevant to epilepsy research include optogenetically
testing the effect of antiepileptic drugs on cortical excitability, studying the effect of
activating specific cell types during epileptic episodes, investigating the cortical dynamics of
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channelopathy mouse models, and developing closed-loop seizure detection and optogenetic
stimulation protocols.

As a bidirectional neural interface, optogenetic micro-ECoG could be used in a wide set of
applications and experimental approaches. Sensorimotor neuroprostheses are a potential
application of our approach, but miniaturization and integration of the optical hardware
would be required. Motor signals could be decoded from micro-ECoG, and information
from sensors on the prosthesis could be fed back to the sensory cortex optogenetically.
Feedback can also be applied more generally in closed-loop paradigms in which the
photostimuli depend on recorded signals in real-time. The amount of activity at a cortical
region could be regulated, effectively pacing the cortex, or virtual connections could be
formed by cross-connecting recording sites and photostimulation sites. These artificial
connections could be used to interact with network connectivity models of the cortex or
perhaps to bridge over an infarcted region. Cerebral vascular imaging and other in vivo
approaches add more line of investigation.

Adding in vivo imaging and improving the optical hardware are the next steps for
development of this platform. The cranial windowing technique we adapted for this study
for the purpose of photostimulation also provided excellent views of cerebral vasculature for
multiple weeks (figure 1(e)). Neurovascular coupling is an obvious route for investigation.
The middle cerebral artery was apparent with epifluorescence imaging, but more advanced
imaging techniques such as 2-photon or optical coherence tomography would help resolve
deeper vessels. More advanced optical patterning hardware would also be helpful, since we
were limited to a small number of LEDs. An optical system with a spatial light modulator
would greatly improve spatial photostimulation capabilities. Further development and
integration of optical systems will broaden the spectrum of applications for optogenetic
micro-ECoG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Micro-ECoG array fabricated on a transparent substrate and chronically implanted under a

cranial window. (a) The photolithography process involved a lift-off method to pattern metal
layers onto a Parylene C coated wafer, deposition of an additional layer of Parylene, and
then exposure of the electrode sites with plasma etching. (b) A micro-ECoG electrode array
with platinum electrode sites patterned on Parylene C. Electrode sites 150 pm in diameter
are arranged in a 4x4 grid with 500 pm between sites. (c) The electrode array was assembled
with a custom printed circuit board to route traces from the FPC connector to a zero
insertion force connector. The array was implanted under a cranial window in mice as
illustrated in panel (d). (e) Blood vessels, labeled with rhodamine-B dextran, were visible
through the cranial window and electrode for several weeks following implantation.
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Figure 2.
Optogenetically evoked micro-ECoG potentials. (a) An unfiltered micro-ECoG signal shows

large negative potentials associated with every photostimulus * (465 nm, 3 ms, 0.75
mW/mm2, 5.3 mW applied to entire window). (b) Wild type mice did not show any response
to stimulation with blue light photostimulus - (465 nm, 0.75 mW/mm?), while ChR2
positive mice were responsive to blue - (465 nm, 0.75 mW/mm?) but not red - (625 nm,
0.81 mW/mm2) photostimuli. A single channel is shown with 50 trials averaged for each
condition. Control figures with all 16 channels can be found in supplementary figure 2.
Trial-averaged evoked potentials are mapped according to channel location on the array (1
or 5 ms, 465 nm, 0.75 mW/mm?, 5.3 mW total across the window). Longer stimuli evoked
larger negative potentials. These potentials were spatially uniform with the entire window
illuminated. 10 trials were averaged for each condition. (d) The amplitude of optogenetically
evoked potential depended on the duration and irradiance (i.e. brightness) of the
photostimulus. The stimulus duration and irradiance parameter space was systematically
explored to generate a 2D interpolated contour plot.
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Figure 3.

Optogenetically evoked micro-ECoG potentials in response to pairs of light pulses.
Averaged potentials for a single channel are shown in response to pairs of photostimuli
applied at 0.75 mW/mm?2. The duration of each pulse and the inter-stimulus interval was
varied. Pairs of brief stimuli (1 ms) caused negative potentials that superimposed linearly,
while longer photostimuli (4 ms) did not evoke a linear response as the second peak was not
twice as large as the first. Photostimuli spaced by more than 2 ms could be readily
distinguished, but photostimuli seperated by less than 1 ms appeared as a single event based
on the recorded signals. Between 13 and 28 trials were averaged for each condition.
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Spatially mapped micro-ECoG potentials in response to focally applied optogenetic stimuli.
One or two focal photostimuli ® were applied repeatedly to the cortical surface using an
objective lens. The photostimuli were 200 um in diameter, for 5 ms in duration - and 1 mW
in power (32 mW/mm?). (a) The amplitude of the evoked micro-ECoG potentials was
greatest nearest the stimulus location. Surrounding electrode sites had similar but smaller
amplitude waveforms with minimal phase delay suggesting electrostatic volume conduction.
(b,c) Stimultaneously applied focal photostimuli evoke spatially separable potentials at
distances greater than twice the electrode spacing (c), but at closer electrode spacings the
evoked potentials were less separable. 90 trials were averaged for each.
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Figureb.
Spatiotemporal photostimulation and localization. (a) Photostimuli were applied at four

locations in sequence. Four LEDs were focused on the cortex and illuminated in a clockwise
sequence at 2 cycles per second. (b) The corresponding cycle averaged micro-ECoG
potentials (100 cycles averaged) are plotted in white for each position. The peak potential
for each stimulus location is marked ©, and these values were pseudocolored using linear
interpolation. Spatially localized potentials were observed for each stimulus location.
Potentials were bandpass filtered from 5 to 500 Hz.
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The spatio-spectral cortical response. A frequency-ramped photostimulus was applied to an
area 500 um in diameter between the electrode sites ©. Spectrograms of the signals at each
micro-ECoG electrode site show that the cortical response decreases as distance and
frequency increase. 5 trials were averaged.
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Figure7.

Optogenetically evoked micro-ECoG potentials in response to photostimuli applied
intracortically with a fiber-coupled LASER or at depths below the cortical surface with a
LASER coupled fiber. (a) A cross section diagram of a micro-ECoG electrode array on the
dura and a fiber inserted into the cortex. Expression of ChR2/H134R-YFP under the Thy1
promoter in found in a subset of cortical layers. (b) Epifluorescence of an entire coronal
slice 1.5 mm posterior to bregma shows expression in the cortex, hipocampus, and thalamus.
Greater cortical expression is found medially, but the implanted region (0.5 to 3.5 mm
lateral) has more uniform expression. (c) A two-photon image of the outlined region in (b)
shows expression in cortical layers 2/3 and 5. Layer 1 also has expression but no cell bodies,
suggesting expression in apical dendrites. (d,e) Averaged potentials recorded from the
micro-ECoG array in response to photostimuli - (3 ms, 473 nm) applied next to the array

at multiple depths within the cortex. Photostimulus power was 2.5 mW (78 mW/mm?) in
(d) and 0.8 mW (25.5 mW/mm?) in (e). Stronger photostimuli (d) caused potentials with
multiple negative and positive peaks, while weaker photostimuli (€) evoked only an initial
negative peak. These subsequent peaks followed several miliseconds after the photostimulus
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ceased. Similar to figure 4, the amplitude of the micro-ECoG potentials (d,e) were spatially
related to the stimulus location. 50 trials were averaged for each condition in (d) and (e).
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