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Abstract

Neural stimulation with high spatial and temporal precision is desirable both for studying the
real-time dynamics of neural networks and for prospective clinical treatment of neurological
diseases. Optical stimulation of genetically targeted neurons expressing the light sensitive
channel protein Channelrhodopsin (ChR2) has recently been reported as a means for
millisecond temporal control of neuronal spiking activities with cell-type selectivity. This
offers the prospect of enabling local delivery of optical stimulation and the simultaneous
monitoring of the neural activity by electrophysiological means, both in the vicinity of and
distant to the stimulation site. We report here a novel dual-modality hybrid device, which
consists of a tapered coaxial optical waveguide (‘optrode’) integrated into a 100 element
intra-cortical multi-electrode recording array. We first demonstrate the dual optical delivery
and electrical recording capability of the single optrode in in vitro preparations of mouse retina,
photo-stimulating the native retinal photoreceptors while recording light-responsive activities
from ganglion cells. The dual-modality array device was then used in ChR2 transfected mouse
brain slices. Specifically, epileptiform events were reliably optically triggered by the optrode
and their spatiotemporal patterns were simultaneously recorded by the multi-electrode array.

1. Introduction

How does spatially focused neural stimulation affect the
activity of local and distant neurons, possibly leading to
alterations in behavior and changes in disease states? This
question not only encompasses a fundamental concern in
the field of neural circuit dynamics, but is also central to
the quest for innovative treatments of neurological disease,
rooted in better scientific understanding of the mechanisms of
neural function and dysfunction. The ability to answer this
and other related questions requires tools enabling selective

1741-2560/09/055007+13$30.00

neural stimulation coupled with simultaneous high-resolution
spatiotemporal recording.

Neural stimulation by means of injecting electrical
current through brain tissue has been a powerful tool in
electrophysiology [17] and clinical neuroscience [33, 38],
in spite of the uncertainties associated with complex current
paths, non-selective depolarization of axons, dendrites and
neuronal cell bodies by the complex current pathways
[10, 26]. Direct optical stimulation of neural cells in brain
tissue genetically modified by expressing channelrhodopsin-2
(ChR2) has recently been achieved [11, 35, 56] and applied
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in both in vitro and in vivo studies [2, 29, 39, 57]. This new
kind of ‘optogenetic’ stimulation technique can genetically
be customized to target specific types of neurons with sub-
millisecond temporal precision [2]. Various light delivery
schemes have been reported, to match the excitation spectrum
of ChR2 in the blue, including band-filtered white light
[11, 56], light emitting diodes (LED) [12] or laser-coupled
optics [39] for in vitro applications, as well as direct epicranial
LED implantation [29] for in vivo applications. In broader
terms of tools that have been applied by using optical
fiber based endoscopic technologies in neuroscience, these
have been so far mostly employed for structural imaging
such as light delivery for fluorescence or 2-photon imaging
[20, 21, 41] and functional imaging such as optical coupling
between light sources and photo-detectors in functional optical
coherence tomography (fOCT) [31]. The recent development
of optogenetics methodology has opened avenues for optical
fiber based neuronal stimulation including in vivo applications
[2, 4]. So far, the spatial distribution of the stimulating light
using these delivery schemes at the target brain tissue has
been limited by the divergence of the light source itself or
the numerical apertures of the optical instruments, further
‘blurred’ by scattering intrinsic to the tissue. Moreover,
recording of the evoked neural activity has been limited to
single patch or EEG/EMG [2] recordings. A mechanically
simple construct of an optical fiber glued to an extracellular
electrode has recently been reported [23] to monitor neuronal
activity evoked by optical stimulation in ChR2 transfected
mice. Elsewhere, a variety of techniques has been developed
to record from a large population of neurons with high
spatiotemporal resolution, ranging from multi-electrode arrays
[25, 51] to optical imaging methods [24]. The multi-electrode
arrays do not easily allow for specific stimulation of neural
electrical activity due to the presence of electrical artifacts
etc. Meanwhile, the optical imaging methods such as intrinsic
optical signal detection are technically challenging for detailed
tracking of spiking activity in local intra-cortical microcircuits.

A paradigm case of extended neural circuit phenomena
where space- and time-dependent excitation/recording is
important is epileptic activity.  Epileptiform activity in
disinhibited brain tissue is characterized by synchronized
population firing, and occurs predominantly in parts of the
brain with high degrees of recurrent excitatory circuitry, such
as the neocortex and hippocampus [52]. The initiation and
propagation of such activity is fairly well understood with
a simple neuronal network model, utilizing the pattern of
connectivity among these neural populations [49, 50]. One-
dimensional recordings of the epileptiform wave in neocortical
slices have been demonstrated previously by linear microwire
arrays [14-16, 40], revealing the patterns of wave initiation and
propagation across the columnar and laminar architectures in
neocortex. Itisthusinteresting to study the two-dimensional or
even three-dimensional spatiotemporal propagation patterns,
including those under pharmacologically induced seizure
conditions. Calcium imaging has been used to record single
neuron activities but with a limited neural circuit recording area
[5]. In this paper we use the two-dimensional spatiotemporal
propagation of epileptiform activity as an example of the
application of a newly developed set of tools.

Below we describe a tapered coaxial optical waveguide
construct, dubbed as the ‘optrode’, which, after a range
of testing and characterization, is embedded within a 100-
element ‘Utah’ intra-cortical multi-electrode recording array
(MEA) [13, 30]. This dual-modality, hybrid, optrode-MEA
device is capable of locally delivering light stimuli to neural
tissue while simultaneously multisite recording extracellular
activities from an area of approximately 4.0 mm x 4.0 mm
around the stimulation focus (these are present dimensions—
with extended MEA and optrode fabrication techniques any
combinations and many geometries are possible). The optrode
itself is a dual-device element providing simultaneous light
delivery and electrical recording capabilities. As described
below, we first tested the single optrode as a stand-alone
unit in the intrinsically photosensitive mouse retina. Green
laser light was delivered through the optrode to trigger retinal
photoreceptors, and the light-induced change of spike activity
was recorded from retinal ganglion cells via the integrated
electrical pathway of the optrode. In a different validation
and evaluation step, mouse brain slices with cortical neurons
rendered light sensitive by viral transfection via ChR2 also
showed direct blue light-triggered action potentials upon being
stimulated by the stand-alone optrode. Next, and most
important to this paper, the optrode—MEA dual function array
device was used to study the 2D spatiotemporal propagation
of optically induced epileptic waves in disinhibited ChR2
mouse cortical slices. Epileptic waves with robust propagation
patterns were demonstrated.

2. Single optrode fabrication and its optical
characteristics

2.1. Fabrication procedure of single optrode and methods

The single optrode is a tapered glass optical fiber with a sub-
micron-sized aperture at its tip formed by gold metallization
cladding (schematic in figure 1(a)). It was fabricated
from a multimode optical fiber (Fiber Instrument Sales Inc.,
62.5 um core, 125 um cladding), whose bare end was cleaved
and cleaned with isopropanol before further processing, to
remove organic substances on the optical fiber after stripping
the outer polymer jacket. The tapered end of the fiber was
created by wet etching in aqueous hydrofluoric acid (HF, 49%)
at room temperature (22-24 °C). The fiber was immersed
into the etching solution perpendicular to the surface of the
solution and pulled out at a speed of 20 m min~' until a
sharp taper was formed. Different tip angles can be formed by
controlling the rate at which the fiber is withdrawn from the
etching solution. (Alternatively, organic solvents can be used
to serve as an immiscible protection layer to the aqueous HF for
static etching, where the tip angle is created at the HF/organic
solvent interface [28]). The etched optical fiber was then
rinsed in de-ionized water and a 500 nm thick gold film was
deposited on the tapered surface using a high vacuum thermal
evaporator (Angstrom Engineering). The chosen deposition
angle was 27° while the optrode was rotated at a speed of
127 rad min~'. A magnet wire (Alpha Wire Company) was
attached to the metalized part of the optrode by means of silver
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Figure 1. Single optrode with dual stimulation and recording
functions. (a) Concept schematic. Light is locally delivered through
the aperture at the tip of the tapered optical fiber to nearby neurons;
the neuronal activities are recorded through the thermally metalized
gold tip of the optrode. (b) SEM images of the optrode tip. The
exposed metallic part of the tip is approximately 50 xm, appearing
brighter in the upper image. The diameter of the optical aperture
(outlined in white circle) is about 1 um in the lower image. Scale
bars are 10 um and 1 pm for the upper and lower images.

Optical

delivery

epoxy (H20E; Epoxy Technology) and served as the electrical
conduit to external recording electronics. With the exception
of the final 50 um of the tapered tip, the metalized part of
the fiber was insulated using a UV-curable epoxy (Norland
Optical Adhesive 74). Figure 1(b) shows scanning electron
microscope (SEM) images of an optrode tip. The exposed
metallic part of the optrode has micron-size facets, which
were created during chemical etching. The lower image in
figure 1(b) shows the geometry and character of the optical
aperture and the adjacent thermally evaporated grains of the
gold metal. The integrity of the insulation layer was validated
by measuring the electrical impedance of the optrode (see
details in section 3.3 below) at different submersion depths
in phosphate buffer solution (PBS). We have demonstrated
(data not shown) that the electrical impedance of the optrode
remains the same when the tip and the insulated part of the
optrode is gradually lowered into the PBS.

The fluorescence and bright field images of the optrode
were obtained using a CCD camera (Dage-MTTI) and captured
using Videum Capture (Winnov). Image J (Image Processing
and Analysis in Java, NIH) was used for obtaining gray
scale distributions from images and converting them to light
intensity profiles. The Gaussian fits for the curves were done
in Origin (OriginLab).

In the following, all data in the text are presented as
mean =+ standard deviation. Error bars in the figures are
standard deviations.

2.2. Optical characteristics of a single optrode

The optrode construct demonstrated in this paper is essentially
an optical waveguide structure terminating in a sub-micron-
sized aperture, not unlike those which are employed as sub-
wavelength light sources or fluorescence probes in near field

optical microscopes (NSOM) [32, 42]. In NSOM applications,
which are not the subject here, it can be possible to reach
nanometer scale lateral spatial resolution [8]. Then, since the
apertures of these probes are required to be as small as 50 nm,
their optical throughput is quite small, on the order of 1075.
Here, in order to maximize the amount of light delivered to
the brain tissue while maintaining a ‘point source’ and control
the light delivery scheme, the optical aperture of the optrode
was designed to be larger (in the 1 um range). Starting from
the core diameter of the initial silica optical fiber of 62.5 pum,
we nonetheless have to completely remove the cladding in
preparing the tapered end of the optrode. A sizable fraction of
the light originally confined in the core was then lost through
the sidewalls of the optrode tip, yet limited by the presence
of the conductive coating at the end of the taper. The known
and measured (by us) absorption of 100 nm Au thin films for
1.5 mW incident light at 404 nm is 0.812.

The optical output from the optrode can be analyzed
with a model similar to that for an NSOM probe. Bethe
addressed this problem by solving Maxwell’s equations for
the diffraction of electromagnetic radiation by a circular hole
in an infinitely thin and perfectly conducting screen [7], where
the size of the circular hole is smaller than the wavelength
of light (i.e., ka < 1,k = 27/A, a is the diameter of the
aperture). The far field radiation of the aperture can be
treated as a combination of two radiating dipoles located
at the center of the aperture. The size of the optrode
aperture is comparable to the wavelength (ka~1); the far field
radiation can thus be calculated similarly and shows Gaussian
distribution according to recent computational analysis
[3, 18, 37]. To quantify the optical throughput of the
optrode in a non-scattering medium, the optrode was placed
in Rhodamine-6G (R6G, Sigma Aldrich) solution, while light
from a green laser (532 nm; World Star Tech) was coupled into
the far end of the fiber for fluorescence excitation. Figure 2(a)
is a fluorescence image of the optrode output in the
Rhodamine-6G solution, where the intensity profiles were
taken at two planes perpendicular (short axis) and along (long
axis) the optrode. The intensity profiles along the two axes and
the Gaussian fit curves are shown in figure 2(b). The variances
for the Gaussian fits are 18 pm for long axis (diongaxis-r6G) and
13 pm (dghoriaxis-r6G) for short axis. While distribution along
the short axis is due to the angular dependence of transmitted
light from the aperture [37], the long axis optical output is
determined by both the throughput from the aperture (forward
direction) and the transmitted light from the Au thin film at the
optrode tip (backward direction). The estimated throughput
from the aperture is the same as the transmitted throughput
from a planar Au thin film of the same thickness (data not
shown). The overall optical output can be approximated as a
prolate spheroid, whose eccentricity is 0.692.

The light scattering properties of the brain tissue can vary
vastly depending on species [4, 55], incident wavelengths
[55], physiological status of the tissue [9, 55] and even the
age of the subject. To quantify the optical output in the
light scattering brain tissue, the optrode was placed in brain
tissue in P28 mouse brain slices (for consistency with the
brain slice experiments as described below) and a blue laser
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Figure 2. Optical characteristics of the optrode. (a) The solution-based Rhodamine-6G fluorescence image of the optrode output excited by
a 532 nm laser. Blue lines guide the eye for outlining the optrode, and the orange dotted lines define the ‘short’ and ‘long’ axes along which
the intensity distributions are analyzed. (b) The relative fluorescence intensity distribution along the short and long axes. The solid red and
blue lines are the Gaussian fits, with variances of 18 pm for the long axis and 13 pm for the short axis. (c) A DIC image of the scattered
440 nm light from the optrode in a mouse brain slice. The orange dotted line shows the axis along which the intensity distribution is
analyzed. (d) The relative scattered intensity distribution and the corresponding Gaussian fit, with a variance of 18 um. The scale bars in

both (a) and (c) are 20 pm.

diode (440 nm; Nichia Corp., within a homemade package)
was coupled to the fiber end of the optrode. Figure 2(c)
shows a DIC image of the scattered light from the optrode
in such tissue. The optrode was placed at a penetration depth
of around 50 um from the surface of the slice. Only the
intensity distribution along the short axis is shown, because
the ‘shadow’ of the optrode impeded optical access to the long
axis. The ‘noise’ in the light intensity profile in figure 2(d)
is larger than that in figure 2(b), thereby highlighting the
effects due to scattering in the brain tissue. The variance
for the Gaussian fit (dsportaxis-tissue) 1S 18 wm, larger than that
of the corresponding solution case (dsportaxis:R6G ~ 13 um
in the Rhodamine-6G fluorescence image). The variance
for the long axis diongaxis-tissue €an be calculated from the
eccentricity of the prolate spheroid obtained previously.
Assuming that the excitation light intensity at the full width
half maximum (FWHM) is adjusted for the threshold of
inducing ChR2 spikes, the total volume for the prolate spheroid
is

ey

2
Vspheroid = §7T dlongaxis—tissue dshortaxis—tissue’

which defines the initial excitation volume as 3.4 x 10* um?.

3. Single optrode performance testing: experiments
in mouse retina

3.1. Mouse retina preparation and electrophysiology

All procedures were in accordance with National Institutes
of Health guidelines and approved by the Institutional Animal
Care and Use Committee (IACUC) at Brown University. Adult
wild-type C57B16 mice were euthanized by over exposure to
carbon dioxide and enucleated bilaterally. The retinae were
dissected out in Ames’ medium (A 1420, Sigma Aldrich, with
21 mM NaHCO; and 10 mM glucose) equilibrated with 95%
03, 5% CO,. Dark adaptation of the retinae was conducted for
60 min before they were mounted on nitrocellulose filter paper
(0.47 um pore, Millipore Corp.) and placed in a liquid—gas
interface recording chamber system with the ganglion cells
facing up. Figure 3(a) shows the experimental setup for the
retina stimulation/recordings. Both a halogen lamp and a
532 nm green laser were used to stimulate the retina. Incident
light power levels between 500 uW and 5 mW (measured
by calibrated power meter) were used without bleaching the
retinal photoreceptors. The halogen white light source was
coupled to a fiber guide and placed right below the recording
chamber. An optrode, mounted on a 3D micromanipulator,
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Figure 3. Optical stimulation and electrical recording using a
stand-alone optrode in a mouse retina. (a) Schematic of the
experiment. The single optrode records spiking activity from
ganglion cells, which are optically stimulated by unguided uniform
white light and optical fiber guided 532 nm laser light through the
optrode, respectively. The schematic image for mouse retina was
obtained from http://gsbs.uth.tmc.edu/images/klein_diagram.jpg

(b) Raster plots of one ganglion cell response to white light stimuli
of approximately 2.5 s duration. The results from three trials for the
same neuron have been shown. (c) Raster plots of another ganglion
cell response to an optrode-guided 532 nm green laser light stimulus
(~2 s pulses). The results from three trials for the same neuron are
shown. Spike sorting was done on all the recorded waveforms in
(b) and (c), which were taken from the same specimen.

was inserted into the retina until spikes were detected. The
extracellular potential from the optrode (i.e., recorded by its
conductive cladding), with reference to a Ag/AgCl wire in the
bath, was preamplified (1000 gain, 1-10 kHz bandpass; Low
Noise Preamplifer Iso-DAMS, World Precision Instruments).
Raw data (10 kHz sampling rate) were then acquired using
Labview (National Instruments™). All the spikes were
thresholded at —300 uV (250 Hz—4.8 kHz) and overlaid in
a 2 ms window using Matlab. The spike rasters were obtained
using a Matlab program as well.

The electrical impedance spectrum of the optrode was
measured using a setup consisting of a digital function
generator and an oscilloscope. The evoked spike waveforms of
the ganglion cells were analyzed with custom programs written
in Matlab (The Mathworks, Inc™) in the retina experiments.

3.2. Dual optical stimulation and electrical recording by the
optrode in mouse retina

The stand-alone single optrode’s capability for optical
stimulation and electrical recording was demonstrated in
intrinsically light sensitive tissue—i.e., the mouse retina.
Since the ganglion cells are formed as a single-cell layer, most
retinal recordings are conducted using planar multielectrode
arrays [19, 48]. However the electrical contact between the
ganglion cell and the planar electrode is difficult to control.
Using our optrode with its tapered structure, spiking activities
from multiple ganglion cells could readily be recorded. Both
halogen white light and green (532 nm) laser light could transit

through the whole retinal tissue preparation. In the first set
of control experiments, the wide area white light illumination
(not through the optical fiber) was used to stimulate the retinal
tissue for the duration of ~2.5 s and ganglion cell responses
were recorded using the single optrode as shown in the raster
plots of figure 3(b). Robust spiking activity was triggered for
2-3 s after the light was turned off; this is the characteristic of
an OFF-transient ganglion cell (In one of the traces, turning
the light on triggered several spikes as well). In the second set
of experiments, the green laser was coupled into the optrode
via its fiber end to stimulate the retinal tissue for ~2 s. In
this case the optrode was used to simultaneously record the
ganglion cell responses (raster plots of figure 3(c)). Spiking
activity was triggered by turning the laser light both on and
off.

3.3. Electrical recording characteristics of optrodes in mouse
retina

As noted, the design of the single optrode element had
two objectives: the local delivery of light stimulation and
the simultaneous electrical recording of proximal, associated
neuronal activity suitable for both in vitro and in vivo
applications.  The electrical impedance of the optrode
determines the bandwidth and the root-mean-square noise,
thus its capability for extracellular electrophysiological
recordings of neural activities. Figure 4(a) shows the average
impedance spectrum of eight separately fabricated optrodes.
The plot here refers to the absolute value of the impedance (a
Bode plot). A simple quantitative model of the electrode has
been analyzed by Robinson [43], where the equivalent circuit
of a metal microelectrode has the following impedance
V4 R,+R ! Re 2
electrode = s + m+jwcs+ 1+ijeCe’ ( )
where Ry is the resistance of the (saline) bath between the
metallic interface and infinity, R,, is the resistance of the
metallic portion of the electrode, C; is the shunt capacitance
from the tip to the amplifier input, @ is the frequency
of the electric field, R, is the leakage resistance in the
electric double layer, C, is the capacitance of the electric
double layer, and j is the complex constant. There are
two major contributions to time constants in the impedance
spectrum, one from the double layer and the other between the
electrode and the amplifier (shunt capacitance). By plotting
equation (2) using Mathematica (Wolfram Research), one can
find that the shunt capacitance dominates the time constant
of the optrode. The double exponential decay fit of the
impedance spectrum in figure 4(a) gives two decay constants:
2628 and 87.6 s~!, which is consistent with Robinson’s
model. The electrical impedance is relatively invariant in
the frequency range relevant for electrophysiological neural
recordings respectively, enabling access to both high frequency
‘spikes’ and lower frequency local field potentials with high
fidelity.
Figure 4(b) shows 24 spontaneous spike waveforms
recorded by the optrode from mouse retinae, overlaid in a
2 ms window. The consistency of both the shapes and the
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Figure 4. Electrical recording characteristics of optrode from retinal ganglion neurons in figure 3. (a) The average impedance spectrum of
eight separately fabricated optrodes measured in PBS. The impedances at f = 1 kHz lie between 112 k2 and 671 k2. The solid line is the
double exponential fit of the average impedance. (b) 24 spike waveforms from mouse retinal ganglion cells overlaid in a 2 ms window. All
signals are bandpass-filtered at 250 Hz—4.8 kHz and thresholded at —300 V. (c) The full bandwidth (10 kHz) data for (b). The V,, for
recorded spikes are in the range of 100-500 V. The unit for the vertical axis is expressed in pV.

amplitudes of the waveforms indicate that these are single-
unit spiking activity from one ganglion cell. The peak-to-peak
amplitudes of the spikes V,,, are between 100 and 500 uV. A
raw data trace of the retina recordings is shown in figure 4(c).
The Vi, for the noise is 14.3 wV, while the standard deviation
Vs 18 44.6 wV. The signal-to-noise ratio (SNR) of an electrode
is calculated as [36]

SNR = V;p/2 - Via. 3)

Thus, the SNR for the optrode-recorded spikes lies between
the values of 1.12 and 5.60 for the present structures (which
are not yet fully optimized).

4. Single optrode stimulation of ChR2-expressing
neurons in cortical slice (with patch clamp
recording)

4.1. Lentivirus production, transduction and stereotactic
viral delivery for optogenetic transfection

pLenti-Synapsin-hChR2(H134R)-EYFP-WPRE DNA was
amplified in our laboratories using standard molecular biology
techniques. The plasmid housed both the ChR2 and yellow
fluorescent protein (EYFP) for purposes of imaging the
transfected brain tissue.

Postnatal dayl4 mice (CD-1 Charles River) were
anesthetized by intraperitoneal injections of ketamine
(70 mg/kg) and Dormitor (0.5 mg/kg) cocktail. The head of
the animal was placed in a stereotactic apparatus (David Kopf
Instruments) and a craniotomy was drilled (anteroposterior,
0 mm from bregma; lateral, 3 mm; ventral, 0.85 mm).
Concentrated lentivirus solution (0.5 uL) was injected at the
desired stereotactic locus at a speed of 0.05 uL min~! using
a programmable pump (PHD2000, Harvard Apparatus). The
skin on the skull was sutured up and Antisedan (0.5 mg/kg)
was given to the animal at the conclusion of the surgery.

4.2. Mouse brain slice electrophysiology and
photostimulation

Two weeks after the lentiviral injection, the animals were
sacrificed and 350 pum thick coronal cortical slices were
prepared using a vibratome (VT 1000; Leica) in ice cold
artificial cerebrospinal fluid (ACSF, containing 126 mM NacCl,
3 mM KCl, 1.25 mM NaH,PO,, 2 mM MgSO,—7H,0,
26 mM NaHCO;, 10 mM dextrose and 2 mM CaCl,
equilibrated with 95% O, and 5% CO,). A fluorescence
stereomicroscope (GFP filter set, 0.75-11.25X, Nikon
Instrument) with a plan apochromat objective (1X,
0.04 NA, Nikon Instrument) was used for low-magnification
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fluorescence images of the whole slice. The exposure time to
the fluorescent excitation light was kept below 5 s to minimize
the unnecessary excitation of ChR2-expressing neurons. Patch
recordings were performed in a whole-cell current clamp
configuration using Axoclamp 2B (Axon Instrument) at room
temperature (22-24 °C). The cells were visualized in a
fixed-stage infrared differential interference contrast (DIC)
microscope. ChR2 expressing neurons were identified through
the EYFP fluorescence embedded in the initial DNA plasmid
(excitation wavelength range 489-505 nm, emission range
524-546 nm, Semrock filters) and patched with a borosilicate
micropipette (4-8 M resistance). The intracellular solution
contained 130 mM potassium gluconate, 10 mM HEPES,
4 mM KCl, 2 mM Na(Cl, 0.2 mM EGTA, 4 mM magnesium
ATP, 0.3 mM tris-GTP and 14 mM tris-phospocreatine (pH
7.25; 291 mOsm). The fiber far end of the optrode was directly
coupled to the 440 nm blue laser diode, with pulse widths
of up to 100 ms in duration and delivering approximately
0.85 mW throughput power. The electrophysiological spiking
data were processed using ClampFit (Axon Instrument).

4.3. Single optrode stimulation of ChR2-expressing neurons

The excitability of ChR2 expressing pyramidal neurons
by the single stand-alone optrode was characterized in a
mouse cortical slice, where neural response was recorded
of a single cell by patch-clamp methods. In the coronal
cortical slice preparation, a uniform fluorescent region of
about 300 um width was identified in layer V/VI of the
somatosensory cortex (figure 5(a)). No single fluorescent
neurons were unambiguously observed due to the brightness
of the background fluorescence. Most of the patched cells
in the bright fluorescent region had light-triggered spiking
responses when light was delivered through the water-
immersion objective (control experiment data not shown). In
the optrode experiment, a healthy neuron at the depth of about
50 pum in the fluorescent region was patched with a glass
micropipette (figure 5(b)). The optrode was then moved to
the surface of the slice and lowered by a few micrometers
such that the tip of the optrode was imbedded slightly inside
the slice. We found typically that a 10 ms laser pulse of
3.3 mW peak power emanating from the optrode elicited spikes
with firing probability of P = 0.2. One of such light-triggered
spikes is shown in figure 5(c). The spike latency to the onset
of the light stimulus was 9.7 &+ 1.4 ms (figure 5(d)). Such
evidence indicates that the 3.3 mW output power from the
optrode is close to the threshold for eliciting spikes, given the
reported steep relationship between spiking probability and
laser power [39]. Since the optrode was about 50 um from
the recorded neuron, we can use equation (1) to estimate that
the photoactivation volume created by the optrode is about
7.57 x 10° um?. By increasing both the power to 6.6 mW
and the duration of the laser pulses to 100 ms, the optrode was
able to reliably elicit multiple spikes from the same neuron
(figure 5(e)).

5. Dual-modality-integrated optrode-MEA device:
experiments in ChR2-expressing mouse cortical
slices

5.1. Dual-modality optrode—MEA device fabrication and
experiment arrangement for cortical slices

Figure 6(a) shows a schematic of the fully integrated optrode—
MEA device. The starting 100-element MEA was fabricated
by Blackrock Microsystems, based on the Utah array [13].
This multi-electrode array is a three-dimensional silicon-based
structure made of a 10 x 10 grid of 1 mm long tapered
microelectrodes based on a4.2 mm x 4.2 mm x 0.2 mm thick
substrate. The inter-electrode distance was 400 um [36]. The
array was then further processed as follows. Ablative laser
machining and drilling were applied on the MEAs to remove
one silicon electrode shank and to create a hole with a diameter
of approximately 203 um (Gateway Laser Services). The
fiber optic optrode element was mechanically fixed through
the hole with UV curable epoxy (Norland Optical Adhesive
74) so that its tip was precisely aligned in the plane of the tips
of the Pt-coated silicon microelectrodes, and attached with
thermally conductive epoxy (H70-E; Epoxy Technology) onto
an aluminum rod. The electrical contact wires of the array are
extended as a bundle from the side of the array (figure 6(b)).
Figure 6(c) shows a close up view of the tips of the device.
The shape and dimension of the optrode are seen to be similar
to those of the other electrodes.

As an application of the new device construct, seizure
wave propagation experiments were conducted in a liquid—
gas interface recording chamber system in the presence of
the GABA, receptor antagonist picrotoxin (PTX, 10 uM;
Sigma Aldrich) at 32 °C. The PTX container was covered
with dark foil to avoid decomposition due to the exposure of
the photosensitive PTX to ambient light. The bath flow rate
was 4 mL min~!. Transfected slices were set on the black
filter paper (HABP04700 Millipore) to avoid unwanted light
scattering from the bottom of the chamber. The transfected
ChR2 expression region was identified under the fluorescence
stereomicroscope (figure 7). The optrode within the optrode—
MEA device was first visually targeted to and then micro-
positioned at the center of the transfected region. The plane
of the microelectrode tips was aligned to be parallel to the
surface of the brain slice, and the entire device array was
inserted with a 50-100 wm penetration depth into the slice
with the aid of a 3D micromanipulator. Epileptiform activity
was evoked through the optrode using 500 us duration laser
(440 nm) pulses for excitation of the ChR2. We limited the
typical inter-stimulus interval to about 1 min. A dedicated
data acquisition system (Cerebus; Blackrock Microsystems)
was used to capture the multichannel electrophysiological
data at 10 kHz per channel. Variations in the amplitudes
of seizure waves measured at different sites were partly due to
impedance differences between electrodes. The onset time of
the waves was determined by measuring the delay between
stimulus and a triggered-wave voltage amplitude value of
150 wV [6]. Since the onset of the epileptiform activity was
quite sharp, the threshold was a relatively accurate value for
different channels. Data plots and analysis were conducted
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Figure 5. Photostimulation of ChR2-positive neocortical pyramidal neuron by single optrode. (a) EYFP fluorescence in a coronal slice from
a transfected mouse. Scale bar is 1 mm. (b) DIC image showing the tip of the optrode and the patch pipette on a given fluorescent
neuron—the single optrode is located 50 um above the patched neuron (outlined in blue). Scale bar is 20 um. (c) Onset action potential
triggered by the optrode. Blue arrow indicates the switching of the laser light of 3.3 mW power and 10 ms duration. (d) The spike latencies
(n = 22) of action potentials triggered by 3.3 mW, 10 ms laser pulses. (e) Sample raster plot of spikes triggered by 100 ms, 6.6 mW laser
pulses. The interval between each trial is 60 s.
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Figure 6. Assembled optrode—-MEA device. (a) Schematic of the device. The optrode is coupled to the MEA through a laser drilled hole,
replacing one of the silicon microelectrodes. (b) An optical microscope image of the device, showing blue laser light emanating from the tip
of the optrode. (c) A close-up view of the tips of the electrodes, where the red circle identifies the optrode. The spacing between each two

neighboring electrodes is 400 pm.
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Figure 7. Layout of multielectrode array in a ChR2 transfected slice. (a) Histology of the ChR2 transfected slice with Nissl staining shows
the locations of the electrodes in the neocortex. The red circle represents the position of the optrode. The orange arrows indicate the
‘markers’ which are created upon insertion of the electrodes into the tissue. The scale bars are 400 um for the left panel and 100 wm for the
right panel. (b) EYFP fluorescence and the positions of the electrodes in the coronal slice. The outlines of the entire slice and the neocortex
are sketched in blue. The 100 elements of the multi-electrode array are numbered from columns 1-10 and rows 1-10. The red circle in the
left panel and the letter ‘O’ in the right panel represent the position of the optrode. The ‘x’ electrodes are left unwired. Scale bar is 1 mm.

using Matlab programs. Electrode placement was determined
post-experimentally by Nissl staining of whole mount
slices.

5.2. Spatiotemporal mapping of light-induced seizure wave
by integrated optrode-MEA device in mouse brain slices

The functioning of the hybrid optrode-MEA device was
verified in a disinhibited mouse cortical slice. The advantage
of using this type of device for studying epileptiform wave
propagation is that the activity from a large area of the
neocortex and even other parts of the slice can in principle
be simultaneously recorded. We note that for the specific
MEA used here, with its 400 um inter-electrode separation,
the spatial resolution of the current device is poorer than
e.g. in manually assembled 1D electrode arrays [15, 16, 40].
Since epileptiform waves are population bursts which require
a majority of neurons to fire synchronously, it is necessary to
‘externally bias’ the intrinsic neuronal network. Different
pharmacological methods can be used to block GABAj
inhibitory synaptic transmission, including penicillin [45],
bicuculline [52] and picrotoxin (PTX) [34]. We employed
PTX in our cortical demonstration experiments because of its
potency and stability. According to a previous study [14],
increasing the concentration of PTX does not significantly
change the wave velocity or amplitude once the wave has

been initiated. A PTX concentration of 10 uM is near
optimal for initiating single, robust epileptiform events. In
our experiments, higher PTX concentrations tended to cause
higher frequency of spontaneous events.

It has been shown that synaptic interactions are critical
for synchronization of neuronal bursting activity [34, 52]. Ina
neuronal network where the inhibitory synapses are blocked,
the activation of a localized neural population can thus lead to
bursting events propagating throughout the entire network.
Electrical stimulation has been used to evoke epileptiform
activity by passing a bipolar square current pulse (typically
hundreds of us long and ~10-100 nA in amplitude) through
the disinhibited tissue. We hypothesized that direct optical
stimulation of a small population of light-sensitive neurons
should be able to evoke epileptiform waves as well. This
assumption was tested in ChR2 transfected cortical slices,
where the optrode-MEA device was used to study the 2D
spatiotemporal propagation of optically induced epileptiform
waves. Figure 7(a) shows the geographic location of each
electrode in the fixed slice, which is identified from the
‘markers’—mechanical holes created by the insertion of the
electrodes into the tissue after the MEA removal. We chose to
have the optrode deliver optical stimulation to layer II/III of
the neocortex, whence approximately three rows of electrodes
were able to record the activity in the cortical area in the left
panel of figure 7(a). An enlarged view of the ‘markers’ in
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Figure 8. Photostimulation of epileptic events and their spatiotemporal propagation demonstrating the utility of the optrode-MEA device
concept. (a) Propagation of the epileptic wave in row 6. The light stimulus was on at 78.454 s with a duration of 500 us and a power of

15 mW, indicated by the red arrow. The electrode at location ‘0’ in the figure is in column 5. (b) The complete waveform of the electrode at
‘0.8” mm offset from the optrode in (a). The red arrow indicates the onset of the light stimulus. The second wave in the plot is a
spontaneously occurring one. (c) The spatiotemporal propagation of an epileptic wave. The row and column numbers refer to the position of
the electrodes in figure 7(b), right panel. The light triggered epileptic wave first appears in the frame at 7 = 78.46 s at row 6 column 5. It
propagates in both the columns and the rows. Large field potential events can be seen along rows 5 and 6.

the right panel of figure 7(a) shows that the cells surrounding was identified as the excitation target in the somatosensory

the electrodes were not adversely affected by the insertion of

cortex (figure 7(b), left panel). As shown in figure 7(b) right

the electrodes. A fluorescent region of about 300 um width  panel, the electrodes at the four corners of the array served

10
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as micro-positioning and electrical references; four of them
immediately adjacent to the hole in one direction along the
plane of the array were left unwired due to geometrical wiring
constraints. This left approximately 92 microelectrodes in the
array as being usable through a bundle of 25 um diameter gold
wires. The overlay of the spatial placement of the electrodes
onto the fluorescent image shows that the optrode and four
other electrodes were located in the fluorescent region. Each
electrode is labeled by its row and column number. (We
verified that electrodes in row 5 lay between layers I and IV,
while those in row 6 lay mostly in the white band of layer V
and those in row 7 are in the wide band of layer VI).

Optical stimulation pulses of 15 mW peak power into the
fiber at 440 nm with duration of 500 wus were delivered to
the center of the fluorescent region. Inter-stimulus intervals
were about 60 s. Light-induced epileptiform events were not
observed until at least 30 min after the commencement of
PTX flow. The spatiotemporal propagation of the epileptic
waves was recorded by the multi-electrode array. For the
hybrid unit used, the electrical impedances of the electrodes at
1 kHz across the array were on average 301 k<2 with a standard
deviation of 369 k2. Figure 8(a) summarizes epileptic waves
recorded by the electrodes in row 6 of the array (highlighted
with red rectangle in figure 7(b), right panel). Photoelectric
artifacts of the light stimulus (i.e., a microelectrode acting as
a junction photodiode of sorts) could also be seen in different
electrodes with different amplitudes. The electrode labeled
by ‘0’ in figure 8(a) lies right below the optrode, recording
field potential events < 3 ms after the light was turned on,
suggesting direct optical initiation of epileptic activity. The
experimentally extracted velocity of the wave propagation
from column 5 to column 1 was 3.3 £ 0.3 cm s~ while
that from column 5 to column 10 was 4.6 & 0.1 cm s~
These values are comparable to those (7.4 + 0.6 cm s™h) in
the literature [40]. Figure 8(b) shows two sample waveforms
of the light-evoked seizure waves and that of a spontaneous
wave. While the shapes of the waveforms were identical, the
propagation patterns acquired by the 2D array are completely
different. In particular, the light-evoked epileptic waves have
similar spatiotemporal propagation in different runs (details
in figure 9), while the spontaneous waves propagate in an
unpredictable way (data not shown). The details of the 2D
spatiotemporal propagation of the light-evoked epileptiform
activity are shown in figure 8(c), aimed at demonstrating the
utility of our hybrid optrode-MEA device. The T = 78.45 s
frame shows the activity of the slice before the light stimulus
was turned on. A negative deflection of 300 1V was detected
at 400 um below the optrode (row 6 column 5) at 7= 78.46 s,
5 ms after the onset of the stimulus. Such a delay indicates that
the recorded event is a propagating epileptic wave instead of
direct depolarization due to the stimulation light pulse. Thus,
the data suggest that the optical stimulation was localized in the
vicinity of the optrode without directly affecting neighboring
electrodes. Large epileptic waves of >400 uV were observed
to be propagating rightward from the optrode along rows 5 and
6 between 7= 78.46 s and T = 78.51 s. There was persistent
activity in columns 6 and 7 at 7 = 78.52 s and 7 = 78.53 s.
On the other hand, the waves propagating leftward from the
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Figure 9. The repetitiveness of the spatiotemporal patterns of
light-stimulated epileptic events. The electrode numbers in the x
axis refer to the positions of the electrodes in figure 7(b), right
panel. Red columns of each channel are the delays from 5 mW light
stimuli, while green columns are those from 15 mW light stimuli.

optrode had much smaller amplitudes. This is consistent with
previous observations that the propagation of cortical epileptic
waves is direction sensitive [15]. In addition, the amplitudes
of the waves propagating in layer VI (recorded by row 7) were
much smaller than in layers I-V (recorded by rows 5 and 6).
The rest of the electrodes did not record any observable events,
because they were either not in the slice or were outside the
neocortex. Some of these electrodes simultaneously recorded
neural events of the same current source. This is because
of the existence of a direct electrical connection between
the exposed metalized parts of the electrodes on top of the
brain slice through the thin layer of ACSF at the tissue—air
interface.

The light-evoked seizure waves have very robust
spatiotemporal propagation patterns. Figure 9 shows data
averaged from eight separate waves. Two different optical
powers of 5 mW and 15 mW were used, where 5 mW was
near/at the threshold power to evoke epileptic waves. The
overall delays in the case of the 5 mW stimulation are much
longer than those from the 15 mW case, with larger standard
deviations. This is consistent with previous observations
in our laboratories. It can also be shown that the arrival
time sequences at different electrodes are similar for the two
different stimulation power levels, except for electrode 6.

6. Discussion and conclusion

We have designed, fabricated and demonstrated a novel
hybrid device, integrating a tapered optical fiber (optrode)
with a multi-electrode array, to demonstrate controlled optical
stimulation and spatiotemporal recordings of optogenetically
transfected cortical tissue in vitro. The single optrode construct
has dual localized optical stimulation and electrical recording
capability, which was demonstrated in mice retina. Although
various optical fiber-based light delivery methods have been
previously reported [2, 4, 29], the present device offers further
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design possibilities and flexibility for controlling optical
activation volume by changing the size of the optical aperture
[37]. The optrode-MEA device has been able to map the
2D spatiotemporal propagation of light-induced epileptiform
activity in mice slices. It has been demonstrated very recently
that MEA itself can be used to record the microphysiology
of epileptiform activity in human neocortex [44], showing its
potential in clinical applications. Moreover, the optogenetic
technology enables specific optical stimulation with respect
to both cell type and cortical laminae [39]. Modulation of
the initiation and propagation of epileptiform activities may
thus be achieved by combining the optrode-MEA device
with optogenetic methods, especially with the inhibitory light
activated ion channel protein halorhodopsin (NpHR) [22].

Since the standard ‘non-optical’ MEAs used as the
basis for our devices are extensively employed in in vivo
extracellular recording, especially in primates [46], we suggest
that our optrode-MEA constructs may also be applicable to in
vivo brain structures such as the motor-cortex [1, 27], where
selective activation or suppression of neural activity could
interfere with the dynamics of neural circuits. For in vivo
work, we currently develop schemes where the optical fiber
can be bundled together with the Au-electrical wiring from the
array. Finally, multisite optical stimulation is also desirable
for cortical layer or area specific modulation. The spatial
resolution of multisite electrical stimulation is limited by the
spread of the electric potential in the brain tissue [47]. We have
shown elsewhere that matrix-addressable LED arrays with
pm resolution can be coupled to multicore imaging fibers for
spatiotemporally controlled optical excitations [53, 54]. Such
multicore fibers could perhaps be fabricated and integrated
with multi-electrode arrays similar to optrode-MEA device
for truly multisite spatiotemporal stimulation and recording of
the neural activities.
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