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Fig. 7. Spike-triggered closed-loop spatiotemporal photostimulation in the freely
moving animal. A: the plot shows a single 50-ms sweep through the recording. A
spike was detected (arrow) and isolated in real-time from the wideband signal
(1-5,000 Hz) recorded from shank 4 of a 6-shank silicon probe implanted in dorsal
CA1l of a wild-type rat injected with CAG-ChR2. One millisecond later, an
arbitrary sequence of 3 blue light pulses (at the times indicated by the colored bars
below the wideband traces) was given on shanks 3, 5, and 6. B: this resulted in
consistent unit spiking, as evident by the multiunit PSTH (the spiking of each
well-isolated unit was binned at 1 ms and normalized to the 0—1 range; top;
same time scale as in A) and the cross-correlation histograms (CCHs) between
the triggering pyramidal unit and 3 units on the other shanks (3 bottom left
panels). CCHs were estimated in 0.5-ms bins and scaled to multiples of chance
coincidence counts. Calibration for CCHs: horizontal, 50 ms; vertical, 10.
Red-colored bins indicate significantly high counts (convolution method,
window size, 10.5 ms). C: the same display as B but during a duration-matched
(16 min) baseline period. Note that the precise temporal correlations in B were
generated by the photostimuli, as CCHs between the same units were nearly
flat (with an exception of a 1-ms lag between the units recorded on shanks 4
and 3) before the stimulation.

localized photostimulation can be used to probe the mecha-
nisms of naturally generated network activity.

To demonstrate that arbitrary spatiotemporal firing patterns
can be generated in a physiologically relevant manner in the
behaving animal, the phase of the 6-field potential oscillations
(band pass, 5-11 Hz) was determined in real time. Once the
animal reached a predetermined position, a train of stimuli,
consisting of a sequence of brief (5 ms) rectangular light pulses
on six shanks, was given on each 6-cycle on a predetermined

phase (e.g., trough) for a total of seven to eight consecutive
cycles (1 s; Fig. 9A). This resulted in spiking of multiple units,
one shank at a time, all within the same 6-cycle, at a millisec-
ond resolution (Fig. 9B). Stimulation was limited to a specific
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Fig. 8. Closed-loop spatiotemporal photostimulation by diode probes on the
linear track (rat CA3c). A: on alternating left-to-right runs, 2 shanks were
illuminated sequentially for 1 s, starting at a predetermined position (magenta
lines in all panels). For each shank (4, black; 7, red), traces show light intensity
(top) and wideband signal on 1 recording site (1-5,000 Hz; bottom); tick marks
below indicate spike times for all simultaneously recorded units (shank 4, 6
units; shank 1, 10 units). Ranges: speed: 0-51 cm/s; position: 0—150 cm; light
intensity, 0—-0.1 mW/mm?. B: examples of light-induced position-related
spiking (left: shank 4, red unit from A; peak firing rate, 23 spikes/s; right: shank
1, black unit, peak firing rate, 28 spikes/s). Here and in C, horizontal bars
indicate the average position of the animal during photostimuli. Note consis-
tent position-related firing in both cases and induction of a novel place field for
the shank I unit (arrow). C: interaction between light-driven spiking and native
6-oscillations. Top: autocorrelation histograms for the pyramidal cells in B;
side lobes indicate 6 (~8 Hz) modulation. Bottom: 6-phase (0: peak) of spikes
shifts as a function of position during stimulation trials, illustrating an inter-
action between light-induced and network-controlled effects.
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Fig. 9. Spatiotemporal photostimulation A
evoked by brain patterns in the behaving rat.
A: as the animal (wild-type rat injected with
CAG-ChR2 in the dentate gyrus) was run-
ning back and forth on the linear track,
0-phase was determined in real time (dashed
black lines here and in B: O-crossing events).
Starting from a predetermined position (ma-
genta), on alternating right-to-left laps, a
train of 6 brief light pulses was delivered at 6
separate sites (shifted horizontal bars, bottom)
during 6-troughs. Each row in the raster plot
represents the spiking activity of 1 unit, colored
according to the shank by which it was re-
corded. B: closed-loop stimulation resulted in
precise spatiotemporal spiking within each in- 200 ms ‘_‘,1
dividual 6-cycle. Each row corresponds to the o

1-ms binned PSTH of 1 unit recorded by 1 of
the 6 shanks, averaged over 104 6-cycles,
smoothed (Gaussian, SD = 5 ms), and scaled
to 0—1. Inset: relative activity times of units
recorded at the different shanks (medians). C: on
a broader space and time scale, cells also exhib-
ited position-related spiking. Each row corre-
sponds to the scaled difference between stimula-
tion/control position-related firing of 1 unit.

Detect position

250 uV

Stimulate 6 sites on theta trough

20 ms

part of the track so that the firing induced by the weak multisite
photostimuli was correlated with the spatial position of the
animal (Fig. 9C) as well as with the 6-phase, mimicking
activity of place cells in the rat hippocampus. Synthetic pat-
terns of neurons active at multiple parts of the environment will
enable testing of the interplay between induced neuronal ac-
tivity and plasticity in freely behaving animals.

DISCUSSION

The recent rapid progress of optogenetic techniques enabled
precise temporal control of neurons and populations (Deisse-
roth 2011; Fenno et al. 2011). Although the development of
novel opsin types and improved cell-specific expression
(Fenno et al. 2011; Zhao et al. 2011) can refine the influence of
intracerebral illumination, specialized hardware is needed to
enable independent control of multiple sites in the brains of
freely moving animals. The methods introduced here comple-
ment genetic techniques by providing the high-resolution spa-
tial control necessary for analyzing local circuits in freely
behaving animals. The combination of miniature diodes, opti-
cal fibers, and high-resolution recording arrays with virus-
injected wild-type or transgenic animals enables localized
photostimulation and concurrent recording of the same cells at
multiple brain sites independently and simultaneously. Since
there are no bulky optical connections to the headstage, these
arrays can be used in freely moving and/or behaving animals.
Because the optical fibers are located very close to the record-
ing electrodes, a small amount of light, obtained by efficient
diode-fiber coupling, is sufficient for achieving robust control
of local neurons. This enables driving small diodes with low
currents, avoiding bulky heat sinks and collimating optics,
preventing optical artifacts and spike superposition, and limit-
ing the spatial extent of the photostimulus effect to a relatively
small number of neurons, which are concurrently monitored by
the extracellular electrodes.

For some applications, the use of spatially restricted photo-
stimulation for localized neuronal control is actually a limita-
tion. For instance, in experiments requiring synchronous con-
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trol of an entire structure, the spatial extent of light stimulation
should be two to three orders of magnitude higher than the
~0.001 mm? that can also be monitored electrophysiologically
by a multisite shank of a silicon probe (Buzsdki 2004). Higher
spatial coverage is readily achieved by using larger fibers
and/or non-Lambertian light sources such as compact laser
diodes (Fig. 6). For instance, coupling a laser diode to a
200-um fiber yields ~5 mW of light at the end of the fiber.
This yields intensities similar to those obtained with diode-
pumped solid-state (DPSS) lasers and provides spatial cover-
age on the order of 0.1 mm?® per diode-fiber assembly while
maintaining high light intensity, low driving currents, and
small device size, thereby enabling implantation and use in
freely moving animals. Alternatively, if the goal is to generate
activity patterns in a large volume of brain sequentially or
synchronously, multiple light sources coupled to small-diam-
eter fibers can be used (Figs. 7-9). Thus the specific light
sources and fibers should be tailored to the scientific question
at hand.

Although often a desired strategy, there are several disad-
vantages of using large-core optical fibers coupled with strong
light sources. First, in some applications of large-core optical
fibers glued onto silicon probes (Kravitz et al. 2010), units
could not be recorded by recording sites closer than 200 um
from the fiber tip, supposedly because the large cleaved fiber
caused local damage and/or ischemia. Second, strong light of
any wavelength carries considerable energy that is dissipated in
the form of heat as photons are scattered and absorbed in brain
tissue. Local heating has a mixed de-/hyperpolarizing effect on
neuronal activity (Shen and Schwartzkroin 1988; Thompson et
al. 1985), which may confound and/or limit the effect of
optogenetic manipulations. Third, high-intensity light may
generate photoelectrical artifacts manifested as LFP deflections
(Cardin et al. 2010; Han et al. 2009; Kravitz et al. 2010) and
cause synchronous activation of nearby neurons (Royer et al.
2010), limiting the interpretability of induced LFP patterns and
the use of spike-sorting techniques. These issues were previ-
ously addressed in part by coupling small-core fibers to DPSS

J Neurophysiol » doi:10.1152/jn.00153.2012 « www.jn.org

€T0Z ‘9T Yose uo Areigi J21uad [edlpaN NAN 1e /Bio°ABojoisAyd-uly:dny woly papeojumoq



http://jn.physiology.org/

Innovative Methodology

DIODE PROBES FOR MULTISITE NEURONAL CONTROL 361

lasers driven at low power (Royer et al. 2010), but since the
number of fibers a freely moving animal can be tethered to is
limited (1-2 for small rodents), the range of scientific questions
that could be addressed was restricted. The methods introduced
here enable independent multisite optical stimulation and ad-
dress these issues by using small-diameter fibers ending with a
point (thereby minimizing local ischemia/neuronal damage)
emitting weak light (minimizing heat transfer, light artifacts,
and synchronous activation) at a path perpendicular (or paral-
lel, in the case of tetrodes) to the recording sites (thereby
further reducing and abolishing light artifacts).

Regardless of the light intensity used, these devices open the
possibility to tackle scientific questions that were not address-
able in the past. Even a single tethered optic fiber limits
movement if the animal turns in the same direction multiple
times. Although a fiber commutator is a potential solution for
a single fiber, two or more fibers have serious constraints on
movement; these constraints can be alleviated by eliminating
the need for tethered glass fibers. Indeed, diode probes enable
experiments with behaving animals in which the number of
illuminated and monitored brain areas exceeds the practical
limit for the number of tethered fibers. These devices can be
used to generate and monitor arbitrary spatiotemporal activity
patterns in deep structures of the intact brain, a long-sought
goal difficult to achieve with other recently developed optical
stimulation techniques (Anikeeva et al. 2011; Grossman et al.
2010; LeChasseur et al. 2011; Royer et al. 2010; Wentz et al.
2011). Moreover, as shown here, diode probes can be com-
bined with real-time signal processing in freely moving animals
to probe the spatial memory/navigation system, study short-term
modifications, and generate unique network rhythms. Localized
closed-loop activation/silencing can be triggered by spikes of
single neurons, combination of predetermined spike patterns
of multiple cells, behavioral parameters, and/or selected features
of LFPs (Figs. 7-9). Other experiments are clearly possible. For
instance, relationships between spike timing and behavior can
now be probed causally in performing animals by local jittering
of spiking, modifying the correlation structure of the network,
and/or dissociating input and output of multiple local circuits.

There are multiple possible extensions of the diode-probe
technology. Because of the small size and weight of the
diode-fiber assemblies, any animal that can be implanted with
an extracellular electrode and modified genetically can also be
implanted with a diode-probe array. Because the diode-probe
arrays require only electrical connections, they can be used
wirelessly (Wentz et al. 2011), enabling recording and stimu-
lation experiments with, for instance, freely moving birds
and/or long-term naturalistic experiments with larger animals
while permitting precise, large-scale, spatiotemporal control of
neuronal activity. Finally, microelectromechanical systems
(MEMS) technology can be used to integrate diode dies with
optical waveguides embedded in the shanks of a silicon probe
(Zorzos et al. 2010), yielding yet smaller devices and scaling
up the number of light sources.

APPENDIX: LIGHT INTENSITY ATTENUATION IN
BRAIN TISSUE

To estimate the light intensity (power/area) at various dis-
tances from the fiber tip, two measurements were made: power
attenuation and geometric dispersion. Light power was mea-

sured as a function of brain tissue thickness and source wave-
length. For that purpose, a piece of freshly acquired brain slice,
2-3 mm thick, was glued slightly above the bottom of a
transparent plastic container with 0.1 M PBS, and a calibrated
photosensor (S130A; Thorlabs) was placed immediately below
the container. Fifty-micrometer core optical fibers (NA, 0.22;
AFS50/125Y; Thorlabs) were coupled to light sources (blue:
465-nm LED, APA1606PBC/Z, Kingbright; 470-nm LED,
LB-P4SG, OSRAM; 473-nm, 50-mW DPSS laser, Dream
Lasers; orange: 589-nm, 50-mW DPSS laser, Dream Lasers;
red: 639-nm, 10-mW laser diode, HL6358MG, Opnext),
mounted on a micromanipulator, and gradually advanced
through the brain at small (10-200 uwm) increments. This
approach yielded a measure of the total light power (P) as a
function of distance (d) through brain tissue, with the distance
attenuation due to absorption and scattering. The power of light
at each distance P(d) was divided by P(0), the power without
a brain above the sensor (which was always identical to the
power measured as the fiber exited the brain from below) and
fitted by a N,.yer = P(d)/P(0) = 1/(s-d + 1) scattering model
(Aravanis et al. 2007). Although the model consistently over-
estimated power at distances >1 mm, power at shorter dis-
tances was well-approximated (+* > 0.98 in all cases). The fit
did not depend on tip morphology (cleaved or pointed), source
power, or the brain region used, although scattering was
slightly higher (5-10%) in nonfresh tissue. The mean (% SE)
scattering coefficients depended on wavelength and were (Fig.
3A, bottom left): blue light, 7.18 = 0.17; orange, 4.37 = 0.15;
and red, 3.44 = 0.05. For blue light, the current value is
smaller than previously reported values (10.3 for the rat brain;
Aravanis et al. 2007). The mismatch could be explained by the
slightly different testing conditions. In previous measurements,
light was shined through brain slices, which causes reflective
losses and may result in a higher calculated spatial attenuation.
In any event, estimates of spatial attenuation of light intensity
(see below) were similar regardless of the precise number used
(<10% change in the range of 69 for blue light; 2.5-4.5 for
red light).

Next, the geometric dispersion of light was estimated. For an
idealized cleaved fiber with radius r, and numerical aperture
NA,,,.. light emission can be approximated by a cone with an
angle given by sinae = NA,,/n,,, where n_,, is the RI of the
brain tissue (1.35-1.37; Binding et al. 2011; Fig. 3A, fop left).
Thus the area of the cone cross-section depends on the d from
the fiber tip, A(d) = m(r, + dtana)?. If the distribution of light
at each distance is assumed uniform, then ®,,,,,,, can be
approximated analytically as a function of the axial distance (d)
from the fiber tip: ®(r,d) = 1/A(d) when r =< r, + dtana;
®(r,d) = 0 otherwise. The light intensity at each point is then
I(r,d) = P(d)-®D(r,d) (Fig. 3A, right). However, for a realistic
multimode fiber, light does not travel at a single mode, not all
rays are meridional, and therefore some light may be reflected
at the tip. This breakdown is even more pronounced for a fiber
etched to a point and driven by a Lambertian source (e.g., an
LED), limiting the potential effectiveness of ray tracing tech-
niques in approximating the geometric distribution of light at
the tip. For these reasons, a more direct approach was also used
by visualizing the light and measuring its distribution empiri-
cally.

Fibers, coupled to blue LEDs, were placed in a 30 uM
fluorescein (in PBS) bath (2-mm height), and the fluorescent
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emission was photographed by a Zeiss camera via the FITC
filter of an Olympus microscope (Godwin et al. 1997; Fig. 3B,
top left; note that this is only a proxy to the real geometric
distribution of light in the brain since scattering may contribute
to the geometric distribution, especially at short wavelengths).
The square root of this image is essentially a two-dimensional
(2-D) map of the light distribution at each d and r from the fiber
tip, H(r,d). From this map, a 2-D map of the geometric
dispersion of light, ®(r,d), was derived as follows. Assuming
radial symmetry around the center of the fiber, the image was
first aligned along the optical axis, and H was averaged across
this axis to reduce measurement noise. The geometric disper-
sion factor was then computed as ®(rd) = V(rd)/
[A(r,d)->V(r,d)] when r = 1, (d); §(r.d) = 0 otherwise;
where A(r,d) is the area of the ring of r at d, V(r,d) is the
volume of that ring, A(r,d)-H(r,d), and summation is over all
radial elements that have nonnegligible intensity [i.e., contrib-
ute to the 99% support of the cross-section, r,,,(d)]. Note that
for a uniform distribution, H(r,d) = H(d) and ®(r,d) =
1/>°A(r,d). The resulting geometric attenuation and intensity
maps are shown in Fig. 3B, middle and right.

The above procedure was verified in two ways. First, image
processing was repeated for a cleaved fiber; this yielded geo-
metric dispersion maps similar to the analytical ones, with the
exception of higher attenuation at the edges of the light cone.
Second, in a complementary (and computationally simpler)
approach, the effective NA at fiber output, NA_,,, was esti-
mated by robust linear regression of the radius of support, 7,
on the distance from the fiber tip, d. For fibers etched to a point,
the divergence angles obtained were 16.3 £ (.3° = 0.97),
corresponding to an effective NA,,,, of 0.37 (Fig. 3B, top left).
By assuming a uniform distribution at each distance, a geo-
metric dispersion factor @ was obtained analytically (as for an
ideal cleaved fiber); the resulting estimates were similar to
those obtained using image processing (<5% differences).
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