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Abstract

Methods to control neural activity by light have been introduced to the field of neuroscience.
During the last decade, several techniques have been established, including optogenetics,
thermogenetics, and infrared neural stimulation. The techniques allow investigators to turn-on or
turn-off neural activity. This review is an attempt to show the importance of the techniques for the
auditory field and provide insight in the similarities, overlap, and differences of the techniques.
Discussing the mechanism of each of the techniques will shed light on the abilities and challenges
for each of the techniques. The field has been grown tremendously and a review cannot be
complete. However, efforts are made to summarize the important points and to refer the reader to
excellent papers and reviews to specific topics.

Introduction

Neural stimulation with photons is not a novel idea. Efforts to stimulate frog muscle tissue
and nerve fibers with visible light were reported as early as 1891 (Arsonval, 1891). While
the initial results were not convincing, recent developments showed that neural stimulation
with light is possible and shaped the field of neurostimulation and neuromodulation. Figure
1 shows typical radiation wavelengths that are used today for neural stimulation. Four
different approaches can be distinguished, (1) direct stimulation of the target structure with
infrared radiation (infrared neural stimulation or INS), (2) activation of ion channels
expressed in neurons with visible light (optogenetics), (3) activation of temperature sensitive
ion channels expressed in neurons with heat (thermogenetics), (4) and in the cochlea
activation of neurons through mechanical events created by laser radiation. Hereby, the
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interactions between the photons and the tissue determine the mechanism by which
stimulation occurs. Wavelength of the radiation, radiant energy, and temporal properties of
energy delivery characterize the light source, while photon absorption, reflection, and
scattering characterize the tissue properties (Jacques, 2013). Depending on the light source
and the irradiated tissue one can distinguish among photothermal, photoacoustical, and
photochemical effects. Photochemical effects come from endogenous or exogenous
chromophores, which absorb the radiation and convert it into chemical energy. Heating of
the target tissue after the absorption of the photon in the target tissue can lead to pressure
waves and to photoacoustic effects. In addition to the information provided throughout the
paper on the photon-tissue interaction, detailed descriptions and reviews on photon-tissue
interactions have been published (for reviews see Jacques, 1992; Tuchin, 2000; Niemz,
2004; Welch and van Gemert, 2012; Jacques, 2013).

Early efforts to stimulate neurons with light

An overview of the efforts is given in Table 1. Subsequent to D’ Arsonval’s experiments,
Arvanitaki and Chalazonitis (1961) demonstrated that inhibition and excitation can be
triggered in unstained but pigmented nerve cells by irradiation with radiation of different
wavelengths, ranging from the visible (A = 400-700 nm) and infrared (A = 750-4000 nm).
They used several preparations for optical neural stimulation, such as Aplysia and Sepia
giant axon. In response to the irradiation, most neurons were depolarized. However, some
nerve cells in an Aplysia preparation decreased their neural activity during infrared
irradiation. The hypothesized mechanism for both, excitation and inhibition, was the
absorption of light by an undetermined cellular molecule.

To map intracellular connections of the abdominal ganglion of Aplysia californica, Fork
(1971) irradiated its ganglion with continuous blue (A = 488 nm), green (A = 515 nm), or
near infrared radiation (A = 1060 nm) and evoked excitatory and inhibitory neural responses
selectively and reversibly for 2 — 5 s. Stimulation of the neurons was possible without
damaging the cells. He also examined possible mechanisms for the light-evoked stimulation
of the cells by changing the ion content of the bathing solution and by applying different ion
channel blockers. He concluded that the irradiation opens sodium-ion channels and may
activate the sodium-potassium ion exchange pump. However, the persistence of residual
responses in the presence of ouabain suggests a more complex mechanism.

For optical stimulation concurrent with electrical stimulation a variety of continuous and
pulsed optical sources have been used to modulate electrically evoked neural activity. The
effect of irradiation at wavelengths in the ultraviolet (A < 370 nm; continuous wave (cw)
irradiation for > 2 minutes) on the excitability of myelinated nerve fibers has been studied
(Booth et al., 1950). Irradiation of the node of Ranvier increased the electrical stimulation
threshold and decreased the electrically evoked action potential amplitude. Neural responses
occurred only for radiation wavelengths below A = 320 nm with a maximum effect at about
A = 265 nm. The authors argue that the radiation destroys thiamin, which has an absorption
maximum at A ~260 nm. The loss of thiamin could explain the findings. An alternate
explanation is the neural damage from the radiation. In contrast to nodal stimulation,
irradiation of the nerve’s internodal region lowered the stimulation threshold. Post stimulus
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histology showed a loss in birefringent activity after internodal stimulation indicating nerve
damage.

Olson (1981b; 1981a) irradiated unstained neuronal cultures of rat cerebellar tissue with a
ruby laser (A = 694.3 nm, T, = 100 s, Q = 0-390 W/pulse, laser spot radius ~0.2 mm) or a
dye laser (A discrete bands between 490 and 685 nm, t, = 1 pis, Q = 15 to 360 pJ/pulse, laser
spot radius ~3.5 um) concurrent with electric current pulses. At low radiant energies,
irradiation had no effect on the electrically evoked responses. However, at higher energies
(Q > 390 pJ/pulse), the laser irradiation reduced the electrical excitability of the neurons. At
energies where laser irradiation modified electrically evoked neural activity, mitochondrial
damage was seen in images taken with a transmission electron microscope (TEM). The
authors excluded the possibility of a photochemical reaction and concluded that the
irradiation induced a local heating in the mitochondria, which led to decreased neural
activity and to tissue damage (Olson et al., 1981b; Olson et al., 1981a). They estimated that
the radiant energy delivered to the tissue increases the average temperature of the cell by
only 0.1 °C, but that local heating of the mitochondria will result in an approximately 26 °C
increase in temperature, leading to damage of the mitochondria and a release of calcium into
the cytoplasm.

Balaban et al. (1992) irradiated silent and spontaneously active neurons of snail ganglia with
a HeNe laser (. = 632.8 nm, E = 0.05 to 4 W/cmZ, cw). They could modify the rate of action
potentials (APs) in spontaneously active neurons, but could not evoke APs in silent neurons.
The authors concluded that the temperature effects of irradiation were responsible for the
results.

Uzdensky and Savransky (1997) demonstrated an initial rate increase of electrically evoked
action potentials followed by a decrease when irradiating neurons with a dye laser (A = 434
to 600 nm, v, = 15 ns, f = 400 Hz, E = 0.25-5 kW/cm?2). They found a maximum change in
the electrically evoked neural responses with A = 460 nm radiation. Using the same power
density, they did not observe any change in electrically evoked neural activity with A = 580,
600, or 632 nm radiation. The authors hypothesized that irradiation effects were a result of
light absorption by flavins and a subsequent calcium (Ca2*) release from mitochondria.

Wesselmann and coworkers utilized a pulsed, Nd:YAG laser (A = 1064 nm, t, =8 ns, f =10
Hz, E = 1.4-145 W/cm?) to modify the electrically evoked activity from spinal cords
(Wesselmann et al., 1991a) as well as dorsal roots and peripheral nerves (Wesselmann et al.,
1991b). In both studies, the compound action potential (CAP) amplitudes decreased, while
the tissue temperature increased during irradiation up to 60 °C (Wesselmann et al., 1994). In
a different study, Orchardson et al. (1997) examined whether the inhibitory effect of a
pulsed Nd:YAG radiation could be used for analgesia. Excised spinal nerves were irradiated
(A =1064 nm, T = 150 ps, f = 10-20 Hz, Q = 30-150 pJ/pulse) to determine the laser
parameters that blocked nerve conduction. They found a dose dependent decrease in
compound action potentials of the nerve. Furthermore, the amplitude of the electrically
evoked CAP was less likely to return to pre-irradiated levels for increasing laser power. The
authors suggested that laser irradiation blocked the action potential (AP) propagation
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through the irradiated area of the nerve. The CAP latency decreased during irradiation,
which was likely caused by an increase in tissue temperature.

Bagis et al. (2002) investigated the effect of a pulsed, Galium-Arsenide laser (A = 904 nm,
Tp =220 ns, f = 4-128 Hz, H = 0.005-2.5 Jlem?2) on frog gastrocnemius muscles and sciatic
nerves. The laser irradiation did not change electrical stimulation threshold, action potential
latency, or duration.

A recent study has shown that irradiation with a pulsed, near-infrared diode laser (A = 980
nm, tp =4 -400 ms, P =2.8-11 W, spot size = 1.2 mm) induced inward currents in
dissociated cell cultures of nocioceptive rat dorsal root ganglion cells (Greffrath et al.,
2002). At stimulation threshold fluence of 2.8 J/cm?, they calculated a temperature of 42 °C
at the neurons. Interestingly, the radiation-induced inward current decreased in amplitude
with repeated stimulation. The authors suggested that the primary mechanism of stimulation
was a thermal effect from the laser. Furthermore, they demonstrated that all of the laser-
stimulated neurons were sensitive to capsaicin, which is bound by a temperature-sensitive
ion channel.

Hirase and coworkers (Hirase et al., 2002) imaged cortical cells with a two-photon
fluorescence microscope. Irradiation with a pulsed Ti:Sapphire laser (A=790 — 850 nm, T, =
130 fs), triggered action potentials (APs) without an exogenous fluorophore. Two regimes of
optical stimulation were applied: Type-1 stimulation used laser powers of 200 — 400 mW
and the underlying mechanism for stimulation likely involved a two-photon reaction with
endogenous chromophores. Using exogenous fluorophore, irradiation with a wavelength
longer than 800 nm could not stimulate neural tissue, whereas evoked responses always
occurred when irradiation wavelengths were 790 nm or shorter. Type-2 stimulation was
achieved at higher radiation intensities. The authors hypothesized that the second type of
stimulation resulted from microholes in the cell membrane, which allowed ion flux into the
cell and subsequent neural depolarization.

Optogenetics

Optogenetics refers to the combination of optics and genetics to modulate the function of
living cells. Years before optogenetics had been introduced to the field of neuroscience,
bacteriorhodopsin, a light activated ion pump, has been identified (Oesterhelt and
Stoeckenius, 1971; Oesterhelt et al., 1973). With the discovery of bacteriorhodopsin, other
members of this microbial opsin family have been identified, including halorhodopsins,
which transports chloride from the intracellular space (Oesterhelt and Krippahl, 1973;
Matsuno-Yagi and Mukohata, 1977) and channelrhodopsins (Nagel et al., 2002; Nagel et al.,
2003). In response to optical irradiation, Channelrhodopsin (ChR) showed ion flux across
the membrane while halorhodopsin (HR) transports chloride from the intracellular space. In
2005 it has been first reported that channelrhodopsins can be expressed in mammalian
neurons to control neural activity (Boyden et al., 2005). The term “optogenetics” was coined
during this period.
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Optogenetic tools

The first optogenetic tools were the channelrhodopsins, which were light sensitive 7-
transmembrane proteins, and halorhodopsin. Performance of each of the opsins at the single-
molecule level is determined by the efficiency of the light absorption and the turnover time
of the photocycle. Light absorption depends on the molar absorption coefficient, which is
typically between 50,000 and 70,000 M~ cm~1 and the quantum efficiency, which is
typically between 0.3 and 0.7 (Zhang et al., 2011). For most of the first reported optogenetic
tools the photocycle turnover time is 10-20 ms capping temporal precision and maximum
firing rate (see also Table 2). Grossman et al. (2011; 2013) modeled the light-to-action
potential conversion. In their 2011 paper they estimated the saturation characteristics for
ChR2. The effective area over which a single ChR2 molecule absorbs a photon is ~1.2x1078
pm?2 (Hegemann et al., 2005). During irradiation with blue light at fluence rates of 1
mW/mm2, which corresponds to ~2.4x10° photons/(ms pm2), each ChR2 receives on
average one photon every 40 ms. Similarly, at 40 mW/mm?, each ChR2 receives on average
one photon every 1 ms. Assuming that the channel remains open for about 10 ms, sequential
photon will encounter an already open channel that reduces the efficiency of the stimulation.
It is not surprising that the early ChR directly evoked reliable spiking between 5-70 Hz
(Boyden et al., 2005; Li et al., 2005; Ishizuka et al., 2006; Arenkiel et al., 2007; Moser et al.,
2013), while many neuronal cells and physiological processes require higher spike repetition
rates.

Efforts have been employed to develop optogenetic tools with faster response rates and
different activation wavelengths. ChRs from different species can have different channel
kinetics and spectral properties. Numbers of variants were identified from different bacteria,
algae and fungi species (e.g., ChR1 and ChR2 families). Compare to VChR1 (from Volvox
carteri), MChR1 (from Mesostigma viride) has a red-shifted spectrum and faster kinetics
(Govorunova et al., 2011). Natural or artificial mutants are also studied intensely. Effective
mutations, such as ChETA mutations (ChR E123T/A), often occur in ChR’s retinal-binding
pocket and require the involvement of multiple sites (for review, see Hegemann and
Moglich, 2011). It has been shown that the removal of the putative proton acceptor in the
E123 position leads to more rapid channel closing and enables optical control of spiking at
least up to 200 Hz (Gunaydin et al., 2010). The smaller current of the ChETA can be
compensated for by using more intense or longer light exposures. Domain swapping is
another approach to generate chimera ChRs with kinetics different from the original
constructs. Examples include ChRGR, ChEF and ChIEF, hybrids of ChR1 and ChR2 (Wang
etal., 2009), and C1V1, a combination of ChR1 and VChR1. Excellent reviews on this topic
have been published recently (Yizhar et al., 2011a; Zhang et al., 2011; Bernstein et al.,
2012).

For novel optogenetic tools, it is desirable that the channels are more sensitive and have
larger conductance. The latter goal can be achieved if response rate is not important. For fast
responding optogenetic tools often the channel conductance and sensitivity are reduced. On
the other hand, ChRs with extremely slow kinetics (seconds to minutes), such as ChR2/
C128X, can also find their application on inducing prolonged subthreshold depolarization
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(Berndt et al., 2009; Schoenenberger et al., 2009). These ChRs are also called “step-
function” or “bistable” opsins.

Proton pumping opsins have also been found in marine proteobacteria with photocycles
similar to bacteriorhodopsin. Interestingly, the action spectra of the marine proteobacteria
are tuned to the ocean depth and latitude of their origin. Hence, it has been investigated
whether the genomic background could explain the opsins’ spectral tuning. For example, the
absorption variance between blue and green radiation can depend on a single amino acid
residue (Man et al., 2003). The question of how to shift the absorption spectrum towards the
red or near-infrared is of importance for the light delivery. Visible light is little absorbed or
scattered in air and water. The spot size at the target is then determined by size and emission
characteristics of the light source and the optics between the source and the target. However,
visible light is highly scattered in tissue, the penetration depth is decreased significantly, and
the spot size is widened drastically. A good comparison for the differences in the photon
distribution in water and in brain tissue is given in Yizhar (Yizhar et al., 2011a) and is
reproduced in Figure 2. The “red-shift” could reduce the scatter of the photons and increase
the penetration depth and selectivity of irradiation site in the tissue.

Targeting strategies

It is not only important to develop novel and optimize optogenetic tools for efficient
transcription, expression and safety; strategies and tools must be developed to express the
channels in selected target cells in vivo. Typically viral vectors are used to express the
optogenetic tools.

Viral vectors—Adeno-associated viral vectors (AAV) or lentiviral vectors (LV) are used
to deliver the optogenetic tool to the intact neural system (see also Table 3). AAV and LV as
delivery tools have been successfully applied in mouse, rat, guinea pig, and primate (for a
review see e.g. Yizhar et al., 2011a). These vectors have achieved high expression levels
over long periods of time with little or no reported adverse effects. Today, the production of
LV is a standard tissue culture technique. In contrast, AAV production is more challenging
in standard laboratory environments, but AAV are considered safer than LV since currently
available strains do not broadly integrated into the host genome. In the common laboratory
setting AAVs are rated as BSL1, compared with BSL2+ for LV. While viral vectors target a
broad selection of cells, cellular specificity of the vectors can be obtained by specific
promoters (Yizhar et al., 2011a). From the list of promoters, which is available today, it also
becomes evident that finding the most efficient promoter for expressing the optogenetic tool
in a selected target cell type is challenging.

Transgenic animals—Different strategies have been used to express a gene in a targeted
cell type. In the first approach the transgene is expressed directly under a promoter, which is
active in only the target cell type. Following a pronuclear injection of the promoter
transgene assembly into zygote eggs, the transgenic construct randomly integrates into the
mouse genome. For the second approach, the expression of the transgene is regulated by
“driver” gene, where the driver gene expression is controlled by a specific promoter. The
challenge for expressing an optogenetic tool is the high-level of expression of those genes in
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the cells whose activity is to be manipulated in in vivo studies. Strategies of mouse
transgenic approaches in optogenetics have been nicely presented by Zeng and Madisen
(Zeng and Madisen, 2012). Successful creation of mouse lines, which express ChR2 have
been reported (Arenkiel et al., 2007; Wang et al., 2007; Gradinaru et al., 2009; Sohal et al.,
2009; Hagglund et al., 2010; Thyagarajan et al., 2010).

Applications of optogenetics

Ample examples are available to show that the different light sensitive ion channels can be
expressed in target neurons and render them sensitive to light. Visible light of different color
can be used to either stimulate or inhibit the neurons. At present, the majority of applications
are to study and understand complex networks. In addition to addressing scientific
questions, optogenetics has been implemented to control diseases or attempts to rehabilitate
loss of neural function.

Non-auditory systems—In C. elegans, Channelrhodopsin-2 (ChR-2) was expressed in
muscle cells to trigger the muscle contraction by blue or green light irradiation (Nagel et al.,
2005; Akerboom et al., 2013). ChR-2 was expressed in Drosophila to study, activation of
different neuron types that enabled the remote control of animal behavior. Optogenetic tools
were also used in Drosophila to study specific neural circuits including sensory, modulatory
intermediate and motor neurons (Zhang et al., 2007b). In zebrafish, precise control of neural
activity with ChR-2 evoked distinct behaviors such as backward swimming (Zhu et al.,
2009) and escape reflex (Douglass et al., 2008).

After the initial report of the expression of ChR-2 in mammalian neurons (Boyden et al.,
2005; Li et al., 2005; Nagel et al., 2005; Ishizuka et al., 2006), genetically modified ChR
molecules with better expression (e.g. Zhang et al., 2006) or faster dynamics (e.g. Gunaydin
et al., 2010) were tested. Combining with transgenic mammalian animal models, novel
applications of optogenetics blossomed in recent years (for review, see Yizhar et al., 2011a).
Applications in study and understanding of complex networks, such as behaviors and neural
circuits and their causal relationships, are still predominant (Matsui, 2013; Nelson et al.,
2013; Stroh et al., 2013). For reviews, see (Zhang et al., 2007a; Zhang et al., 2010; Kokaia
and Sorensen, 2011; Tye and Deisseroth, 2012). These applications mostly take advantage
of the temporal precision and cell-type specificity of optogenetics, without which the study
may become extremely difficult. Liu and colleagues targeted the dentate gyrus of c-fos-tTA
transgenic mice with ChR2 to study the recall of a fear memory (Liu et al., 2012). The
promoter of c-fos, a marker of recent neural activity, was used to drive the expression of
tetracycline transactivator (tTA), which in turn induced the expression of the target gene
ChR-2. Optical stimulation afterwards in dentate gyrus activated the ChR-2 expressing
neurons, which recollected the freezing behavior evoked by fear memory. A following study
showed that a false memory could be generated by optical reactivation of the neurons fired
during fear conditioning (Ramirez et al., 2013). Chaudhury and others expressed ChR-2 in
ventral tegmental area (VTA) dopamine neurons in mice through adenovirus vector
(Chaudhury et al., 2013). Neurons in this area have different firing patterns and mediate
stress responses. Temporal precision and cell-type specificity optical induction showed that,
enhanced phasic firing instead of tonic firing in VTA dopamine neurons mediates
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depression-associated behaviors. Another study targeted the bed nucleus of the stria
terminalis, the region modulating fear and anxiety, which also projected to VTA, using the
same optogenetic construct (Jennings et al., 2013). The results showed that, the excitatory
glutamatergic projections and inhibitory GABAergic projections both innervated non-
dopaminergic VTA neurons but with divergent motivational effects. In the lateral
hypothalamus, the roll of hypocretin producing neurons in sleeping and awakening was
investigated through transfection of ChR2 with a lentivirus vector (Adamantidis et al.,
2007). Selective optical stimulation of these neurons facilitates the transition to wakefulness
in a stimulation frequency-dependent manner. Light pulse trains at 5-30 Hz, but not 1 Hz,
reduced the latency to wakefulness. Conditional halorhodopsin expressing transgenic mice
model were generated (Imayoshi et al., 2013). Optical stimulation of the halorhodopsin
expressing neurons induced a hyperpolarization on membrane potential and inhibited the
firing of action potential. Attempts to control spontaneous seizures in a temporal lobe
epilepsy mice were achieved through optogenetics (Krook-Magnuson et al., 2013). In this
study the inhibitory halorhodopsin was expressed in the excitatory principal cells and
excitatory ChR2 was selectively expressed in GABAergic inhibitory cells. Either way the
frequency of spontaneous seizures were reduced significantly. Optogenetics is also widely
employed in neocortex for network activities (Favero and Castro-Alamancos, 2013), motor
cortex for optical control of type-specific neural activities (Aravanis et al., 2007) and
corticocortical connections (Hira et al., 2013), and visual cortex for the studies such as
multisensory integration (Olcese et al., 2013), spatial integration (Vaiceliunaite et al., 2013)
and neurovascular coupling (Pisauro et al., 2013).

Other mammalian models and targeting tissues include rat (e.g., cardiac muscles, (Jia et al.,
2011); cerebellum, (Tsubota et al., 2011); prefrontal cortex, (Chen et al., 2013) and
nonhuman primates (Han et al., 2009; Tamura et al., 2012). In primate, the delivery of gene-
carrying vectors and optical stimulation system through the thick dura mater is a big
challenge (Ruiz et al., 2013).

Auditory system—To study the cochlear amplifier and micromechanics of the cochlea
Nuttall et al. expressed ChR2 in outer hair cells (OHCs). Their first results show that light
pulses (A = 473 nm, T = 100 ms, f = 10-20 Hz, p =1 mW/mm?) induced inward currents
into the OHCs. The authors intend modulating the OHC membrane potential to change the
driving force of the transduction current and subsequently control OHC somatic motility.

In a different approach, Moser et al. (2013) studied the possibility of using an optogenetic
approach for cochlear prostheses. They used a mouse model expressing ChR2 in cochlear
spiral ganglion neurons. Initial results showed that they could evoke spatially selective
responses by irradiation with blue light. A comprehensive presentation of the data has
recently been published (Hernandez et al., 2014). Transgenic mice were engineered, which
express ChR2 in the somata, dendrites, and axons of SGNs. No ChR2 was found in cochlear
hair cells. To test the ability to evoke cochlear responses, blue light was delivered either via
the round window or a cochleostomy. Irradiation of the SGNs resulted in a measurable
0ABR for either of the stimulation configuration. Stimulation threshold was 2 uJ/mm? with
a dynamic range for the responses of more than 20 dB (Hernandez et al., 2013; Moser et al.,
2013; Hernandez et al., 2014). The minimal latency for the response was 3.1 ms. Selectivity
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of the optical stimulation was demonstrated by the masking of acoustic responses using a
light stimulus and by determining spatial tuning curves obtained from neural activity
recorded from the inferior colliculus. The width of the spatial tuning curves was 475+65.5
um for optogenetic stimulation, which was smaller when compared to the width of the
spatial tuning curves obtained during acoustic pure tone stimulation (666.7+£95.7 um), or
monopolar electrical stimulation (828.6+101.7 um). In addition to use transgenic animals,
the authors also crossed the Thy1.2-driven ChR2 transgene with OtoP92/P92 mice to express
ChR2 in their SGNs, to mimic a model to rescue from early onset of genetic deafness. The
channel was also expressed in SGNs using a viral vector. Efficient and cell specific
expression of the optogenetic tool was only observed for AAV2/6. Neural responses could
be evoked by direct irradiation of the neurons up to 60 Hz, the current limit of their
stimulation setup (Hernandez et al., 2014).

Another group conducted short-term experiments in guinea pigs and rats to deliver ChR2 to
the brainstem via a single injection of AVV. After a survival period of 2-3 weeks, the
expression of ChR2 was examined. A broad pattern of expression of the channel was
observed in the cochlear nucleus (Acker et al., 2011). Responses, which were evoked with a
large diameter optical fiber, showed a broad pattern of excitation in the ICC similar to
electric stimulation (Darrow et al., 2013a) or to an acoustic click (Darrow et al., 2013b).

The potential of optogenetics for the auditory system lays in its known mechanism. The
optogenetic tool determines whether the target neuron is depolarized or hyperpolarized
during irradiation. The challenges lay in the speed of the channels. Moreover, for visible
light, tissue will significantly scatter the photons and selective stimulation will require the
light source in close proximity to the target structure. In spite of powerful light sources, such
as lasers or laser diodes, they are only available as single sources for the wavelengths used
in optogenetics.

Thermogenetics

The term “thermogenetics” has been christened in a recent review by Bernstein et al. (2012)
and describes the method of using molecular sensitizers that allow the modulation of neural
activities by changes in temperature. In particular, two classes of candidates have been
discussed, (1) the dominantly acting protein, Shibre's1, which inhibits endocytosis at
temperatures above ~29 °C a nd likely affects synaptic vesicle recycling and chemical
transmission, and (2) the class of temperature sensitive TRP (Transient Receptor Potential)
channels that can be activated by a local increase in temperature (e.g. Caterina et al., 1997).

TRP channels have also been discussed as the target for neural stimulation in a different
approach, infrared neural stimulation (INS). The channels are expressed ubiquitously in
many target neurons and can be stimulated directly with infrared radiation (Suh et al., 2009;
Yao et al., 2009; Albert et al., 2012). The channels can also be expressed in target cells and
render them temperature sensitive. Yao et al. (2009) expressed Transient Receptor Potential
Vanilloid 1 (TRPV1), TRPV2 and TRPV3 channels in HEK293 cells and successfully
activated the channels with temperature jumps created with near infrared diode lasers (A=
980 and 1460 nm).
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For the auditory system the presence of TRPV channels has been demonstrated in the
cochlea and in the spiral ganglion neurons and provide a natural sensor for local heating.
While it is convenient that the target for the radiation is already present, the use of the
technique will be limited by the deposition of heat in the tissue. In particular, at repetition
rates, which are typically required for the auditory system, heat will accumulate during the
stimulation and may damage the tissue. The additional expression of the heat sensitive
channels will render the neurons more sensitive to the temperature changes and will increase
the maximum rate, at which light pulses can be delivered. At present only excitatory action
could be mediated by temperature in those channels. It is not clear whether inhibition and
excitation can be achieved at the same time.

Optoacoustics

The first report that light can produce sound was by Bell in 1880 (Bell, 1880). Today,
optoacoustics describe a technique, in which light generates sound waves in gas or other
medium (for an overview see e.g. Tuchin, 2000). After the target tissue has absorbed the
photons, their energy is converted into heat, leading to rapid heating of the optical zone. The
resulting thermoelastic expansion causes stress, which will propagate as a stress wave out of
the optical zone into the tissue. Pressure waves are in particular large if the pulse duration is
shorter than the propagation time for stress wave out of the irradiated zone. For pulse
durations shorter than 1 ps the condition has been described as stress-confined (Tuchin,
2000; Niemz, 2004; Welch and van Gemert, 2012). Recently is has been reported that for
pulse durations, which are orders of magnitude longer than 1 ps, audible stress wave can be
generated as well (Teudt et al., 2011). It has been suggested that light induced pressure
waves can be used to mechanically stimulate the cochlea (Wenzel et al., 2009; Zhang et al.,
2009; Teudt et al., 2011; Schultz et al., 2012b; Schultz et al., 20123).

In one approach, Wenzel and coworkers (Wenzel et al., 2009) used a Nd:YAG laser (A=532
nm, tp=10 ns, =10 Hz, the Q=0-23 J/pulse) to stimulate the cochlea of guinea pigs. They
were able to evoke auditory brain stem responses in hearing animals. The response could not
be evoked in deaf animals. For radiation wavelengths in the near infrared, the responses
correlated with the water absorption for the photons. Furthermore, a positive correlation for
responses in the cochlea to optical stimulation occurred at A = 600-800 nm, the absorption
coefficient of hemoglobin (Schultz et al., 2012b).

During optoacoustic stimulation, laser induced pressure waves vibrate the basilar membrane
and stimulate hair cells. The hair cells are required to transform the acoustic signal into
action potentials on the auditory nerve. Since the acoustic signal is similar to an acoustic
click it is counterintuitive that the stimulation result in a selective stimulation of the cochlea.
Nevertheless, it has been demonstrated that laser pulses in the infrared result in a focused
pressure wave in front of the optical fiber (Teudt et al., 2011).

The important message from the experiments is that all stimuli at radiation wavelength in
the infrared will generate stress relaxation waves and will heat the target volume.
Considering the technique for scientific applications or for prosthetic means has to address
and the issues of thermal damage and stress related effects.
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Infrared neural stimulation

Stimulation of peripheral nerves

Results from successfully stimulating the sciatic nerve and the nervus pudendus have been
reported. In both cases the experiments have been performed in the rat animal model. To
reduce the radiant energy for optical stimulation, electrical and optical co-stimulation has
been investigated in aplysia californica and the rat sciatic nerve.

Sciatic nerve—Wells et al. (Wells et al., 2005a; Wells et al., 2005b) were the first to show
that the rat sciatic nerve could be stimulated with pulsed infrared radiation, the Free Electron
Laser (FEL). The radiant energy was deposited into non-manipulated neural tissue at optical
wavelengths in the infrared. With the assumption that water is the sole absorber, the
estimated optical penetration depth in neural tissue for these wavelengths is 200 to 1500 pm
(Rosenberg and Gunner, 1959; Falk and Ford, 1966; Hale and Querry, 1973; LoPachin and
Stys, 1995). The results from Wells and coworkers showed that ablation thresholds scaled
with the wavelength-dependent water absorption coefficient (see Figure 3 in Wells et al.,
2005a), but the stimulation threshold did not. The largest energy ratios for ablation and
stimulation was at wavelengths around 4 and 2.1 pm (Wells et al., 2005a). In addition to the
first measurement with the FEL (A = 2000-6000 nm, t, = 5 s, f = 1-30 Hz), a Ho:YAG
laser (A = 2120 nm, 7, = 350 ps, f = 1-8 Hz), and a pulsed diode laser (A = 1860 nm, T, = 10
us to 10 ms) were used. Similar stimulation of the sciatic nerve could be achieved with the
latter lasers. Other researchers have investigated alternative wavelengths for infrared sciatic
nerve stimulation, namely in the 1400 — 1600 nm range (McCaughey et al., 2010). They
compared the Ho:YAG (A = 2120 nm), Yh:glass (A = 1495 nm), and two diode lasers (A =
1450 and 1540 nm). Although nerve stimulation was achieved, the pulse durations to
achieve depolarization were significantly longer (~100 ms) and the fluences were higher
than those demonstrated in previous experiments.

The advantage of using optical radiation over using electrical currents for neural stimulation
is its spatial resolution (Wells et al., 2007a). Only neural tissue that is directly in the optical
beam path will be stimulated. Wells et al. (2007a) found that irradiation of different portions
of the sciatic nerve evoked contraction in different muscle groups.

Nervus pudendus—Rat cavernous nerves were stimulated with a thulium fiber laser (A =
1870 nm; tp = 2.5 ms; f = 10 Hz, Q = 7.5 mJ/pulse) to test whether the method could be
used as an alternative nerve mapping method to electrical stimulation during radical
prostatectomy (Fried et al., 2008b; Fried et al., 2008a; Tozburun et al., 2010). Successful
stimulation was determined by an intracavernous pressure response in the rat penis with the
pressure returning to baseline values after stimulation. The authors demonstrated that
stimulation occurred with the laser operating in either continuous wave mode (average
radiant power up to 47.3 mW) or in pulsed mode (tp = 5 ms; f = 10-100 Hz, Q = 0.56-4.8
mJ/pulse). In addition to the thulium fiber laser, three other diode lasers (A = 1455, 1490 and
1550 nm, P = 0-100mW (cw), spot size = 1 mm) were tested for their potential to stimulate
the nervus pudendus through an up to 450 um thick fascia. With increasing thickness of the
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fascia, larger radiant power was required to stimulate the nerve (Tozburun et al., 2012;
Tozburun et al., 2013).

Electrical and optical co-stimulation—Safety studies for INS using the rat sciatic
nerve have shown that the radiant energy for sciatic nerve damage is at about twice the
energy for stimulation (Wells et al., 2007c). Experiments in rat sciatic nerves and the buccal
nerve of aplysia californica were conducted to determine whether the range for safe neural
stimulation could be increased by electrical and optical costimulation. Initial experiments
were conducted in the rat sciatic nerve. Duke et al. used a diode laser (A = 1875 nm; 7 = 2
ms; f = 2 Hz) and delivered the radiant energy via a 400 um optical fiber. They showed that
the threshold for INS could be reduced by a factor of ~2 with the simultaneous presentation
of a sub-threshold electrical stimulus and a laser pulse (Duke et al., 2009; Duke et al., 2012).
The interaction between electrical current pulses and INS was also studied in detail using the
buccal nerves of aplysia californica with the Ho:YAG laser (A = 2120 nm, 1, = 0.25 ms, f =
2 Hz) and a diode laser (A = 1875 nm, Tp = 2-3 ms, f = 2 Hz). Threshold fluence for INS was
on average 1.12 J/cm? and could be lowered by about a factor of 2. The results also
demonstrated that finite regions of excitability exist. Polarity, amplitude, and phase of the
biphasic electrical pulse could alter size and sensitivity for INS at those sites (Duke et al.,
2012). The experiments also revealed that an increase in the radiant energy could result in an
inhibition of a supra-threshold electrical pulse (Duke et al., 2012).

Stimulation of cranial nerves

Facial nerve—Gerbil facial nerves were stimulated with a pulsed Ho:YAG laser (A = 2120
nm, tp = 0.25 ms; f = 2 Hz) and were delivered via a 600 um diameter optical fiber (Teudt et
al., 2007). Muscle action potentials and resulting whisker movements were monitored.
Compound muscle action potentials (CmAPSs) evoked with either optical radiation or
electrical current were similar in shape. However, the onset of the optically-evoked CmAP
was delayed relative to the electrical CmAP. Radiant exposures were between 0.71-1.77
Jlem? and evoked CmAPs that were simultaneously measured at the facial muscles (m.
orbicularis oculi, m. levator nasolabialis, and m. orbicularis oris). To determine acute
damage thresholds, nerve samples were examined. Histology showed tissue damage at
fluences of 2.2 J/cm?2, but no apparent damage at radiant exposures of 2.0 J/cm?2. Spatial
selectivity of infrared nerve stimulation has been demonstrated in these experiments at the
facial nerve trunk.

Auditory nerve—At present, INS of the auditory nerve has been studied in the gerbil, the
mouse, the guinea pig and the cat. Experiments were done in hearing, acutely deafened and
chronic deaf animals. Following the deafening procedure, the animals showed significant
elevation in hearing threshold for high frequencies, at the tonotopically correspondent site of
the optical fiber placement. Despite the loss of hearing for high frequencies, the animals had
variable residual hearing for low frequencies. In gerbils, a Ho:YAG laser (. = 2.12 ym, T =
250 s, f =2 Hz, Q = 0-127 pJ/pulse) was used to stimulate the auditory nerve (1zzo et al.,
2006). The laser was coupled to a 200 um-diameter optical fiber, which was placed in front
of the cochlear round window. The optical beam was directed towards the spiral ganglion
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cells. CAPs were evoked in response to the laser pulses. An increase in radiation energy
induced a monotonic increase in the evoked response. Subsequent experiments with
different Aculight diode lasers (A = 1844 — 1940 nm, 7p =5 ps — 1 ms; f = 2 - 1000 Hz)
showed that the patterns of the CAPs changed with increasing pulse duration (1zzo et al.,
2007b; Izzo et al., 2008). The variability in the input-output curves was, in part, due to
differences in the physiological state of each animal and differences in optical fiber
placement. In acutely deafened and in chronically deaf gerbils, thresholds for optically
evoked CAPs were not significantly elevated when stimulating with short pulse durations
(Richter et al., 2008).

In addition to compound action potentials, the responses of single auditory nerve fibers were
recorded during optical stimulation. The recordings from low-spontaneous- rate neurons
showed on average a firing efficiency of ~40% at 200 Hz laser stimulation rate (Littlefield et
al., 2008).

Auditory nerve - spatial selectivity—Spatial selective stimulation of the auditory nerve
was possible. Three series of experiments were conducted to characterize the spatial
selectivity for INS in the cochlea, (1) immunohistochemical staining for c-Fos (1zzo et al.,
2007a), (2) tone-on-light masking (Matic et al., 2011), and (3) recording of neural responses
in the inferior colliculus and constructing corresponding spatial tuning curves (Richter et al.,
2011).

The transiently expressed transcription factor, c-Fos, was used to stain activated nerve cells
and to identify the spatial area of the cochlea that was stimulated with a Ho:YAG laser (A =
2.12 pm, v = 350 ps, f =2 Hz, H = 60 mJ/cm?), which was coupled to a 100 um optical
fiber. The optical fiber was approximated to, but not penetrated, the round window
membrane and was visually oriented toward the spiral ganglion cells. Immunohistochemical
staining for c-Fos in the cochlea showed a small area of optical stimulation, which occurred
directly opposite to the optical fiber (1zzo et al., 2007b). This pattern of c-Fos labeling is in
contrast to that after electrical stimulation. Electrical stimulation leads to a large, more
spatially extended population of labeled, activated neurons.

Spatial selectivity has also been measured with a masking method (Matic et al., 2011). Laser
pulses with fixed optical parameters were delivered with a 200 um optical fiber and were
presented simultaneously with an acoustic tone. The tone was variable in frequency and
level. Tone-on-light masking in gerbils revealed tuning curves with best frequencies
between 5.3 — 11.2 kHz. The width of the tone-on-light tuning curves was similar to the
width of tone-on-tone tuning curves. The results indicate that the spatial area of INS in the
gerbil cochlea is similar to the cochlear area excited by a low level acoustic tone, showing
promising results for future use of INS in implantable cochlear prostheses (Matic et al.,
2011).

The spatial selectivity of INS in the acutely damaged cochlea of guinea pigs was determined
from neural activity recorded in the ICC during INS (Figure 3). Results obtained with INS
were compared to stimulation with acoustic tone pips in normal hearing animals. For the
measurements, the radiation was delivered via a 200 um- diameter optical fiber, which was
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inserted through a cochleostomy into the scala tympani of the basal cochlear turn. ICC
responses were recorded in response to cochlear INS using a multichannel penetrating
electrode array. Spatial tuning curves were constructed from the responses. The majority of
ICC spatial tuning curves indicated that the spread of activation evoked by optical stimuli is
comparable to that produced by acoustic tone pips. In a recent study, a pulsed 808 nm pulsed
infrared laser was used to stimulate the guinea pig cochlea (Xia et al., 2013).

The challenge for INS in the cochlea is the missing understanding of the mechanism. The
agreeable fact is the heating of the target structure. Deposition of heat, however, has the risk
of heat accumulation and subsequent tissue damage. This is particular a challenge for
stimulation in the cochlea. While the scatter of infrared radiation by tissue is at least an order
of magnitude smaller than for visible light the photons are absorbed over a much shorter
distance. In other words, large distances between the stimulation source and the target tissue
increase the risk for tissue heating. Heating of the target volume also results in stress
relaxation waves that can result in audible acoustic events. Data are available that argue that
the mechanism of INS is a pure acoustic event that stimulates remaining hair cells. Other
data does not support the view that the INS is based on a mechanical stimulation of the hair
cells (Kadakia et al., 2013; Young et al., 2014). However, the latter experiments do not rule
out the direct interaction between the radiation and the hair cells as described for the
vestibular system. The true potential of the technique for scientific questions and for
potential prosthesis will require the full understanding of the mechanism of the stimulation.

Vestibular nerve—Vestibular prostheses, based on electrical stimulation, are currently
being studied as a means to reduce imbalance and disorientation caused by vestibular
dysfunction. However, electrically based vestibular prostheses suffer from current spread,
which can lead to stimulation of unintended semicircular canal(s) and subsequently encode
incorrect sensory information. Optical stimulation of the vestibular system has been
investigated as a means to overcome the spread of electric current. Harris and coworkers
(Harris et al., 2009) studied whether infrared radiation could be used to evoke neural
activities from the vestibular nerve. Optical radiation at 1840 nm wavelength (vp = 10 pus - 1
ms) was effective at evoking neural responses from the eighth nerve at a location where
vestibular and auditory fibers were present. Power levels as low as 200 mW evoked a
response. Direct irradiation of the ampullae produced an evoked potential at the maximum
radiation energy obtained from the diode laser. However, optical stimulation of the ampullae
did not evoke detectable eye movements.

In addition to the eighth nerve, they also stimulated the facial nerve. Careful inspection of
the optically evoked facial nerve CAPs reveals a component at the onset of the optical pulse
and at the offset of the pulse (Harris et al., 2009). The two CAP components became
obvious with increasing time between the pulse onset and offset (longer pulse durations).
Although offset responses have not been reported by others for the facial nerve or the sciatic
nerve, they could be seen in some auditory neural responses. Experiments have yet to be
conducted to determine the source of the offset response.

In a different set of experiments, Bradley stimulated Scarpa’s ganglion in gerbils with diode
lasers (A=1844 — 1877 nm; tp =5 us — 1 ms; f = 2 - 1000 Hz, Q = 0-127 p/pulse), while
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recording activities from single vestibular nerve fibers. The experiments showed an evoked
compound action potential but did not result in detectable changes of single fiber activities.

Recently it has been shown that INS can activate vestibular hair cells (Rajguru et al., 2010a;
Rajguru et al., 2010b). In experiments conducted in toadfish, Opsanus tau, horizontal
semicircular canal afferents elicited a mix of inhibitory and excitatory responses evoked by
stimulation directed towards the neuroepithelium housing the sensory hair cells. In a subset
of afferents, the discharge rate reduced with irradiation, while in other afferents the
discharge rate increased. A smaller subset of afferents displayed a mixed response
comprised of an onset inhibitory response followed by an excitatory phase with tonic
stimulation. The time course for the excitatory phase of the mixed units was similar to that
of the excitatory afferents. The excitatory versus inhibitory afferent responses may correlate
with the dynamic adaptive properties of afferent responses observed during mechanical
stimulation (Rabbitt et al., 1995). Primary semicircular canal afferents in the toadfish are
known to receive convergent inhibitory (GABA) and excitatory (glutamate) synaptic input
from hair cells that ultimately shape the afferent discharge response (Holstein et al., 2004a;
Holstein et al., 2004b). Data from those studies indicated that afferents receiving
glutamatergic inputs may increase their discharge rate with INS. This is consistent with
depolarization of hair cells and increased tonic release of glutamate. On the other hand,
afferents that synapse on combinations of Glutamatergic and GABAergic hair cells were
observed to reduce their discharge rate with INS.

The results obtained in the fish have been confirmed in the chinchilla (Boutros et al., 2013).
Since these single unit responses included a mix of large excitatory, inhibitory, and mixed
responses from canal afferents it is unclear whether infrared stimulation can evoke
significant vestibulo-ocular reflex (VOR) eye movement responses. Experiments were
conducted to test whether a robust VOR can be evoked with INS. Initial results of INS (A =
1870 nm; v, = 200-350 ps, f = 200-400 Hz) in the chinchilla demonstrate eye movements
during IR stimulation in about 50% of the animals (Boutros et al., 2013).

Despite the fact that studies show vestibular neural responses to INS, no study has yet
demonstrated that the stimulation is selective. It may be that the Crista ampullaris, the
sensory organ of the vestibular system, is insensitive to optical stimuli and/or that optical
radiation stimulates remote afferent dendrites of the vestibular nerve. Although optical
stimulation of the vestibular system nerve appears feasible, it has not been demonstrated that
stimulation of afferent nerve fibers from individual canals can be achieved once they have
collected in the nerve trunk.

Stimulation of different brain structures

Cortex—While peripheral nerves and cranial nerves have been successfully stimulated with
infrared lasers, it appears more complicated to stimulate brain structures. Results on
successful stimulation of the rat somatosensory cortex have been published (Mahadevan-
Jansen et al., 2010; Cayce et al., 2011). They placed a 400 pm diameter optical fiber to
stimulate the somatosensory cortex of anesthetized rats using an infrared diode laser (A =
1875 nm; T = 250 ps; f = 50 — 200 Hz, H = 0.01-0.55 Jlem?). Results from intrinsic optical
imaging and neural responses, which were recorded with tungsten electrodes from some
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units, were used to quantify the effects of INS. INS evoked an intrinsic response of similar
magnitude to that evoked by tactile stimulation. The intrinsic signal magnitude increased
with faster laser repetition rates and increasing radiant exposures. Neuronal firing of single
unit recordings decreased and differed from that observed during tactile stimulation.

Similar experiments were conducted in non-human primates to stimulate the visual cortex
(Cayce et al., 2013). INS evoked localized neural responses. At this cortical location, single
unit neural activity increased during INS. Again, neural responses from single units was
recorded with tungsten electrodes.

Stimulation of the auditory system—A different set of experiments was designed to
test whether INS of the central auditory system is possible (Lee et al., 2009; Lee et al., 2011;
Verma et al., 2014). In acute animal experiments, a 400 um diameter optical fiber was
placed on the surface of the cochlear nucleus to irradiate the tissue with a diode laser (A =
1849 - 1865 nm; tp = 5 us — 10 ms; f = 2 - 1000 Hz). Auditory brainstem responses were
recorded in hearing animals, which resembled a multi-peaked ABR evoked by acoustic
stimulation. Blocking the optical path or euthanizing the rat eliminated the 0ABR.
Sectioning of the auditory nerve resulted in a significant decrease of the evoked response.
The authors concluded that the response to INS was caused by an acoustic event that
stimulated the cochlea (Verma et al., 2014).

Stimulation of other preparations

Other researchers working towards an all-optical stimulation and recording system have
used an in vitro preparations of lobster nerves. To stimulate the nerves, they irradiated the
tissue with 0.4 — 2 ms pulses at 1850 nm (Wininger et al., 2009). However, longer pulse
durations allowed only 2 — 4 repetitions of laser irradiation before nerve damage occurred.
Readers should take caution in directly comparing these data with previous data because the
energy output of the optical fiber and the spot size on the tissue were not reported.

Pulsed laser light can also stimulate cultured cardiomyocytes (Nathan et al., 1976; Smith et
al., 2008; Dittami et al., 2011). Irradiation of the cardiomyocytes results in a depolarization
of the cells and in a visible contraction. In an in vivo preparation, the pulsed infrared laser
light (\ = 1875 nm, tp = 1 ms, f = 2-3 Hz, H = 0.92 Jlem?) was used to lock the heart rate to
the pulse frequency of the laser. At low radiant exposures, embryonic quail hearts were
reliably paced in vivo without detectable damage to the tissue, indicating that optical pacing
has great potential as a tool to study embryonic cardiac dynamics and development. In
particular, optical pacing can be used to control the heart rate, thereby altering stresses and
mechanically transduced signaling (Jenkins et al., 2010).

Safety of cochlear INS

In the cochlea, at high stimulation rates and high pulse energies, INS bears the risk of
thermal damage to the tissue from either the instantaneous temperature increase or from
potential accumulation of thermal energy. Longterm acute stimulation was tested in the
cochlea in several experiments. Stimulation for 6 hours in the gerbil at 200 Hz stimulation
rate showed stable CAP amplitudes for the duration of the stimulation (lzzo et al., 2006;
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1zzo et al., 2007b). Similar results have been shown in the cat (Rajguru et al., 2010c). While
the laser parameter for the first two sets of the experiments were selected that no damage
occurs, another series of experiments was conducted to determine the threshold for damage.
No functional or histological damage in the cochlea was observed for up to 5 hours of
continuous irradiation if the selected laser parameters for INS were: A= 1869 nm; t, = 100 ;
f <250 Hz; Q < 25 pJ/pulse (Goyal et al., 2012). Functional loss was observed for radiant
energies above 25 pJ/pulse. Corresponding cochlear histology from control animals and
animals exposed to 98 or 127 pJ/pulse at 250 Hz pulse repetition rate did not show loss of
spiral ganglion neurons, hair cells, or other soft tissue structures of the organ of Corti. Light
microscopy did not reveal any structural changes in the soft tissue either. Note, the cochleae
were harvested directly after the exposure with no time for neural degeneration or structural
changes to establish (Goyal et al., 2012).

The first longterm study was conducted in cats. Recently, a population of animals was
chronically implanted with an optical fiber for INS. Behavioral responses of the cats
indicated that stimulation occurred and a perceptual event resulted (Matic et al., 2013). Six
weeks of stimulation of the cochlea, 6 h per day, with a fixed set of laser parameters
(A=1850, 1p=100 ps, rate=200 Hz, Q=12 uJ/pulse) did not change the electrophysiological
responses, either optically-evoked or acoustically-evoked. Spiral ganglion neuron counts and
post implantation tissue growth, which is localized at the optical fiber, were similar in
chronically stimulated and sham implanted cochleae (Matic et al., 2013).

Mechanisms for stimulation with light

For optogenetics and thermogenetics a chromophore exists that absorbs the photons and
result in an excitation or inhibition of the cell. For optoacoustics an audible pressure wave is
generated by the photon absorption and conversion into heat. Advances in finding the
mechanism for INS have been made (Katz and Dalva, 1994; Wells et al., 2007b; Rhee et al.,
2008; Feng et al., 2010; Rajguru et al., 2010a; Rajguru et al., 2010b; Dittami et al., 2011,
Albert et al., 2012; Shapiro et al., 2012). However, the entire sequence that occurs between
the delivery of the laser pulse and the neural response is not known. Laser-tissue-interaction
is complex and is determined by the laser parameters and the tissue properties. Spot size,
radiation wavelength, pulse duration, pulse repetition rate, and radiant energy for example
characterize the laser properties, while absorption and scattering are important tissue
properties. Photochemical, photothermal, and photomechanical interactions must be
considered (for review see e.g. Jacques, 1992). Wells et al. (2007b) studied which of the
aforementioned interaction may explain INS.

Photochemical reactions—A photochemical interaction occurs, if a molecular
chromophore absorbs the photon (Jacques, 1992). The energy of the photon is converted into
chemical energy. The molecular chromophore may be endogenous, such as amino acid
groups, peptides pigments amino acids or might be exogenous molecules, which were
introduced in to the tissue. Following experiments by Arvanitaki and Chalazonitis (1961)
and Fork (1971), Faber and Grinvald (1983) systematically synthesized a photosensitive
molecule that bound to the nerve membrane. After staining with the compound, neurons
could be depolarized through irradiation with a He-Ne laser (\=632.8 nm, t,=up to 5,
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P=11 mW). Their results suggested that laser stimulation occurred via transient, light-
induced channel activation that was not ion-specific(Farber and Grinvald, 1983). The
photostimulation often caused irreversible photochemical damage to the nerves.

Photochemical neural activation can also involve the addition of a “caged” molecule that is
released upon irradiation. Caged molecules are molecules that were rendered inert by
chemically modifying the structure of a bioactive molecule. Irradiation transforms and/or
cleaves the caged molecule to restore the biological activity, which is commonly referred to
as “photorelease” or “uncaging” (Kao, 2006). The resulting active molecules can be agonists
or antagonists. Thus, photolysis of caged compounds is a method for using light to switch
biological processes on or off. In 1990, Wilcox and coworkers reported the synthesis of
light-sensitive precursors to neurotransmitters (Wilcox et al., 1990). Dalva and Katz (Dalva
and Katz, 1994; Katz and Dalva, 1994) used this technique to map the developing synaptic
connections in the primary visual cortex of ferrets by uncaging photolabile glutamate. Since
then, many investigators have taken advantage of these photolabile neurotransmitter
precursors, most notably glutamate, in their research (for a review see Callaway and Yuste,
2002; Eder et al., 2004).

More recently, novel neurophysiologic approaches have been introduced that control ion
channels and subsequently neural activity optogenetically and thermogenetically (Bernstein
et al., 2012). The absorption of photons by a chromophore and the subsequent activation of
ion channels is used in optogenetics to manipulate neurons. Depending of the optogenetic
tool, excitation of inhibition can be achieved. Since inhibition and excitation is possible, the
technique can be used to study and change the dynamics of neural networks.

It is unlikely that pulsed, mid-infrared lasers, such as the FEL, Ho:YAG, or Aculight diode
lasers, evoke neural responses via a photochemical reaction. The photon energies emitted by
these lasers are significantly lower than the energies required to move an electron to an
excited state, as is needed for a photochemical reaction. For example, the energy in
individual photons from the Ho:YAG is ~0.58 eV. The value corresponds to a ~52 kJ/mol
bond energy. Typical ion bond energies are larger, and are in the range of 100-1000 kJ/mol.
Furthermore, data from Wells et al. did not identify a particular wavelength between 2 and
10 pm at which the laser stimulation was significantly enhanced, which would have
suggested a photochemical reaction (Wells et al., 2007b).

Photomechanical reactions—For photomechanical effects, both laser-induced stress
waves and volumetric thermal expansion were considered as a mechanism for stimulation.
Wells et al. (Wells et al., 2007b) measured cell surface displacements, which could be
attributable to heat-induced volumetric expansions, using differential phase optical
coherence tomography (DP-OCT). Furthermore, they created a piezo-electrical probe to
indent the cells surface and to separate laser-induced temperature effects from volumetric
stress waves. Pressure measurements with a needle hydrophone, revealed values below 1
bar. From their experiments they argued against a photomechanical mechanism from stress
wave generation.
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Laser induced pressure waves in water are well documented for experiments with high local
absorption. Pulsed 1850 nm laser light generates a measurable pressure (Teudt et al., 2011;
Schultz et al., 2012b; Schultz et al., 2012a). Teudt et al. (2011) reported that for the laser’s
maximum energy levels and with a 200 um diameter optical fiber, the peak-to-peak sound
pressure can reach 62 dB SPL in air. Since the cochlea is filled by endo- and perilymph, it is
of interest to what extent laser induced sound waves exist when the absorbing volume is
significantly decreased by immersion in water. Measurements in a swimming pool showed
that radiant exposures of 0.35 J/cm? generated a pressure of 31 mPa in water.

It has been stated that the energy required for a primary photomechanical mechanism is
much higher than used by Wells et al. (Wells et al., 2007b) and Izzo et al. (1zzo et al., 2006).
Valid arguments include that the parameter space of INS is outside of stress confinement.
Stress confinement occurs when the optical energy accumulates in the tissue before a laser-
induced stress wave can propagate out of the irradiated area, leading to large stress waves.
For stress confinement to occur when irradiating with these wavelengths, the pulse duration
should be shorter than 500 ns, which is orders of magnitudes shorter than the pulse durations
used for optical stimulation. On the other hand, results have been indicating that INS in the
cochlea is dominated by a mechanical event and the stimulation of remaining hair cells
(Baumhoff et al., 2013). The discrepancies have not completely resolved at this point.

Photothermal reactions—An alternative mechanism for INS could be the direct
activation of heat-sensitive ion channels, which are present in nerves. The channels are
termed the transient receptor potential (vanilloid) or TRPV channels (Caterina et al., 1997;
Harteneck et al.; Giler et al.; Montell). TRPV1 is perhaps most well-known for being
activated by the chemical capsaicin, the main ingredient in hot chili peppers that produces a
burning sensation. TRPV1 channels are also stimulated by other vanilloid compounds, acid
(pH <5.9), and heat (= 43° C), making it a key channel in peripheral nociception. TRPV
channels are found in small neurons, including the sciatic nerve, the dorsal root and
trigeminal ganglia of rats (Caterina et al., 1997), as well as cochlear structures of both the rat
and guinea pig (Balaban et al., 2003; Zheng et al., 2003; Takumida et al., 2005; Suh et al.,
2009) and have been identified in vestibular neurons (Albert et al., 2012).

Rhee et al. (2008) stimulated cultured primary sensory neurons from the inferior ganglia of
rat with near-infrared radiation, which was delivered with a 200 pm silica fiber coupled the
output of an 1850 nm pulsed diode laser. The neurons express the vanilloid transient
receptor ion channel (TRPV1), which is a non-selective cation channel that opens in
response to temperature changes. Still, TRPV1 channels have an approximate 10:1 higher
affinity to calcium than to sodium. Therefore, the authors monitored the intracellular
calcium concentration using the fluorescent calcium indicator fura-2 to monitor responses to
INS. Brief trains of 2-ms IR pulses (~5 W instantaneous power) activated the TRPV1 ion
channels rapidly and reversibly. Identical INS did not increase intracellular calcium in the
absence of extracellular calcium or after the application of a TRPV1 channel blocker.

Albert et al. suggested that TRPV4 channels mediate the infrared laser evoked response in
sensory neurons. They conducted whole cell patch-clamp recordings and showed that
voltage gated calcium and sodium channels contribute to a laser-evoked neuronal voltage
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variation. The application of micromolar concentrations of ruthenium red and RN 1734
suggested that the TRPV channels are the primary effectors of the chain reaction triggered
by mid infrared laser irradiation.

A different view was presented by (Feng et al., 2010). Whole cell recordings were
conducted on cultured rat cortical neurons while the cells were irradiated with a pulsed
diode laser (A = 1850 nm, tp = 2 ms, f = 30 Hz, Q = 0.1 mJ/pulse). During exposure the
amplitude of spontaneous postsynaptic currents (SIPSCs) increased and the sIPSC decay
accelerated (Feng et al., 2010). sIPSCs disappeared after the application of the GABAA
receptor blocker bicuculline and could not be evoked by stimulation with the laser.

Whole cell recordings of dorsal root and nodose ganglion neurons showed that
depolarizations evoked by INS has multiphasic kinetics comprising fast and slow
components (2010). For their experiments they irradiated the neuron cultures with 5-10 ms
pulses of A = 1889 nm. They found a near-uniform distribution of responsive neurons
increased membrane conductance, and the negative reversal potential value (-41+2.9 mV)
and suggests that INS is unrelated to the activation of heat-sensitive TRPV1 channels. The
long duration of the responses to INS favor an involvement of second messengers.

In a different study it has been demonstrated that infrared light excites cells through a novel,
highly general electrostatic mechanism. Infrared pulses are absorbed by water, producing a
rapid local increase in temperature. This heating reversibly alters the electrical capacitance
of the plasma membrane, depolarizing the target cell. This mechanism is fully reversible and
requires only the most basic properties of cell membranes (Shapiro et al., 2012).

The findings by Shapiro are supported by a recent study, which initial results show that
pulsed infrared radiation rapidly alters the capacitance of the membrane through charge
redistribution, and evokes mitochondrial Ca2* currents (Liu et al., 2013). Although causality
has not been shown, present results are consistent with the hypothesis that these biophysical
events underlie infrared entrainment of miniature postsynaptic currents (mPSCs). Several
authors discussed previously the crucial role of mitochondria and calcium ions in the
mechanism for INS (Rajguru et al., 2010b; Dittami et al., 2011). In a recent series of
experiments it has been shown that pulsed infrared consistently evoked calcium related
responses in neurons (Lumbreras et al., 2013).

Modeling of INS

INS has been tested in many neural systems. However, laser parameters differ largely for
stimulation among the different systems. An approach to explain differences could come
from modeling of INS. Thompson at al. (Thompson et al., 2012) developed a Monte Carlo
model to simulate light transport and absorption in tissue during INS. The compared the
results from their modeling to the results obtained from INS in the cochlea. The results of
the modeling suggest that the optimal optical fiber (NA=0.22) for INS has a diameter of 200
um. The model also predicts a temperature rise at the spiral ganglion of 0.1°C. This
temperature rise is similar to what has been previously estimated from INS in the gerbil
cochlea (lzzo et al., 2008). Thompson at al. also used their model to study the temporal
effects of heating during INS (Thompson et al., 2013b). Their model predicts two regimes of
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action: (1) for pulse durations up to100 s a pulse energy limited regime and for pulses
longer than 100 s a temperature gradient limited regime. The model was also used to
determine the influence of the distance of the stimulation sources and the stimulus repetition
rates on the local heating. With the assumption that the stimulus is delivered at 250 Hz, INS
in the cochlea will lead to a local temperature increase of about 2.3°C. The calculation was
done f or one stimulation site. When multiple stimulation sites are used, the temperature
increase depends on the spacing between the stimulation sources. With the assumption that
the light sources are separated by 750 um, it has been predicted by the model that an
additional 20% increase in temperature will occur over the temperature increase of a single
light source (Thompson et al., 2013a).

In a different approach, a model was created using multiphysics software from COMSOL to
model the change in temperature and the temperature distribution during irradiation with an
infrared laser at A = 1550 nm radiation wavelength (Liljemalm et al., 2013). The model
considers conduction and conviction for heat transport. Results show that the distribution is
complex and nonlinear. The maximum rise in temperature and the temperature distribution
depended on the fiber size, the pulse repetition rate and the radiant energy. When compared
to published data, the model predicted low temperatures measured Shapiro et al. (Shapiro et
al., 2012). A temperature accumulation was observed for repetitive stimulation.

In a recent paper by Norton et al. (Norton et al., 2013), an analytical approach has been used
to determine the heat distribution and thermal criteria for INS. A solution for the heat
diffusion equation was combined with the optical fluences. The developed framework could
well be applied to existing experimental data. A key conclusion that has been drawn from
the model is that the rate in temperature change and not the absolute temperature are
essential for INS (Norton et al., 2013).

Considerations for light-based neural prosthesis

Despite results obtained from animal models showing that cochlear responses can be evoked
with light after sensitizing the neurons with an optogenetic tool or stimulating cochleae with
residual hearing with INS, it is not completely clear how a prosthesis based on light can be
realized in the near future and whether it will improve contemporary technology. Electrical
stimulation requires about 10 times less energy per pulse to evoke an action potential than
optogenetic approaches have reported (Hernandez et al., 2014) and electrical stimulation is
about 100 times less than INS would require. It has to be shown that the potential increase in
the number of perceptual channels in an optical implant outweighs the additional energy
required for stimulation.

The goal for neuroprostheses is to restore neural function to the fidelity of a healthy system.
Contemporary neural prostheses aim to achieve this via electrical stimulation of the
remaining neurons. Despite the research advances and clinical implementation of
neuroprostheses, there are several challenges that neurostimulation faces (for a review see
Grill et al., 2009). One of the main hurdles for neuroprostheses is achieving spatially and
temporally selective stimulation. It has been argued that optical methods could improve
spatial selectivity and increase the fidelity of implants. However, before implementing a
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prosthesis using photons, several design considerations must be made regarding the optical
source and the light delivery system, in particular for the auditory system (see also Table 4).
The light source should be able to deliver radiation pulses at least at 200 Hz with precise
temporal control the pulse delivery and the light power. For optogenetic applications light
sources with sharp spectral tuning at the activation wavelength of the optogenetic tool is
required because microbial opsin-derived tools can be deactivated by light of wavelengths
near the activation wavelength (Berndt et al., 2009). Moreover, if more than one optogenetic
tool is used the sharp tuning of the stimulation source is critical that no overlap in
stimulation occurs. For prostheses, the light sources cannot be large devices but must be
miniaturized, still achieving sufficient light output. Light sources are typically lasers or
LEDs. Lasers are an appealing option for either of the discussed approaches. They typically
have a narrow spectral line-width, which can be matched to the activation wavelength of the
optogenetic tool, they typically deliver optical pulses with the required power to evoke a
neural response, and they can be modulated at high frequencies. While lasers are ideal for
bench top experiments, they pose a challenge for prosthetics. Laser diodes are significantly
smaller than tabletop devices but they would still be too big to be implanted close to neural
structures, in particular in the cochlea. A novel technology is evolving that will help
miniaturizing the stimulation source. Vertical-Cavity Surface-Emitting Lasers (VCSELS) are
available for wavelengths between 473 and 1064 and are currently developed for 1855 nm.
VCSELSs can be a few micrometers in size and can be placed closed to the target structure.
The challenge to place the optical source close to the neural structure is the heat
development of the source. Only a fraction of the energy used by light source is converted
into photons, the rest is converted to heat. Local heating constitutes a problem.

Alternate approaches include the delivery of the light via optical fibers or waveguides.
While an optical fiber-based prosthesis may be suitable for a low-density prosthesis
application (stimulation of 1-5 distinct sites), prostheses that encode more dense
information, such as cochlear implants and visual prostheses, would be difficult to
implement with 50-100 or more individually addressed optical fibers. Possible design
solutions for these applications include a scanning optical source that sequentially addresses
multiple stimulating sites or a high-density array of small solid-state optical sources that can
simultaneously stimulate multiple neural populations. Optical fibers face another challenge,
they are stiff and difficult to place along the cochlea. The fibers may break during the
insertion or they damage cochlear tissue. Optical fiber bundles, which are used to irradiate
neurons along one half of the basal turn, are unlikely a solution for a chronically implanted
light delivery system.

In addition to the type of source used, the placement of the optical source has implications
for the prosthesis design. An external source would allow for a higher power, larger battery
capacity, and easy modifications to the stimulating source. However, by transmitting the
optical energy transcutaneously, a significant portion of the optical power would be lost.
Percutaneous links, while possible, are much less desirable due to the risk of infection. A
fully implantable optical prosthesis is desirable because it eliminates the transcutaneous link
except for battery charging. However, hardware upgrades are difficult with a fully
implantable device. Furthermore, implanted optical sources need to be more efficient than
externally mounted sources to reduce the heat generated by powering the device. It remains
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to be seen if a solid state device can be constructed with the size and power requirements to
be fully implanted and to stimulate neurons.

Light-Emitting Diodes (LEDs) possess a narrow spectral line-width and a high temporal
fidelity. They are an attractive light source for benchtop optogenetic applications. Again,
LEDs generate substantial heat and their in vivo use requires precaution to avoid heat
damage of the tissue.

At present a single channel and a three channel light delivery and stimulation system has
been developed for the cat cochlea for INS. The three-channel system is a wirelessly
controlled, battery-powered, wearable unit (<200g) for chronic stimulation studies in large
animal models (i.e. cat). Three individually controllable lasers are housed in the smaller
package, which can be carried in a backpack). Individual control of each laser stimulator
allows real-time control of all laser parameters, including power (0-250mW), repetition rate
(0-300Hz), pulse width (50us — 1ms), and wavelength (1.85 — 1.87um). All data
(stimulation inputs and recorded outputs) are time stamped, sorted, saved, and easily
accessible from a GUI. A breakaway interface connector allows for attachment/detachment
of various optical fiber-based implantable light delivery systems with up to 3 channels with
<1% variability in optical transmission. While the single channel system has been tested in a
longterm study (Matic et al., 2013), the three-channel system is still under investigation.

Conclusions and Future Directions

Recent research efforts have demonstrated that optical radiation can be used to stimulate
neurons. With the development of compact light sources to evoke neural responses, it has
been validated that stimulation with optical radiation is spatially selective. Stimulation with
optical radiation has advantages and limitations when compared with stimulation with
electric current. The differences between stimulation modalities could be selectively
exploited for the next generation of neural interfaces and as a neurophysiology research tool.

INS, as a tool, could advance our understanding of many research-based neuroscience
questions and lead to significant findings that would otherwise not be possible with
conventional stimulation paradigms. In addition, the possibility of using INS for a neural
prosthesis has its appeal. Many steps are required between technological conception and
maturity of an INS-based prosthesis. The steps include biological safety and compatibility
and the engineering of a practicable device.

With the objective to design and build INS prostheses, it would be extremely important to
understand the mechanism. It will allow optimization of the laser parameter space and will
aid the long-term safety of INS. Further work to understand the effect of beam quality (e.g.
focused beam vs. collimated beam) on stimulation will aid in the design of efficient research
and clinical stimulators.

Most of the work, to date, has been executed in vivo, and as such it would be useful to
determine any differences with INS in vitro. Many neural systems and neuron types have yet
to be stimulated with infrared radiation and it is unknown if INS will work on all neurons or
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only a subset. While there are many questions yet to be answered, INS provides a unique
application of biomedical optics that may foster significant advances in neuroscience.

The possibility to express channels that can activate or inhibit cells upon irradiation with
visible light of different colors has opened endless opportunities to manipulate and study
neural networks. Optogenetics thus enables us to study and understand the complex function
of our brain. Although the mechanism and method to express light sensitive channel in
neurons or cells is known in theory, challenges still exist to selectively target the cells.

The advancement of optogenetics and thermogenetics also requires the development of
enabling technology. Visible light is largely scattered in tissue and requires small light
sources to be placed close to the target structures. These needs for the field will nurture
engineering attempts for building small and powerful light sources and the development of
advanced and more efficient waveguides.

The biggest challenge for optogenetics will be the translation into the clinic. It has to be
demonstrated, that expression of the optogenetics tools is safe. Furthermore, it will be
important to show that effective stimulation of selected structures is possible in large
volumes, different to those present in small rodents such as mice.
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AAV adeno-associated viral vectors

ABR auditory brainstem response

0ABR optically evoked auditory brainstem response
AP action potential

BSL bio safety level

Ca?* calcium ion

CAP compound action potential

ChR channelrhodopsin

Cm centimeter

CmAP Compound muscle action potential

cw continuous wave

dB decibel

DP-OCT differential phase optical coherence tomography

fluence rate
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W Watt

Yb:glass Ytterbium-doped glasses

I wavelength

Tp pulse length

pHm micrometer

°C degree Celsius

1) fluence rate
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Figure 1.

The plot shows the penetration depth for radiation of different wavelength into water. The
data were obtained from Hale 1973. Colored sections reflect the wavelength used for the
different optical methods described. Green represents the range of radiation wavelengths
used for optogenetics, red for thermogenetics, optoacoustics and INS. For the red dotted line
it has been shown in the rat sciatic nerve that stimulation can be achieved. However, at
present, it is not possible to deliver the radiation with optical fibers.
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Figure 2.
Images are sections through a 3D map of light intensity along the axis of an illuminating

fiber. Contour maps of the image data show iso-intensity lines at 50%, 10%, 5%, and 1% of
maximum. A shows the plots for saline solution and B for rat gray matter obtained for two
different radiation wavelengths, 473 nm or yellow and 594 nm or blue. Scatter in brain
tissue reduces the penetration depth significantly when compared with saline solution. Also,
blue light has a longer penetration depth. C-D are reproduced from Thompson et al., 2012.
C-D shows an example of a Monte Carlo simulation. In the model an optical fiber is
positioned 500 um from the center of a nerve layer C. For the modeling the following
parameters are assumed: A = 1850 nm, 200 pm optical fiber, NA = 0.22, nphotons = 1012,
radiant energy = 25 pJ/pulse). E shows the result form the modulation and indicate little
effect by the tissue on the photon distribution. D is the same as E but scaled to the plots A
and B. A and B are plots reproduced from Yizhar et al. 2011.
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Figure 3.

The top, left panel shows an acoustic spatial tuning curve (STC) recorded on the 16-
channel, penetrating electrode array inserted into the inferior colliculus. The curve gives a
relative measure of the area of the cochlea activated by the acoustic tones. The inferior
colliculus retains the tonotopic map of the cochlea, with high frequencies encoded at the
deep layers of the IC (electrode 1) and low frequencies encoded more superficially
(electrode 16). The top, right panel shows an optical spatial tuning curve for cochlear INS.
The bottom, left panel shows the widths of many acoustic and optical STCs. The widths of
optical STCs overlap entirely with the acoustic STCs. A smaller width indicates a more
spatially selective stimulus. The bottom, right panel gives a comparison of widths (mean
+s.d.) measured in our study and STC widths measured by Snyder et al. (2004) for various
electrical stimulation configurations. Note that the reference values of acoustic STC widths
are identical between the two studies. Panels of the figure 3 are modified figures from

Richter et al. (2011).
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Table 3

Comparison between INS, optogenetics, and optoacoustics

Page 42

Features

Optogenetics

INS

Photoacoustics

thermal confinement

stress confinement

Mechanism

Expression of light sensitive
ion channels in the plasma
membrane. The ion channel/
transporter expressed
determines the sensitivity to
the radiation wavelength and
whether inhibition or
excitation occurs.

Confined heating of the plasma membrane.
Heating is slow enough (>1 ps) that stress
waves can travel from the heated volume but
the heat delivered still remains confined in
the target volume. Radiant energy and pulse
length determine whether stimulation results
in excitation or inhibition.

Radiant energy is delivered
faster than a stress relaxation
wave can travel out of the
heated volume (<1 ps), which
can results in the generation of
considerable stress waves and
pressure build-up

Wavelength

441, 450, 470, 485, 500, 535,
540, 545, 560, 566, 590 nm.

Typically, but not limited to 1400-1600 nm
and 1840-2100 nm

Typically, but not limited to
532 nm and 420-2150 nm

Laser parameter

Pulse length 1-10 ms,
irradiance 1-10 W/cm?

Pulse length 5 ps to several ms, pulse
repetition rate up to 1 kHz tested, threshold
radiant exposure ~15 pJ/cm? to 1500 pl/cm?

Pulse length is typically 3-10
ns, radiant energy 0-6 pJ/pulse;
pulse repetition rate < 10Hz.

Power for stimulation

1-10 W/cm?

As low as 40 mW;

Temporal properties

Typically less than 50 Hz,
novel ChR2 mutants respond
up to 200 Hz.

Sustained CAP responses shown up to 1
kHz; single fiber responses ~100-150 Hz.
Onset response times ~2.5 ms

cell pH with risk of damage

Challenges
“chromophore” Needs the targeted and Water is the main absorber and readily
selective expression of ion available at the cell; water between source
channels in a selected type of results in unnecessary heating
neurons
pH changes Sustained stimulation changes Not documented

Heating of tissue

Not documented

Limits rate and maximum radiant exposure
of stimulation

Is likely and will limit rate and
maximum radiant exposure of
the stimulation

pressure wave formation

not documented

stress relaxation waves are generated an can
result in photoacoustic stimulation

used for stimulation
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