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Introduction

Optogenetics describes the technique of expressing light-activatable proteins, called opsins,
in a genetically and/or anatomically restricted population of cells, permitting temporally
precise and selective manipulation of the activity of the targeted population. This makes it
possible to dissect the physiological role of specific neuronal populations in different phases
of pain processing (Also reviewed in [14; 22; 83]). Targeted neuronal expression of
Channelrhodopsin-2 (ChR2), a light-activated cation channel cloned from the single-cell
algae Chlamydomonas reinhardtii, provided the first evidence that optically activated
channels can manipulate neuronal activity [13]. Since this discovery, a wide variety of
opsins have been identified in nature or engineered to permit manipulation of neuronal
activity (depolarization/activation or hyperpolarization/inhibition) [18; 45; 46; 56; 64; 115],
intracellular signaling [1; 60; 96; 102; 103], and gene expression [32; 89; 97] in a temporally
precise, and cell-type-specific manner (Reviewed in [33; 49; 62; 77]). Mutagenesis and
genomic screening has expanded the opsin tool box to include opsins with faster kinetics [5;
48], permitting more precise control of activity patterns; bi-stable opsins [6], permitting
sustained activation or inhibition with only brief light pulses; and opsins activated at longer
wavelengths (red-shifted opsins) [20; 63], permitting improved light penetration through
tissues. In addition to direct effects on membrane potential, other opsins, most of which have
been molecularly engineered, can initiate more complex signaling processes, such as G-
protein coupled receptor downstream signaling [1; 60; 102; 103], and regulation of gene
expression [32; 89; 97]. These opsins extend the advantages of optogenetic manipulations
beyond direct effects on membrane potential, furthering the utility of these approaches in
manipulating both excitable and non-excitable cells. This ever-expanding set of optogenetic
tools has provided many elegant approaches for manipulating activity and signaling in cells,
and has led to an explosion of new findings in systems neuroscience. However, widespread
implementation of optogenetics in studies of the peripheral nervous system (PNS) presents
two major obstacles. The first is that there are challenges in producing consistent and robust
genetically restricted expression of opsins in neurons of the PNS, as viral and transgenic
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tools are more limited and less established as compared to CNS applications. The second
challenge is consistent and restricted delivery of light to the neurons expressing these opsins.
Overcoming these obstacles is critical to realizing the full potential of optogenetic
manipulations in the PNS.

Genetic expression of opsins in the PNS

The two primary methods used to target opsin expression to the PNS are viral delivery and
transgenic mouse lines. Viral transduction offers the most experimental flexibility, with
multiple readily available constructs containing different promoters, opsins and reporter
tags, whereas the availability of transgenic mouse lines is more limited [70-72]. Adeno-
associated viruses (AAVSs) have been the primary method of opsin gene delivery to the PNS
[4; 11; 52; 53; 59; 84; 108]. Multiple AAV serotypes have been identified and engineered to
preferentially transduce different types of neurons. AAV5, 6, 8, 9 and PHP.S have been
shown to have higher tropism for dorsal root ganglion (DRG) neurons than other serotypes
[16; 17; 36; 52; 53; 59; 76; 84; 98; 99; 105; 108; 119]. Moreover, it may be possible to
exploit different serotypes to induce differential expression patterns within sensory neuron
populations [54; 109; 111; 119]. Cell type-specific promoters are possibly more effective in
limiting expression to precise populations of DRG neurons [59; 73], although likely at the
cost of decreased protein expression as less ubiquitous promotors can have weaker cellular
expression.

Another strategy used to target more refined neuronal sub-populations utilizes a combination
of viral vectors and transgenic animals that permits spatially restricted expression based on
the location of virus injection, and cell-type specificity based on the expression of Cre
recombinase in transgenic mice. The promoter for these DIO or FLEX viral constructs is
often a strong ubiquitous promoter that drives robust Cre-dependent transgene expression.
These viruses can be injected into discrete anatomical structures of transgenic mice that
express Cre recombinase in a genetically-defined cell population, leading to Cre-dependent
activation of opsin in that population [4; 41]. For example, a virus containing a Cre
dependent ChR2 may infect all DRG neurons, but only DRG neurons expressing Cre under
the control of the Nav1.8 promoter will express the opsin, hence restricting expression to
Nav1.8+ cells. Herpes simplex virus (HSV) vectors also have significant potential for the
study of pain and other aspects of somatosensation, owing to their natural tropism for
sensory neurons and relatively large genome carrying capacity [66] (Reviewed in [27; 43]).
This potential for larger genetic cargoes allows targeted expression of bigger and/or multiple
different proteins in sensory neurons. Additional advantages of HSV over AAVSs are rapid
expression, in days compared to weeks for AAVs and they can be retrogradely transported,
allowing for targeting to sensory neurons that innervate specific peripheral structures by
delivering the virus to the desired peripheral target (e.g. skin, muscle, bladder, etc) [44; 73;
118].

A major advantage of restricting opsin expression to a specific anatomical region or target
organ is that it allows for light delivery to be less specific with reduced off target effects.
However, expression levels can be more variable from animal-to-animal with this approach,
especially with viral injection into peripheral structures without dense afferent innervation.
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Unlike the brain, where highly conserved anatomy allows for targeted stereotaxic injections
into discrete nuclei, peripheral structures like skin and visceral organs have more varied and
less dense innervation that covers a much larger area, making animal-to-animal expression
potentially less consistent. Intraganglionic [59] and intrathecal [4; 11] delivery of viral
vectors can increase the number of transduced neurons, however anatomical specificity is
lost, and the injection procedures are relativity more invasive. Intravenous and
intraperitoneal delivery of AAVs (mostly AAV9) have both been used to express various
proteins in the PNS [31; 36; 99]. Although these methods are less invasive than
intraganglionic or intrathecal injection, they require larger viral volumes and normally result
in poorer transduction efficiency. Recently, an AAV variant (AAV-PHP.S) [29] demonstrates
dramatically increased DRG transduction efficiency (82% when delivered intravenously in
adult mice compared to 46% with intravenous AAV9) has been developed [16]. Intravenous
delivery of AAV-PHP.S resulted in expression throughout the periphery including cardiac
ganglion, the enteric nervous system, and non-neuronal cells in the liver, lungs and heart, as
well as in neurons within the CNS. By pairing this type of virus with promotor-specific
expression or the Cre-dependent expression strategy described above, one can increase cell-
type specificity, while benefitting from the increased expression levels.

PNS opsin expression can also be achieved efficiently using a transgenic approach, by
breeding mice that express Cre recombinase under the control of a promotor specific to a
cell-type of interest with mice that conditionally express opsins in a Cre-dependent manner
[4; 24-26; 71; 88; 94; 95; 121]. This approach mitigates the inherent variability in
expression levels one can encounter using viral approaches, allowing for more consistent
opsin expression in a genetically-defined subset of cells. These genetic tools of course also
allow for targeted expression of opsins in non-neuronal cells [3; 75; 82; 85]. This approach
is limited by the availability of suitable opsin- and Cre-expressing lines. One important
consideration when using these transgenic and knock-in Cre lines is that opsin expression is
not restricted only to cells that express the gene driving the Cre recombinase in adulthood, as
some genes may be transiently expressed during development. For example, a number of
studies have found that although TRPV1 is transiently expressed in a broad population of
DRG neurons during embryonic development, in adulthood TRPV1 expression is restricted
to a much smaller population of DRG neurons [15; 51]. Therefore, use of TRPV1-Cre to
conditionally express a Cre-dependent opsin would result in opsin expression in a larger
population of DRG neurons than would be expected based in the adult pattern of TRPV1
expression [80]. The use of inducible Cre lines, where expression of Cre is temporally
controlled and thus can be initiated in adulthood, could help circumvent this complication
[34].

An additional caveat of these transgenic approaches is that some types of transgenic Cre
lines may not contain all of the endogenous enhancer/repressor elements, or may have
positional effects on expression based on where the transgene is inserted in the genome,
resulting in “leaky” expression or reduced expression of the Cre recombinase relative to the
desired population being targeted with the chosen promoter. As a result, these transgenic
approaches may not necessarily grant exclusive access to a defined population, so they
should always be validated for their specificity. Finally, it is important to consider that long-
term expression of exogenous proteins, such as opsins, throughout development can lead to
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potential alterations in neuronal physiology [81; 93]. This can significantly complicate
experimental interpretations, so limiting the length of time an opsin is expressed may be
advantageous. All publications using these approaches should be considered with these
shortcomings in mind, but with careful consideration of these caveats when designing
experiments, transgenic and viral expressed opsins offer a powerful approach to target
different cell types for optogenetic manipulation in the periphery.

Light sources for activation of opsins in peripheral tissues

For optogenetic studies in the brain, the skull provides a convenient, stable bony anchor
point for the fixation of tethered fiber optics or recently developed wireless micro-scale light
emitting diode (ULED)-based devices, for targeting light to specific regions of the brain.
Peripheral structures, where similar stable anchor points are normally absent, present unique
challenges for implementing optogenetic approaches. Several different methods have been
employed to accomplish these difficult tasks. External illumination with LED arrays (e.g. in
the floor of a behavior arena) or manual targeting of light delivered by light-coupled fiber
optic cables have been used to target opsin-expressing nerve fibers in the paw during sensory
behavior tests [4; 25; 52; 59; 82]. These approaches are sufficient for illumination of sensory
afferents or other cell types near the skin surface. However, this approach requires a
consistent source of light directed to the specific area of interest, which can be difficult in
awake, freely moving animals. Furthermore, confounds of visible external illumination and
movement of the experimenter may impact animal behavior. Additionally, this approach
does not allow access to deeper structures such as viscera.

To overcome these limitations, tethered laser fiber optic devices, like those used in the CNS,
have been adopted for use in the PNS. For illumination of spinal cord neurons or central
processes of DRG neurons, fiber optic cables inserted into the epidural space or optical
fibers mounted to the vertebrae via stabilizing blocks of dental acrylic have been used [12;
19; 85]. A similar approach, wherein peripheral nerve axons are targeted using cuffs that
wrap around the nerve and are coupled to fiber optics, has also been shown to be effective
[65; 79; 108]. For this direct nerve-interfacing approach to light delivery, it is critical that the
material properties of these devices are compatible with the delicate tissues of the spinal
cord and peripheral axons to avoid mechanical damage to these structures. Furthermore, the
animals are still tethered to optical cables, which stresses the animal, inhibits normal
locomotion and interactions of the animals, and restricts the type of behavior arenas that can
be used. These factors limit the types of behavior experiments that can be performed and can
complicate the interpretation of animal behavior. Having said that, these approaches have
proven useful in advancing our understanding of the role of different neuronal subtypes

Recently, several fully wireless devices have been developed that allow for experiments in
freely moving animals and resolve many of the limitations associated with fiber optic tethers
[84; 88; 94; 95; 100] (Figure 1). The wireless systems use inductive coupling to directly
power ULEDs, which eliminates the need for batteries and circuits to control frequency and
power of illumination, dramatically decreasing the volume and mass of these devices. The
ULEDs and powering antenna can be designed and fabricated to efficiently target specific
structures like spinal cord, peripheral nerves, and viscera [84; 88; 94; 95]. The most recent
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versions of these devices utilize near-field communications (NFC) powering protocols and
more durable encapsulation, which reduces the set-up cost and technical expertise required
with previous versions and increases the longevity of these devices, respectively [94; 95;
100]. Angle dependencies between the receiving and emitting antenna are a limitation of
these wirelessly powered devices, as angular mismatches can cause temporary loss of power.
The addition of super capacitors or rechargeable batteries could bridge potential losses in
power but would also add mass to implantable devices. Future generations of these wireless
devices will make it possible to simultaneously record information from the animal while
providing optical stimulation, as has been demonstrated in the CNS [67; 68] (Figure 1G and
H). These devices could integrate different types of sensors (optical, temperature, electrical
etc.) to allow for closed loop optogenetic stimulation akin to recent implementations in the
CNS [58; 90] (Reviewed in [47]).

Use of optogenetics in peripheral nociceptive neurons

The use of in vivo optogenetics to study the PNS has increased our understanding of the
contributions of specific populations of sensory neurons in pain processing. Initial
optogenetic studies that targeted large populations of sensory neurons demonstrated that
ChR2-mediated stimulation of Nav1.8+ [25], TRPV1+ [88; 95], Advillin+ [88] or c-fiber
sensory afferents [52; 84] resulted in nociceptive-like behaviors. These behaviors included
hind paw withdrawal, jumping and real-time aversion in place preference assays. Place
aversion was attenuated by analgesic administration, indicating that ChR2-mediated
stimulation of these afferents produces pain [25]. ChR2-mediated activation of heterogenous
nociceptor populations at the peripheral terminals [25; 52; 84], along the nerve [88] or at the
level of central terminals [84; 88; 95] all resulted in nociceptive-like behaviors. While this
may be unsurprising (activating nociceptors causes nociception), it is interesting to note that
prolonged activation of Nav1.8+ or TRPV1+ sensory neurons caused long lasting behavioral
hypersensitivity after the stimulus was removed [24; 53; 104]. It is well established that
inflammation and nerve injury cause acute nociceptor sensitization [114]. One component of
injury-induced nociceptor sensitization is the upregulation of ubiquitin specific peptidase 5
(USP5) in nociceptors, which stabilizes expression and increases activity of Cav3.2 T-type
calcium channels [38]. The acute sensitization initiated by optical stimulation (10 Hz) of
TRPV1-ChR2 neurons, is sufficient to increase USP5 expression, which results in increased
Cav3.2 T-type activity and increased mechanical hypersensitivity that is dependent on the
interaction of USP5 and Cav3.2 [104]. These experiments demonstrate that ChR2-mediated
activation of TRPV1-ChR2 neurons alone can initiate mechanical hypersensitivity. It is
interesting to note that while optical activation of Nav1.8 and TRPV1 nociceptor populations
(10-30 min) causes nociceptive behaviors and sensitization that persists after the stimulus is
removed, this short term optical activation does not appear to result in plasma extravasation,
edema or neurogenic inflammation [25; 104]. More thorough testing is warranted to
determine whether neuronal activity driven by optogenetic stimulation can generate
neurogenic inflammation under different conditions.

Inhibitory opsins, which initiate neuronal hyperpolarization, can be used to silence or
attenuate neuron activity. When expressed in sensory neurons, inhibitory opsins can decrease
responses to noxious stimuli in naive animals, and attenuate hypersensitivity associated with
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inflammation and nerve injury [11; 24; 52; 53; 94]. Stimulation of the virally transduced
chloride pump halorhodopsin, in c-fibers, is sufficient to attenuate both thermal and
mechanical sensitivity in naive animals [53; 59], as well as hypersensitivity associated with
chronic constriction injury (CCI) [52]. Similarly, the inhibitory proton pump
archaerhodopsin (Arch), when expressed in sensory neurons under control of the Nav1.8
promoter, can attenuate pain in somatic models of inflammatory and neuropathic pain [24]
as well as in a model of visceral inflammatory pain [94]. Viral approaches that produced
expression restricted to A-delta fibers with Arch, exclusively reduce action potential firing in
high threshold mechanoreceptors (HTMRs), not in c-fibers or low threshold
mechanoreceptors (LTMRs) and decrease mechanical thresholds in rats after partial sciatic
nerve ligation [11]. These studies illustrate the utility of inhibitory optogenetic techniques to
noninvasively determine specific modalities of activation of genetically defined populations
of nociceptors, before and after development of inflammatory and neuropathic pain. At the
cellular level, it is clear that inhibitory opsins can effectively reduce firing of human sensory
neurons /n vitro [110] providing enticing evidence that optogenetic inhibition of neuronal
activity could be effective in patients. These inhibitory approaches provide preclinical
evidence for the feasibility of viral gene delivery of inhibitory opsins as a potential future
form of neuromodulation that could provide nonpharmacologic analgesic therapy in chronic
pain patients.

Optogenetic approaches have also allowed for identification of high and low threshold
mechanoreceptor populations and characterization of their role in nociception. LTMRs
encode innocuous tactile information, mostly thought to be distinct from nociceptor
signaling. Accordingly, in a transgenic rat model, in which ChR2 is expressed in a
population of Thyl+ LTMRS that associate with tactile end organs including Merkel discs
and Meissner’s corpuscles, in vivo activation of Thy1-ChR2 neurons elicited non-
nociceptive like withdrawals in naive animals [55]. However, in the same animal model,
optogenetic activation of Thyl+ neurons enhanced neuropathic-like pain behaviors after
peripheral nerve injury [106]. This study identified a population of afferents (LTMRS
associated with tactile organs in the skin) that appear to be responsible for mechanical
allodynia associated with neuropathic injury.

A novel population of HTMRs was uniquely identified using a combination of optogenetics
and ablation techniques. Transgenic mice that express ChR2 in Calca+ neurons, a precursor
peptide for CGRP, were injected with resiniferatoxin to eliminate TRPV1+ fibers. The
remaining ChR2+ / Calca+ / TRPV1- cells were stimulated by blue light and characterized
[40]. This population of cells has unique circumferential endings, responds to mechanical
stimulation, and can be activated by as little as pulling a single hair. This study highlights the
ability to combine optogenetic and ablation techniques to classify populations of cells that
have yet to be uniquely genetically identified.

The cellular specificity and temporal precision of optogenetics has enabled a more precise
investigation of the labeled line theory, where individual fibers are proposed to respond to
distinct nociceptive modalities (heat, mechanical, cold etc.). A comparative study looked at
the differences between the two major divisions of unmyelinated C-fiber nociceptors;
peptidergic, TRPV1+ neurons primarily which have been reported to be responsible for
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sensing noxious heat and nonpeptidergic, MrgD+ neurons are responsible for sensing
noxious mechanical stimuli [4]. While ablation studies have previously determined the
sensory modalities of these neuronal populations, optogenetics allows for non-invasive
activation of these subtypes without damaging or injuring the sensory fibers as would occur
with ablation studies [120]. Cutaneous illumination of MrgD-ChR2 fibers resulted in
primarily hind paw lifting responses, indicative of mechanical withdrawal, compared to
activation of TRPV1-ChR2, which resulted in primarily licking responses, a behavior that
mimics responses elicited by noxious heat [4]. These results suggest that activation of
specific populations of sensory neurons results in differential nociceptive responses, which
supports the labeled line theory. Another study compared the effects of activation of the SNS
population of sensory neurons (sensory neurons that express Nav 1.8 including most C-
fibers, and 40% of NF200+ myelinated fibers) to activation of the TRPV1 lineage population
(most C-fibers) on bladder function and pain [26]. ChR2-mediated activation of only SNS+
fibers elicited nociceptive responses to non-noxious stimuli. In addition, optical stimulation
of SNS+ fibers resulted in more intense bladder contractions, compared to stimulation of
TRPV1+ afferents, illustrating the potentially differential effects that activation of distinct
but overlapping populations of nociceptors can have on sensory processes.

Optogenetic strategies also allow for the determination of how cross talk between different
sensory modalities influences sensory perception, including the ability to test aspects of the
gate control theory, where A-beta LTMRS are proposed to activate inhibitory spinal
interneurons which decreases nociceptive transmission [78]. Activation of ChR2 in a subset
of A-beta LMTRs (MafA+) that innervate D-hair, Merkel cells, and Meissner’s corpuscles
reduced mechanical sensitivity evoked by stimulation of HTMR fibers (Npy2r+). These
Npy2r+ cells have distinctive high frequency firing responses to mechanical stimulation and
are responsible for pinprick nociceptive responses [2]. Stimulation of MafA+ fibers also
resulted in less c-fos expression in the spinal cord dorsal horn evoked by Npr2r+ stimulation,
so presumably MafA+ fibers activate an inhibitory circuit at the spinal cord to reduce the
input from Npy2r+ fibers. These results, consistent with the concept of gate control, may
help to explain why rubbing a painful area and activating innocuous touch sensors helps
relieve pain. These studies highlight the utility of optogenetics in deciphering the roles of
different fiber types in nociception.

Use of optogenetics in peripheral non-neuronal cells to study pain

Non-neuronal cells like keratinocytes, astrocytes, and endothelial cells express different
types of sensory transduction channels. These cell types often associate with neurons, and
there is evidence supporting the idea that these cells can signal to other cell types, including
neurons (reviewed in [10; 23; 37; 69]). It has previously been difficult to measure signaling
between these non-neuronal cells and neurons because of overlap in signaling receptors and
signaling molecules in these cell types. Optogenetic techniques, however, offer the
opportunity to manipulate specific types of non-neuronal cells without influencing neurons,
to identify the role of non-neuronal cell signaling in nociceptive and sensory signaling
processes [3; 74; 75; 82; 85].
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The first genetic strategies to specifically manipulate keratinocytes did not use optogenetics
but used a chemogenetic strategy to selectively express TRPV1 in keratinocytes of a global
TRPV1~~ mouse [87]. In this study, activation of keratinocytes with a TRPV1 agonist could
initiate nociceptive responses. Subsequently, optogenetic techniques, which allow more
precise temporal activation, were utilized to specifically manipulate keratinocytes /n vitro
and /n vivo. Activation of ChR2 in these cells was sufficient to generate action potential
firing in nociceptive neurons [3]. In addition, stimulation of the inhibitory opsin
halorhodopsin in keratinocytes reduced the number of action potentials evoked in sensory
neurons by mechanical activation of keratinocytes [3]. Further, depolarization of
keratinocytes by mechanical stimulation or by ChR2 activation initiates release of ATP.
Interestingly, this ATP release appears to produce P2X4-dependent increases in sensory
neuron firing [82], a fascinating finding given the expression of many P2X channels in
sensory neurons that respond to ATP including P2X2 and P2X3, which are involved in other
pain states [7; 21; 86]. /n vivo optical activation of ChR2 in keratinocytes resulted in
nociceptive behaviors in the absence of injury [3; 82]. Conversely, activation of Arch, an
optically activated inhibitory proton pump, in keratinocytes decreased ATP release and
nocifensive responses to mechanical stimulation [82]. Similarly, optogenetic activation of
colonic epithelium with ChR2 can activate nociceptive sensory afferents in a similar manner
to stretch-mediated activation, in a mechanism that at least in part relies on ATP signaling
[74]. While these studies describe novel mechanisms of mechanosensation, they do not
supplant or refute the extensive existing literature that clearly demonstrates
mechanosensitivity in nociceptive neurons (Reviewed in [30; 91]) but suggest other
mechanisms that collectively may influence the overall perception of mechanical stimuli.

Optogenetic approaches have also been deployed to clarify the role of glial cells in the
activation of pain pathways. While it had been previously understood that microglia are
important in enhancement of nociceptive sensitization and/or central sensitization,
optogenetic techniques allowed for the exclusive manipulation of astrocytes, demonstrating
that astrocyte activation alone can trigger a cascade that activates microglia [85]. This paper
is also noteworthy because it provided direct evidence that ChR2 activation in astrocytes,
which are non-excitable cells, can indeed promote the release of ATP and induce expression
of cytokines, suggesting that at least ChR2-mediated activation of astrocyte signaling is
possible.

It is important to understand the limitations of using opsins in non-excitable cells. ChR2 is a
non-specific cation channel and it is not clear how expression and activation of this channel
in non-excitable cells influences endogenous signaling. In excitable cells it has been well
established that ChR2 activation directly depolarizes the membrane, leading to activation of
voltage gated sodium channels and the generation of action potentials. However, this does
not occur in non-excitable cells and the effects of a depolarizing stimulus are unclear [3; 82].
Activation of ChR2 may result in other changes in intracellular signaling events in non-
excitable cells, possibly related to increases in intracellular calcium; however, this is likely
to be opsin- and cell-dependent. It is therefore critical to directly determine the effects of
optogenetic “activation” or “inhibition” in every case to understand and compare this non-
physiologic signaling to a physiologic signaling mechanism. For example, ChR2 activation
in keratinocytes produces a similar amount of ATP release as mechanical stimulation of
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these cells [82]. While ChR2 may mimic activation of other sensory cation channels (TRP,
P2X channels), there are many different types of newly-developed opsins that endow light
sensitivity to G-protein coupled receptors (GPCRs), thus better mimicking physiologic
processes mediated by GPCR signaling [1; 60; 102; 103]. Additionally, the development of
optically activated sensory channels and intracellular signaling proteins could help clarify
the relative contributions of non-neuronal cells vs. neurons in sensory transduction.

Clinical neuromodulation and pain

Direct electrical and pharmacological neuromodulation of the PNS are currently used to
treat different pain conditions via implantable stimulators and injections, respectively [39;
42; 92; 101; 117]. Both techniques block or attenuate sensory afferent neurotransmission
and therefore reduce nociceptive input and pain sensation in patients. Compared to
electrically induced neuronal inhibition, pharmacological approaches can be somewhat more
selective for nociceptive neurons (topical capsaicin for arthritis, or intravesicular capsaicin
for interstitial cystitis). However, these approaches are generally not very specific and target
whole nerve bundles or spinal cord circuits (e.g., electrical stimulation or lidocaine nerve
block). Additionally, these therapies often employ continuous electrical stimulation or a
single delivery of a nerve blocking agent, which offers patients little control over the timing
of their treatments. Optogenetic neuromodulatory approaches have the potential to improve
both target specificity and temporal control of pain management in chronic pain patients.
Implementation of optogenetics as next-generation neuromodulation therapies in patients
faces some notable hurdles in the development of safe, effective gene therapy vectors to
provide opsin expression, and robust, biocompatible light-delivery systems to provide
control over the location, duration, and intensity of opsin activation.

Clinical trials utilizing opsins are already underway to treat Retinitis pigmentosa, a genetic
disease that leads to progressive loss of photoreceptors in the retina [9; 107]. These trials use
AAV-mediated gene transfer to express ChR2 in retinal ganglion cells of patients. This
approach has been shown to partially restore vision in a photoreceptor-deficient mouse
model [8]. Another group is testing a similar intervention for Retinitis pigmentosa using a
red-shifted opsin [9]. The United States Food and Drug Administration recently approved an
AAV-mediated gene therapy, Luxturna, to treat the inherited retinal disease caused by
mutations to the PTR65 gene, which further supports the safety and efficacy of AAV
mediated gene transfer. In addition to AAV vectors, HSV vector strategies have been used
successfully to deliver gene products to sensory neurons in humans through intradermal
injections [35; 116]. HSV-mediated gene transfer is therefore a promising potential approach
for delivering opsins to the PNS in patient populations.

Optogenetics has potential clinical applications beyond silencing nociceptive neurons. For
example, optogenetic approaches have been used in pre-clinical studies to improve nerve
regeneration [113] and to improve gut motility [50]. Opsins can also be utilized to bi-
directionally regulate gene expression, through light activatable transcription factors [57; 89;
112]; an intriguing application of this idea would be to tune the expression of genes that
contribute to increased excitability after the development of chronic pain [28; 61].
Advancements in light delivery and opsin technology will also improve the potential efficacy
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of optogenetic-mediated therapies. Opsins activated by longer wavelengths of light that more
efficiently penetrate tissue could allow for external light sources that would eliminate
complications associated with implantation of light delivery devices. The use of step-
function opsins, which are activated by a single pulse of light, could also eliminate the need
for constant illumination, improving device lifetimes and mitigating concerns around tissue
heating.

The advent of optogenetics has provided a technological revolution that has dramatically
improved our understanding of the cells and circuits that mediate nociception and pain. This
technology certainly offers a revolutionary approach to manipulate cellular function with
exceptional spatial and temporal precision, allowing us to answer questions that were
previously impossible to answer. Refinement of gene therapy approaches and light delivery
systems are required to unlock the full potential of optogenetics as next-generation
neuromodulatory therapies for chronic pain, but promising early studies in human cells and
ongoing initial clinical trials of optogenetics for other conditions, portend a bright future for
optogenetic therapies in patients.
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Caecum

lleum E

Figure 1.
Peripheral Light Delivery Technology for Optogenetics. A and B) Wirelessly powered

ULED device for stimulation of spinal afferents or spinal cord neurons. Reproduced from
reference [95] with permission. C and D) uLED device for illuminating opsins in the
bladder or lower abdomen. Additional encapsulation layers provide protection from
mechanical forces and repetitive stresses associated with subcutaneous abdominal implants.
Reproduced from reference [94] with permission. E) Multi-purpose wireless uLED device
that can target opsins expressed in various brain regions and peripheral tissues. Reproduced
from reference [100] with permission. F) lllustration of a multi-use wireless uLED device
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used to target colon afferents. Reproduced from reference [50] with permission. G and D)
Demonstration of a nanowire system, for electrical recording and optical stimulation of
spinal cord neurons [67].
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