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sacrificing specificity is challenging, especially in experiments that
attempt optogenetic inhibition or involve low-yield transduction strat-
egies, such as retrograde transport (4). Here, we discuss three ap-
proaches for achieving opsin expression: transgenesis, viral transduction,
and cellular transplantation. Other important considerations for
choosing an approach include the time course of expression and the
consistency of expression among animals. Although these considera-
tions are shared by researchers focusing on the brain, in our experience,
extra care must be taken with the peripheral nervous system, partic-
ularly of nonhuman primates, because any difficulties with opsin ex-
pression in rodents will be amplified in these larger animals (70).

Transgenesis
Selectively breeding rodents to specifically express opsins from birth is
an attractive option. A plethora of Cre-driver mouse (71–73) and rat
lines (74, 75) allow for targeting of opsins to genetically specified neu-
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ral subtypes, either in combination with
Cre-dependent viral vector injection or
by crossing Cre-driver lines with lines
carrying Cre-dependent genes encoding
opsins. In the peripheral nervous system,
this strategy has limitations.Whereas many
Cre-driver lines are available and have been
characterized for expression in brain re-
gions, they are frequently not fully charac-
terized in the spinal cord and peripheral
nervous system or are not developed with
the requirements of these systems in mind.
As a result, differences in opsin expres-
sion patterns between the brain and spi-
nal cord can preclude direct use of existing
genetic lines without de novo characteriza-
tion in the region being targeted. Improve-
ments in our knowledge of the genetic
diversity of the spinal cord and periphery
(76) will enable parallel efforts to develop
new driver lines, allowing for more gran-
ular control of the systems being studied.
An important limitation of transgenic
approaches to optogenetic control is that
they are not currently considered translat-
able into human patients (77).

Viral transduction
Strategies that use gene therapy viral vec-
tors to deliver DNA are more tractable
solutions for inducing opsin expression
in human patients (78, 79). Many clinical
trials that use viral vectors to deliver oth-
er types of therapeutic genes are under
way (80). In addition, viral vectors pro-
vide opportunities for precise spatial tar-
geting of opsin expression by restricting
delivery to defined areas of the body.
Examples of such an approach include
injecting viral vectors intraspinally to tar-
get ascending circuits projecting from a
defined spinal cord segment (81), intratu-
morally to target metastatic glioma (5), intraneurally to target afferents
from a particular dermatome (6), or intramuscularly to target the motor
neurons of a specified muscle (4). Similar to transgenesis, genetic spec-
ificity can be accomplished through the use of gene promoters (27),
although viral packaging capacity limits which promoters can be used
(82). Cell type restriction does not have to be accomplished through
promoters alone. Researchers can take advantage of the intrinsic tro-
pism that individual viruses exhibit to restrict opsin expression. In ad-
dition to tropism differences across virus classes, individual viral vectors
can be engineered with different envelope proteins, such that each sero-
type may display varying tropism and different retrograde or anterograde
transport propensities (7, 40, 83–87). As is the case with transgenic lines,
it cannot be assumed that viral expression patterns will be consistent
between the brain and periphery or that serotype tropism will be con-
served across species. For example, traditional versions of the rabies virus
are well characterized and travel exclusively in a retrograde direction in
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Fig. 1. Challenges of optogenetically targeting cells outside of the brain. (A) Wide variations in
expression of opsin proteins, tissue structure, and the mechanical environment of the peripheral
nervous system may make it difficult to develop modular and adaptable light and opsin expression
systems. Excitable cells in the peripheral nervous system may be sparsely scattered throughout a
large volume of tissue, necessitating broad areas of illumination. Opsin expression over long
distances may be required because of the length of axons in the spinal cord and peripheral nervous
system. Outside of the spinal cord and brain, the immune system may impair opsin expression.
Various tissues, such as muscle, may be opaque to light. Relative movement of targeted cells during
locomotion may complicate light delivery; because of large variations in targeted cell size and struc-
ture, custom light delivery strategies may be required. (B) There may be variations in opsin expres-
sion even when using the same viral construct and promoter. (C) Opsin expression in the peripheral
nervous system may be improved over time by modulating the immune response. (D) Engineering
opsins to have greater sensitivity to light may lower the expression threshold for functional opto-
genetic experiments.
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the brain. However, a recent study has reported that the same virus
travels in an anterograde direction in primary sensory afferents (88).

In using viruses to transduce peripheral targets of rodents, we and
others have observed the best results (4, 6) when using viral doses that
are significantly higher [~1010 to 1011 viral genomes (4, 6, 7)] than
those typically used in the brain [~109 viral genomes (89)]. These re-
quired doses are likely to vary considerably depending on the viral
system used, the neural target, and the host species. We have also noted
modest variability in opsin expression between batches of virus. The
performance of optogenetic viral constructs in primates, at least in the
brain, may be best predicted by initial performance in rats (70); however,
this has yet to be validated in the spinal cord or peripheral nervous system.
www.S
A caveat of higher viral doses is the risk of provoking a greater
immune response. In a recent phase 1/2 trial of the efficacy of adeno-
associated virus type 2 (AAV2)–mediated gene therapy in the degen-
erative retinal disease Leber’s congenital amaurosis, dose-dependent
immune and inflammatory responses were reported, and only transient
improvements in retinal sensitivity after vector administration peaking
at 6 to 12 months after treatment were observed (90). Similar transient
effects in some end points have also been observed in alipogene
tiparvovec, the AAV1 gene therapy approved by the European Med-
icines Agency for patients with lipoprotein lipase deficiency (91). As in
these gene therapy studies, careful titration of the viral dose delivered
will be critical to achieving a stable transduction level that is sufficient to
drive the required changes in neural activity while not overburdening
the transduced cells with excessive transgene expression.

Cellular transplantation
Grafts of opsin-expressing cells may be an attractive opsin delivery
strategy for situations in which endogenous cellular dysfunction is at
the root of pathology. This approach also offers an opportunity for
greater specificity of expression beyond what can be achieved through
genetic targeting strategies because opsin-expressing cells can be sorted
on the basis of nongenetic characteristics before engraftment. Im-
munogenic consequences could also be reduced through the use of au-
tologous cell transplants or autologous induced pluripotent stem cells.
Pioneering efforts to use cell grafts for optogenetic control have dem-
onstrated feasibility for modulation of muscle (8) and glucose homeosta-
sis (9) in the mouse.

Persistence of expression
Regardless of how cells are modified to express opsins, in order to con-
duct chronic experiments or demonstrate the potential for therapeutic
translation, expression must be long-lasting. Although researchers
have observed AAV2 transduction with channelrhodopsin-2 for as long
as 64 weeks in rat retinal ganglion cells (92), there is increasing evidence
that virally induced expression of transgenes outside of the central
nervous system can decrease within a few weeks (6, 93, 94). This limits
the temporal scope of optogenetic experiments that are possible and
raises concerns for therapeutic development. Characterization of the
persistence of opsin expression and the immune response, both to the
viral construct used and to the opsin expressed, should be a part of
optogenetic experiments in the periphery, particularly if the study may
have clinical feasibility or requires stable optogenetic neuromodulation
over long time periods (95). As with other forms of gene therapy, suc-
cessful clinical application of optogenetics may require engineering of
the viral construct or opsin protein (96) to reduce transgene burden, in-
crease opsin photosensitivity, reduce the immune response, and facil-
itate persistent expression of opsins after viral delivery (Fig. 1B). Other
gene therapy applications will likely inspire immune modification
strategies including inducing tolerance to specific antigens, transient
immunosuppression, and suppression of humoral immunity (97, 98)
to enable long-lasting virally induced opsin expression (Fig. 1C).
LIGHT DELIVERY

Light delivery has proven to be a vexing challenge for optogenetic
applications in the spinal cord and periphery. In the brain, researchers
have converged on a standard approach for light delivery in which a
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Fig. 2. Light delivery strategies in the spinal cord and peripheral ner-
vous system. (A) For peripheral nerves, such as the sciatic nerve, pudendal

nerve, or vagus nerve, fiber-optic coupled nerve cuffs can be placed under
the skin from an attachment site on the skull (top) (4). Small wirelessly pow-
ered devices can directly illuminate the nerve (bottom) (48). (B) For the
spinal cord, wirelessly powered devices can be implanted dorsal to the
spinal column (top left) (48), or epidural flexible light-emitting diode (LED)
arrays can be placed within the spinal column itself (top right) (49). In the
future, optical fibers may be directly cemented dorsal to the intervertebral
space (bottom). (C) Transdermal illumination is a frequently used approach
for light delivery to sensory nerve endings (top left) (6, 7, 9, 11, 12, 14).
Alternatives include LEDs implanted subcutaneously (bottom) (48). In the
future, light may be delivered using light-emitting fabrics (top right). (D) For
internal organs, wirelessly powered devices could be implanted next to
the organs (top right), flexible light-emitting meshes could be developed
that would wrap around opsin-expressing organs (top left), or intrinsic light-
emission systems such as luciferin/luciferase expressed within the organ
could be used to activate opsins (bottom) (106).
cienceTranslationalMedicine.org 4 May 2016 Vol 8 Issue 337 337rv5 3
















