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Disorders of gastrointestinal (GI) motility are associated with various symptoms such as nausea,
vomiting, and constipation. However, the underlying causes of impaired GI motility remain
unclear, which has led to variation in the efficacy of therapies to treat GI dysfunction. Optoge-
netics is a novel approach through which target cells can be precisely controlled by light and has
shown great potential in GI motility research. Here, we summarized recent studies of GI motility
patterns utilizing optogenetic devices and focused on the ability of opsins, which are genetically
expressed in different types of cells in the gut, to regulate the excitability of target cells. We hope
that our review of recent findings regarding optogenetic control of GI cells broadens the scope of
application for optogenetics in GI motility studies.
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1. Introduction

Although gastrointestinal (GI) motility, which is
related to many physiological functions (such as
peristalsis, digestion, and defecation) and patho-
logical conditions (such as gastroparesis, constipa-
tion, and irritable bowel syndrome), is essential, its
detailed mechanisms have not been fully elucidated.

fCorresponding author.

The enteric nervous system (ENS) is thought to
regulate GI motility by interacting with the smooth
muscle cells (SMCs), interstitial cells of Cajal
(ICC), and platelet-derived growth factor receptor
(PDGFR) a* cells, which form a multicellular
syncytium known as the SIP syncytium.' In addi-
tion, other types of cells, such as enteric glial cells
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and enterochromaffin (EC) cells, are involved in GI
motility patterns, though some aspects of this in-
volvement remain unclear.”® Furthermore, the
central nervous system (CNS) participates in the
modulation of GI motility by cross-talk with
the ENS through the sympathetic and/or para-
sympathetic pathways; this modulation is known as
the gut-brain axis.*”

Contractions of the GI tract can be evoked by
electrical field stimulation (EFS) and pharmaco-
logical stimulations, which are common physical
and chemical methods for studying GI motility
patterns. However, these methods suffer from in-
sufficient spatiotemporal resolution to varying
degrees.®"

Optogenetics uses various approaches to geneti-
cally encode light-sensitive channels in the cells of
interest (target cells) and modulates the functions
of these cells when they are illuminated with certain
wavelengths of light. It was primarily applied in
neuroscience research in the early 21st century, and
later expanded to research on oncotherapy, diabe-
tes, cardiovascular disease, etc.®* ' In the last de-
cade, optogenetics has become increasingly popular
in studies of GI motility due to the advantages of
precise control over the excitability of target cells
and high spatiotemporal resolution. In addition,
with the refinement of the light delivery system, it
has become possible to evoke and record GI motility
in freely moving animals, which is important to fully
elucidate the motility patterns of the gut in awake
organisms.! 113

In this mini review, we summarized recent stud-
ies regarding GI motility patterns that used opto-
genetics and focused on the ingenious application of
optogenetics to solve problems in GI motility
research.

2. Optogenetics and Gi Motility

Broadly speaking, there are two classes of optoge-
netic devices: Sensors (or indicators), which emit
optical signals, and actuators, which are driven by
optical signals.'”'* Back in 2003, Nagel et al.
reported that channelrhodopsin-2 (ChR2) was a
light-gated cation-selective membrane channel.'”
Over the next three years, four separate groups
(Yawo et al.) reported their more in-depth studies
of ChR2.'6°' It wasn’t until 2006 that the term
‘optogenetics’ first appeared in an article reported

by Karl Deisseroth and coworker.?’ Since ChR2
is the most typical optogenetic tool, some
researchers also use the term ‘actuator’ to refer to
optogenetics.

2.1.

Sensors are broadly used to trace specific cell clus-
ters or visualize changes in intracellular function.
Over the past century, it has been difficult to label
ICC or PDGFRa™ cells with corresponding anti-
bodies in mixed cell suspensions resulting from en-
zymatic dispersion of the GI tract due to the limited
number of target cells and damage to extracellular
epitopes.??! In 2010, Ro and coworkers.?? reported
that they inserted the complementary DNA of the
green fluorescent protein derived from a copepod
genome (copGFP) at the Kit locus of mice. They
found that copGFP colocalized with KIT immuno-
fluorescence in the GI tract of Kit*/©PGFP mice,
revealing a powerful approach to tracking the ICC
(kit* cells). Along with the ability to translate the
physiological signals of cells into an optical signal,
the application of this reporter mouse strain and
fluorescence-activated cell sorting (FACS) enabled
high-quality purification of the primary SMC, ICC,
and PDGFRa™ cells, ultimately facilitated the
construction of the Smooth Muscle Transcriptome
Browser and the understanding of the role of SIP in
GI motility.?*2*

Another type of sensor is genetically encoded
calcium indicators (GECIs), including the enhanced
green fluorescent protein-calmodulin-M13
(GCaMP) family.” These endogenous calcium
indicators were expressed within the target cells,
application of light stimuli increased fluorescence
when they bound with Ca?*. GECIs overcome the
poor cellular specificity resulting from the loading of
exogenous Ca?*t indicators and can be applied in
wide-field microscopy systems.?® Baker and cow-
orkers crossbred Kit-Cre mice with GCaMP3 mice
and obtained offspring mice (Kit-Cre-GCaMP3).
After these mice were injected with tamoxifen,
GCaMP3* cells were predominantly colocalized
with c-Kit* cells in the jejunum of mice.’” By uti-
lizing this method, the characteristics of ICC, the
well-known pacemaker cells of GI motility, could be
investigated in depth.?*! GECIs have also been
applied in imaging the Ca?* levels of enteric motor
neurons and glia, which are related to gut motility
patterns.*?

Sensors
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2.2. Actuators

Genetically expressed actuators encompass a vari-
ety of proteins, including but not limited to ion
channels or pumps, G protein-coupled receptors
(GPCRs), protein-protein interaction domains, and
caging groups, which have been reviewed in greater
detail elsewhere.® The most representative actuator
is the ion channel, which has been frequently used
to control the excitability of neurons.” When stim-
ulating cells that express the ion channels with a
suitable wavelength and power density of light,
depolarization or hyperpolarization is induced
(depending on the characteristics of the different ion
channels), followed by corresponding activation or
inhibition of the cells.

3. Activation

ChR2, the Chlamydomonas reinhardtii-derived
cation channel sensitive to blue-wavelength light,
allows cations to pass through and enter cells under
light stimulation.”'> To date, many ChR2-derived
actuators have been developed that differ in the
kinetics of the photocurrent and speed of response
to light. Further details are provided in a study by
Mattis.*?

In 2016, Fattahi and coworkers reported that
ENS progenitors derived from human pluripotent
stem cells (hPSCs) could differentiate into func-
tional enteric neurons. This finding is expected to
facilitate the development of therapeutic strategies
for Hirschsprung’s disease, which is closely related
to the loss of enteric neurons.** In their study, ChR2
was genetically expressed in hPSCs under the con-
trol of the human synapsin promoter (which
encodes a mneuron-specific phosphoprotein). Blue
light stimulation induced contractions of cocultured
SMCs) which are closely associated with ChR2*
neurons. Using optogenetic methods, the authors
validated the function of these hESC-derived en-
teric neurons in regulating SMC contraction as well
as the specificity of this method to only activate a
subgroup of enteric neurons. A similar optogenetic
strategy was employed by Stamp et al.*® They
sought to verify the hypothesis that transplanted
enteric neurons facilitated functional innervation of
SMCs. In this study, they used the Cre-loxP system
to ectopically express ChR2 in wntl™ enteric neu-
rons and glia in Wntl-Cre-ChR2-eYFP mice.
ChR2* cells were harvested from the gut of

embryonic or postnatal mice and then transplanted
into the colon of C57BL/6 mice. They found that
the graft-derived neurons matured and that blue
light evoked both inhibitory junction potentials
(IJPs) and excitatory junction potentials (EJPs) of
the SMCs of colon strips in vitro.

Hibbard and coworkers further defined enteric
neurons involved in colonic motility activated by
light stimulation.’® In this study, ChR2 with the
H134R mutation (ChR2(H134R)), which results in
greater photocurrent of target cells than wild-type
ChR2,%” was expressed in calretinin® (encoded by
the gene calbindin 2) myenteric neurons, which are
thought to be involved in GI motility.*® Light
stimulation evoked excitation of ChR2" myenteric
neurons isolated acutely from the mouse colon.
Additionally, a proximal contraction and/or distal
relaxation, depending on the stimulation site, were
evoked by light stimulation in the full length of the
colon in wvitro. Moreover, light stimulation of the
proximal colon in vivo enhanced colon transit and
increased pellet output.’® Afterward, the same
model was used by the same team to investigate the
role of optogenetics in improving small intestinal
transit. Surprisingly, blue light stimulation evoked
only local contraction, not premature propagating
contraction, in the isolated small intestine.*® They
ascribed these results to the inherent characteristics
of the small intestine, as it is refractory to prema-
ture activation and the calretinin®™ myenteric neu-
ron types differ between the small intestine and
colon (e.g., the population of calretinin™ neurons
containing nitric oxide synthase is absent in the
small intestine).”®

These findings reflect the high cell-level specific-
ity of optogenetics, which facilitates the identifica-
tion of neurons or neurotransmitters with different
roles in GI motility patterns. The same optogenetic
strategies (and different animal models) have been
used in several studies to investigate the distinct
role of enteric neuron subpopulations, such as cho-
linergic neurons (ChAT-ChR2-YPF-BAC mice®),
nitrergic neurons (nNOS-ChR2  mice!?"0:41),
and HCN4* neurons (gSAIGFF249A-UAS:
ChRWR-YFP zebrafish’?) (ChRWR is a type of
channelrhodopsin).

In addition to the enteric neurons, the peripheral
nervous system (PNS) is also involved in gut motility.
Not surprisingly, studies have also investigated
the role of these neurons in relation to GI motility
patterns. In a study by Smith-Edwards et al.,
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a mouse model that expressed ChR2 in neuropep-
tide Y-positive (NPY ™) neurons was used to in-
vestigate the extent of sympathetic innervations to
the colon.*® When the inferior mesenteric ganglion
was exposed to the blue light, the local contractions
and the length of migrating motor complexes of the
colon preparation decreased.

Many studies have proposed that intestinal
macrophages play a critical role in GI motility
(reviewed elsewhere***%). In 2018, Luo and his col-
leagues reported a direct interaction of macro-
phages and SMCs independent of the ENS in mouse
colon contraction.*® A subpopulation of TRPV4~
muscularis macrophages (MMs) was identified;
upon light stimulation, colon strips of CX3CR-1-
creER-ChR2 mice produced contractile responses,
even in the presence of tetrodotoxin (TTX).%0 Their
study was the first to utilize optogenetic approaches
to induce smooth muscle contraction by directly
stimulating nonneuronal cells. In 2021, Vogt and
coworkers examined gastroparesis by expressing
ChR2 in SMCs.*” Upon stimulation with 460 nm
blue light, contractions in antral smooth muscle
strips were evoked, and light-evoked food propul-
sion was observed. Additionally, in a recent study
by Wagdi and coworkers, a transgenic strategy
similar to that of Vogt et al. was adopted. A
G, signaling-related actuator, human neuropsin
(hOPN5), was expressed in SMCs of the mouse
small intestine.’® With UV stimulation, the muscle
strips from the small intestine exhibited enhanced
contraction. This finding further demonstrates the
feasibility of using optogenetic tools to control
smooth muscle contractility as well as the promising
potential of using light-responsive GPCRs to study
GI motility. Taken together, these findings suggest
that nonneuronal cells in the GI tract (present in
vast numbers) play a role in GI motility and expand
potential targets for the treatment of motility
disorders.

4. Inhibition

Other types of light-sensitive ion channels or light-
driven pumps include halorhodopsin (NpHR), a
chloride pump sensitive to yellow light.* NpHR
hyperpolarizes target cells under light stimulation
and can be used together with ChR2 to exert op-
posing effects on target cells.”’ The details of these
actuators are beyond the scope of this review and

are reviewed elsewhere.”*” By utilizing these opsins
in combination, the components involved in regu-
lating GI motility patterns can be precisely con-
trolled, manipulating both excitation and
inhibition, which may help reveal their role under
different conditions.

5. Challenges

However, use of this technology faces several im-
portant challenges. The first issue concerns the
power of light. Extremely high-power light will
cause photobleaching of the opsin, while extremely
low-power light cannot activate the opsin. Thus, a
gradient array of light power density and efficacy
should be used to identify the optimal parameters in
novel animal models.?®?” The second challenge is
the manner of light delivery. Light is attenuated as
it travels through tissue. Thus, the efficiency of the
light delivery device should be carefully considered,
especially for in vivo applications. This challenge is
less difficult for in vitro experiments, which usually
use commercially available fibers optic with a diode-
pumped solid-state laser system. In contrast, in vivo
experiments with free-moving animal models are
challenging. Theoretically, there are two routes for
light delivery, the intraperitoneal and GI luminal
pathways. Indeed, studies have reported several
different devices,''~'%353% but more convenient and
cost-efficient devices with reliable light power sup-
plies are needed. Third, optogenetics-based GI mo-
tility studies are limited to transgenic mice. As
rodents differ in GI motility from other mammals
and humans, it is an open question as to how
optogenetics can be applied in other species. Final-
ly, before clinical application, researchers must
overcome the problem faced by all transgenic
technologies, including optogenetics: The immune
response of the body to the carrier or the light-
sensitive protein itself.

6. Conclusions

In the past decade, optogenetics has achieved rapid
development and great success in the field of neu-
roscience; this technique has gradually been applied
to other research fields, including GI motility, in
recent years. As previously described, use of genet-
ically encoded light-sensitive opsins has revealed
novel mechanisms by which certain subtypes of
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ENS or PNS neurons as well as other nonneuronal
cells regulate GI motility. Additionally, optoge-
netics provides a good tool for identifying the re-
spective roles of various GI cells in propulsive
motility patterns. We believe that further applica-
tion of optogenetics in the field of GI motility will
reveal further mechanisms of GI motility patterns
that involve nonneuronal cells. For example, the
well-known pacemaker cells, ICC, have network-like
properties and excitability, making them ideal for
optogenetic modulation. Furthermore, the combi-
nation of optogenetic techniques with other exper-
imental approaches will allow us to fully elucidate
the mechanisms of GI motility.

In this review, we have summarized the recent
optogenetic applications in GI motility research and
focused on studies of representative actuators that
control nerve cells and nonneural cells. However,
the promise of optogenetics is far greater than that
described in this paper. In the future, the increase in
the breadth and depth of optogenetics used to ex-
plore GI motility are expected to provide extensive
contributions to our understanding and illuminate
new strategies for the clinical treatment of GI mo-
tility diseases.
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