
Remote Optogenetics Using Up/
Down-Conversion Phosphors
Takanori Matsubara and Takayuki Yamashita*

Department of Physiology, Fujita Health University School of Medicine, Toyoake, Japan

Microbial rhodopsins widely used for optogenetics are sensitive to light in the visible
spectrum. As visible light is heavily scattered and absorbed by tissue, stimulating light for
optogenetic control does not reach deep in the tissue irradiated from outside the subject
body. Conventional optogenetics employs fiber optics inserted close to the target, which is
highly invasive and poses various problems for researchers. Recent advances in material
science integrated with neuroscience have enabled remote optogenetic control of
neuronal activities in living animals using up- or down-conversion phosphors. The
development of these methodologies has stimulated researchers to test novel
strategies for less invasive, wireless control of cellular functions in the brain and other
tissues. Here, we review recent reports related to these new technologies and discuss the
current limitations and future perspectives toward the establishment of non-invasive
optogenetics for clinical applications.
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INTRODUCTION

For advancing the understanding of brain function and dysfunction, both observation and
perturbation of the activities of well-defined neuronal circuits are required. Optogenetics is a
relatively new perturbational technique that enables the activation or inactivation of specific
neuronal circuits with high temporal precision (for reviews, see Deisseroth, 2015; Kim et al.,
2017; Rost et al., 2017; Deisseroth, 2021). Optogenetics involves microbial rhodopsins (opsins)
as light-sensitive actuators of neurons. Upon exposure to light of the correct wavelength, the
retinal chromophore bound to the opsin changes its chemical configuration, leading to a
conformational change in the opsin structure. Ion channel opsins with fast open/close
kinetics, such as channelrhodopsin 2 (ChR2; Nagel et al., 2003), are extremely useful for
millisecond-timescale manipulation of neuronal activity (Boyden et al., 2005; Li et al., 2005;
Ishizuka et al., 2006). Optogenetics has been widely used to interrogate the causal functions of
the activity and plasticity of specific neuronal circuits in behaviors and neurological diseases
(e.g., Adamantidis et al., 2007; Tsai et al., 2009; Kravitz et al., 2010; Aponte et al., 2011; Liu et al.,
2012; Nabavi et al., 2014; Ramirez et al., 2015; Allen et al., 2017; Jennings et al., 2019; Chen et al.,
2020) (for reviews, see Deisseroth, 2015; Deisseroth, 2021). ChR2-assisted circuit analysis
(Petreanu et al., 2007) has enabled the identification of synaptic connections between well-
defined neuronal populations (e.g., Petreanu et al., 2009; Mao et al., 2011; Lammel et al., 2012;
Pascoli et al., 2014; Beier et al., 2015; El-Boustani et al., 2020). ChR2-assisted cell-type
identification during in vivo electrophysiological recordings (Lima et al., 2009) has been a
valuable technique for probing the activities of specific neuronal populations (e.g., Cohen et al.,
2012; Kvitsiani et al., 2013; Ciocchi et al., 2015; Muñoz et al., 2017; Chen et al., 2020). All of these
studies were practically impossible without the use of optogenetics.
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Optogenetics is applied not only to neurons but also to non-
neuronal cells, including glial cells (e.g., Sasaki et al., 2012; Beppu
et al., 2014), cardiomyocytes (e.g., Bruegmann et al., 2010; Abilez
et al., 2011), and skeletal muscle (e.g., Bruegmann et al., 2015;
Magown et al., 2015), among others. In addition to controlling the
ionic conductance of the membrane, tools for the manipulation of
intracellular signaling have also been developed. For example,
photo-activatable G-protein-coupled receptors (e.g., Airan et al.,
2009; Oh et al., 2010; Stierl et al., 2011; Karunarathne et al., 2013;
Xu et al., 2014; Gao et al., 2015; Siuda et al., 2015; Copits et al.,
2021; Mahn et al., 2021) (for a review, see Rost et al., 2017) can be
used for slower modulation of the intracellular concentration of
second messengers. Furthermore, development of various non-
opsin based optogenetic systems has allowed for spatiotemporal
regulation of protein functions, cellular signaling and gene
expression (e.g., Wu et al., 2009b; Kennedy et al., 2010; Bugaj
et al., 2013; Imayoshi et al., 2013; Konermann et al., 2013; Grusch
et al., 2014; Wang et al., 2016; Zhou et al., 2017) (for reviews, see
Repina et al., 2017; Goglia and Toettcher, 2019).

Opsins widely used for optogenetic experiments are optimally
activated by light in the visible spectrum (wavelength:
∼430–610 nm). Visible light has a low tissue penetration depth
because of a high degree of absorption and scattering by tissues
(Yaroslavsky et al., 2002; Bashkatov et al., 2005). Therefore,
targeted implantation of optic fibers is usually required to
stimulate opsins deep in the tissue. Although widely applied,
this method poses many problems for researchers. First, inserting
a rigid optical fiber into the tissue causes surgical damage to the
tissue. Our recent observations (Matsubara et al., 2021) revealed
that the number of neurons within a 200 μm distance of an
implanted optical fiber is significantly reduced. Second, the
implanted optic fiber is generally tethered to an external light
source through a long fiber cable, causing physical restriction of
the subject (Yang et al., 2021). Third, the thermal effect of light
stimulation on neuronal activities can be another issue: typical
light stimulation (3–15 mW) causes an increase in tissue
temperature (Christie et al., 2013; Stujenske et al., 2015; Owen
et al., 2019), which can significantly change the firing rate of
neurons without expression of opsins (Christie et al., 2013; Owen
et al., 2019). Finally, non-thermal effects of light delivery (e.g.,
distress of animals by visible light) should also be considered for
designing interpretable behavioral experiments using
optogenetics (Allen et al., 2015).

Employing miniature light-emitting devices, such as
microscale inorganic light-emitting diodes (μ-ΙLED), achieves
less invasive optogenetic stimulation, especially when the
devices are embedded in a soft, thin, biocompatible material
(Kim et al., 2013; Park et al., 2015; Park et al., 2016). This
approach potentially solves many of the issues caused by rigid
fiber implantation (for a review, see Vázquez-Guardado et al.,
2020). Nevertheless, such a methodology has not gained much
widespread use among systems neuroscientists, presumably
because of the complexity of the devices for wireless power/
signal communication and the general difficulty of the surgical
procedure.

Because red light has deeper tissue penetration, researchers
have also attempted to discover or engineer opsins sensitive to red

light. This approach has led to the addition of ReaChR [optimal
activation wavelength (OAW) � ∼590–630 nm] (Lin et al., 2013),
ChrimsonR (OAW � 590 nm) (Klapoetke et al., 2014), Jaws
(OAW � 600 nm) (Chuong et al., 2014), and ChRmine (OAW
� ∼585 nm) (Marshel et al., 2019) to the toolbox of optogenetics.
With some of these opsins, transcranial activation or inactivation
of neurons at a depth of several millimeters can be performed on a
millisecond time scale (Lin et al., 2013; Chuong et al., 2014; Chen
et al., 2021a). However, delivering sufficient light energy to the
target tissue may require stereotaxic positioning of tethered
optical fibers on the skull, which would necessitate the
physical restriction of the subject. Another concern is that
high-power irradiation of red light (∼800 mW/mm2; Chen
et al., 2021a) inevitably causes surface tissue heating.

Another approach for transcranial stimulation of neurons
deep in the brain is to use bi-stable step-function opsins.
These opsins can be rapidly activated by light of correct
wavelengths but are not immediately deactivated after
cessation of light stimulation (τoff � tens of seconds—tens of
minutes) (Berndt et al., 2009; Yizhar et al., 2011; Wietek et al.,
2017; Eickelbeck et al., 2020). Instead, illumination of light with
specific wavelengths different from those for excitation can
inactivate these opsins. Step-function opsins can effectively
integrate photons over time by the population at low light
powers (Mattis et al., 2011). Using a highly light-sensitive
step-function ChR2 variant, it is possible to activate neurons
at the depth of several millimeters with transcranial blue light
stimulation (Gong et al., 2020). However, this approach needs a
substantial duration of light stimulation (tens of seconds) with a
high intensity (∼400 mW/mm2 at the fiber tip; Gong et al., 2020)
to achieve sufficient neuronal activation, creating issues of time
resolution and tissue heating.

In this review, we focus on another attempt to overcome the
issues of optic fiber implantation, introducing recent studies
showing the feasibility of using phosphor particles that emit
visible light in response to illumination of further-reaching
electromagnetic waves such as near-infrared (NIR) light and
X-rays.

NEAR-INFRARED-MEDIATED
OPTOGENETICS

NIR light is invisible to animals and penetrates living tissues
deeper than visible light. The tissue penetration depth of light
would be maximal in the NIR optical window (650–1,350 nm)
(Yaroslavsky et al., 2002; Bashkatov et al., 2005). Therefore,
opsins that are sensitive to NIR light would, in principle, be
useful for non-invasive deep brain stimulation. Some red-shifted
opsins, C1V1 variants (Packer et al., 2012; Prakash et al., 2012),
eArch3.0 (Prakash et al., 2012), bReaChES (Jennings et al., 2019),
and ChRmine (Marshel et al., 2019), can be effectively activated
by two-photon excitation laser stimulation in head-fixed animals.
However, two-photon excitation of opsins would require focused
laser stimulation, thereby requiring imaging of the targeted cells
with cellular resolution. This makes these experiments very
challenging to be conducted in freely moving animals.
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Another approach using NIR light for optogenetics employs
up-conversion particles. Photon up-conversion is a process in
which emissions are found to exceed excitation energies
(Figure 1A). Up-conversion nanoparticles have been widely
applied in bioimaging and biosensing, among others (for a
review, see Wang et al., 2010). Lanthanide-doped NaYF4
nanocrystals exhibit efficient multicolor up-conversion
emissions (Figure 1A; Heer et al., 2004; Wu et al., 2009a). For
example, NaYF4 crystals co-doped with Yb3+/Tm3+ (NaYF4:Yb/
Tm) emit blue light upon irradiation with 980 nm NIR light. By
changing the ratio of lanthanide dopants, up-conversion emission
spectra can be fine-tuned in the visible to NIR range (Wang and
Liu, 2008). Several groups have reported optogenetic application
of lanthanide-doped NaYF4 nanocrystals, although these studies

were based on in vitro recordings in cultured cells (Figures 1B–D;
Hososhima et al., 2015; Shah et al., 2015; Wu et al., 2016). Soon
after these studies were published, it was shown that the visible
emission of these up-conversion nanoparticles could be used to
activate opsins in living mice (Wang et al., 2017). At the same
time, however, some forms of up-conversion nanoparticles were
found to be cytotoxic depending on their coating (Wang et al.,
2017; Chen et al., 2018). Coating with silica makes these particles
non-cytotoxic and biocompatible (Figure 1E; Chen et al., 2018).
Such up-conversion nanoparticles can be injected into the mouse
brain and stay at the injection site without extensive diffusion for
at least 1 month, which causes only minor neuroinflammatory
effects (Chen et al., 2018). Transcranial NIR stimulation can
activate neurons expressing ChR2 near the injection site of

FIGURE 1 | NIR-mediated optogenetics using up-conversion nanoparticles. (A) Left, schematic of the energy level diagrams underlying up-conversion processes.
Right, an image of up-conversion emission from lanthanide-doped NaYF4 nanocrystals. (B) Schematic of the technology. Up-conversion nanoparticles (UCNPs) exhibit
visible emissions upon tissue-penetrating irradiation with NIR light to remotely activate opsins. (C) A transmission electron microscope (TEM) image of NaYF4:Sc/Yb/Er
nanoparticles (left) and schematic of recordings (right). (D) Representative responses of cultured C1V1 (a red-shifted ChR2 variant; Yizhar et al., 2011)-expressing
neurons (bottom) to up-converting green emissions of NaYF4:Sc/Yb/Er nanoparticles induced by NIR light pulses (top). (E) Left, a TEM image of the silica-coated, blue-
emitting NaYF4:Yb/Tm nanoparticles. Middle, schematic of the NIR stimulation. Right, expression of c-Fos (red, a marker for activated neurons; Morgan and Curran,
1989) in ChR2-expressing neurons (green) can be induced by transcranial NIR irradiation of tissue-integrated NaYF4:Yb/Tm nanoparticles (blue) at a depth of ∼4.2 mm.
(F) In a fear memory recall test (Liu et al., 2012), freezing is induced at a higher rate in the presence of NIR light and ChR2 compared to control conditions. (A) the
diagrams were modified, and the image were adapted with permission from Heer et al. (2004). (C,D) the TEM image and traces were adapted with permission from
Hososhima et al. (2015). (E,F) images adapted with permission from Chen et al. (2018).
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NaYF4:Yb/Tm nanoparticles at a depth of ∼4.2 mm (Figure 1E;
Chen et al., 2018). Such NIR-mediated remote optogenetics can
be extended to behavioral experiments using mice with
implantation of an optic fiber on the skull (Figure 1F; Chen
et al., 2018). Thus, tissue-integrated up-conversion nanoparticles
emit sufficient photons to activate opsins with transcranial NIR
light stimulation. However, the up-conversion yield of these
particles is not high (∼2.5%, the ratio of the measured
emission power to the excitation NIR light power; Chen et al.,
2018). Therefore, NIR light pulses with extremely high peak
intensities are needed for up-conversion-mediated deep brain
stimulation (∼22–96W/mm2 irradiated from 1 to 2 mm above
the skull; Chen et al., 2018), causing surface tissue heating. Thus,
NIR-mediated remote optogenetics requires careful
consideration and optimization of stimulation parameters to
balance safety and efficacy. Combining highly sensitive opsins
such as ChRmine (Marshel et al., 2019) with opsin-bound up-
conversion nanoparticles (He et al., 2015) may enable
manipulation of neuronal activities with less NIR-energy input.

NON-OPTICAL ENERGY DELIVERY FOR
OPTOGENETICS

Although further reaching than visible light, NIR light penetrates
only up to several millimeters of tissue. In our measurements,
only 0.6% of the input NIR energy (976 nm) illuminated from
above the mouse head can penetrate to the bottom of the brain
(∼5 mm depth), even with the fur shaved (Matsubara et al., 2021).
Considering the application of optogenetics in larger animals
such as monkeys and humans, non-optical forms of energy
delivery should be pursued. Methods to control the activities
of specific neuronal populations using magneto-thermal (Chen

et al., 2015; Munshi et al., 2017) and ultrasonic (Ibsen et al., 2015;
Huang et al., 2020) stimulation have been reported. However,
these approaches are suboptimal in time resolution and are
associated with significant perturbation of the biophysical
environment around the cells to activate heat- or mechano-
sensitive channels as a neuronal actuator. Therefore, well-
controlled, focused stimulation is required to minimize adverse
effects, which limits the compatibility of these approaches with
free-moving behavior.

Another non-optical approach is the use of X-rays. X-rays are
known to penetrate biological tissues. In particular, hard X-rays
with high photon energies above 5–10 keV (below 0.1–0.2 nm
wavelength) have a higher tissue penetration ability and are
applied widely to medical imaging and radiotherapy. A
scintillator has been widely used for the detection of X-ray
particles. When excited by X-ray irradiation (X-irradiation), a
scintillator exhibits visible luminescence, called scintillation
(Figure 2A). In other words, scintillators can down-convert
X-rays into visible light. Therefore, scintillators can potentially
be utilized to activate opsins for optogenetic control of neurons.
Given the deep tissue penetration of X-rays, scintillator-mediated
optogenetics can, in principle, be applied to any depth of the
brain. This idea has been around for a long time (Berry et al.,
2015). However, it has only recently been experimentally proven
feasible.

The first evidence that scintillation can efficiently activate
opsins and be used for optogenetic control of neurons in
living animals was reported as a preprint paper (Matsubara
et al., 2019), and then subsequently published (Matsubara
et al., 2021). In this study, the authors employed Ce-doped
Gd3(Al,Ga)5O12 (Ce:GAGG), which exhibits green/yellow
scintillation (peak wavelength: 520–530 nm, Figure 2B) and a
high light yield (46,000 photons/MeV; Kamada et al., 2012;

FIGURE 2 | X-ray-mediated optogenetics using scintillator microparticles. (A) Schematic of the energy level diagrams of scintillation. (B) Left, images of Ce:GAGG
crystals illuminated with room light (top) or X-rays (bottom). Right, a scanning electron micrograph image of Ce:GAGG microparticles. (C) Schematic of the technology.
X-ray-induced visible emissions by scintillator particles activate opsins. (D) Expression of cFos (red) is induced in ChRmine-expressing neurons (green) by X-ray-induced
radio-luminescence emitted from Ce:GAGG microparticles in vivo at a depth of ∼4.2 mm (the schematic illustrated in left). (E) Conditioned place preference (CPP)
can be induced by activating midbrain dopamine neurons with X-ray-mediated optogenetics (right), using a test chamber where X-ray pulses are irradiated in a
compartment (left). (B–E), images modified with permission from Matsubara et al. (2021).
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Yanagida et al., 2013). Single crystals of Ce:GAGG are non-
hygroscopic and stable; therefore, the crystals are easy to handle
and process under normal laboratory conditions. Upon both
ultraviolet (UV) and X-ray irradiation, Ce:GAGG crystals
exhibit luminescence of essentially the same spectrum
(Matsubara et al., 2021) with a nanosecond-scale rise and
decay kinetics (Kamada et al., 2012; Yanagida et al., 2013;
Yeom et al., 2013). This property is important because it
enables conventional electrophysiology experiments without
placing samples in an X-ray machine which is not always
compatible with electrophysiological recordings. To search for
the opsins that would be efficiently activated by Ce:GAGG
scintillation, the authors built a recording setup where the
opsin-expressing cells can be illuminated with UV-induced
photo-luminescence of Ce:GAGG from underneath, through a
UV-cut filter, preventing direct UV illumination onto the cells.
With such a setup, the authors showed that red-shifted opsins,
especially ChRmine (Marshel et al., 2019) and GtACR1 (an
anion-conducting ion channel opsin; Govorunova et al., 2015),
exhibit large photocurrents upon photo-luminescence
illumination. Ce:GAGG scintillation can bidirectionally
modulate the activities of ChRmine/GtACR1-expressing
neurons only at intensities of a few microwatts. Micrometer-
sized particles of Ce:GAGG crystals (Figure 2B) injected into the
mouse brain can emit scintillation with a sufficient intensity
(∼2 μW/cm2) for neuronal actuation upon X-irradiation at a
dose rate of 1.0 Gy/min (Figures 2C,D). This dose rate is
similar to that of routine radiography in humans
(∼0.2–1.6 Gy/min, depending on the target tissue), but higher
than the clinical dose rate for radioscopy (less than ∼17 mGy/
min). Using place preference behavior as a readout, the authors
further showed that opsin-expressing midbrain dopamine
neurons at a depth of ∼4.2 mm can be remotely activated or
inactivated in freely behaving mice by X-irradiation (Figure 2E).
Ce:GAGG crystals are non-cytotoxic and biocompatible
(Matsubara et al., 2021). The Ce:GAGG particles injected in
the brain (50 mg/ml, 600 nL) form clusters with a diameter of
∼50–200 μm at the injection site and stay stably without extensive
diffusion or degradation for a long period (at least 60 days;
Matsubara et al., 2021). Therefore, using Ce:GAGG
microparticles makes the whole process less invasive than rigid
fiber implantation. Moreover, X-irradiation of Ce:GAGG crystals
implanted in vivo does not cause tissue heating (Matsubara et al.,
2021). Thus, X-ray/scintillator-mediated optogenetics is another
important option for minimally invasive optogenetics. Even
though the current evidence only demonstrates its feasibility in
rodent studies, given the unlimited tissue penetration of X-rays,
this technology may also be applied to larger animals, including
monkeys and humans, in the future.

The simplest way to irradiate freely moving animals with
X-rays is to irradiate the entire enclosure in which the animals are
placed, causing total body irradiation of X-rays. Total body
X-irradiation damages radiosensitive cells in many organs,
including the brain and bone marrow, depending on its
cumulative dose. Therefore, one obvious concern about X-ray/
scintillator-mediated optogenetics is radiation toxicity. In this
regard, Matsubara et al. provided a large dataset (Matsubara et al.,

2021), revealing that a low-dose, pulsed X-irradiation of less than
1.0 Gy (corresponding to 2,400 pulses of 50 ms stimuli) does not
harm radiosensitive cells in the brain and bone marrow and is
sufficient to induce behavioral changes through scintillator-
mediated neuronal manipulation. Higher radiation doses
would damage radiosensitive cells. In the brain, neuronal
precursor cells in the hippocampus, for example, are severely
damaged by high-dose radiation, causing a long-term
impairment of adult neurogenesis (Monje et al., 2002;
Mizumatsu et al., 2003; Matsubara et al., 2021). However,
because the neurogenesis-dependent turnover of neurons is a
slow process (Imayoshi et al., 2008), acute depletion of immature
neurons would not have immediate effects. In fact, within several
days after high-dose (∼7 Gy) X-irradiation, animals behave
normally and can be used for behavioral experiments
(Matsubara et al., 2021), although animals’ health status must
be checked every day after X-irradiation. Anti-inflammation drug
treatment (Monje et al., 2003) or minimizing oxidative stress
using a free radical scavenger (Motomura et al., 2010) may
mitigate the radiotoxic effects in applicable cases. Using
bistable step-function opsins that can integrate photons over
time (Berndt et al., 2009; Yizhar et al., 2011; Wietek et al.,
2017; Eickelbeck et al., 2020) might be another possible
solution to reduce the total radiation dose by enabling longer
timescale manipulation of neurons with short pulses of X-ray
radiation. In experiments using head-fixed animals, focal
X-irradiation would be possible with simple shielding, which
prevents radiation exposure to other organs.

Another drawback of the X-ray-based optogenetic technology
is the low intensity of luminescence emitted by scintillator
particles in vivo. The intensity of radio-luminescence of Ce:
GAGG particles injected in the brain tissue is estimated to be
∼2 μW/cm2 at the immediate surroundings of the injected
particles with a radiation dose rate of 1.0 Gy/min. Such low
intensities of luminescence are sufficient to modulate neuronal
firings but insufficient to manipulate neuronal activities at
millisecond timescales (Matsubara et al., 2021). Using
scintillators with higher scintillation yields and other
improvements in energy transfer described in the next section
would be needed to achieve more efficient regulation of neuronal
activities with this technology.

In addition to Ce:GAGG, a blue-emitting scintillator Ce-
doped Lu2SiO5 (LSO:Ce; Bartley et al., 2021) and a red-
emitting scintillator Eu-doped Gd2(WO4)3 [Gd2(WO4)3:Eu;
Chen et al., 2021b] have been proposed as useful for down-
converting optogenetic control of neurons. Blue scintillation
emitted by LSO:Ce microparticles in acute slice preparations
can enhance the spontaneous transmitter release of ChR2-
expressing axon terminals at a high dose rate of X-irradiation
(∼3 Gy/min) (Bartley et al., 2021). Chen et al. (2021b) showed
that the presence of Gd2(WO4)3:Eu nanoparticles can induce
electroencephalography (EEG) signals upon X-irradiation in vivo
in a cortical region where a ReaChR-expressing viral vector is
injected. However, because direct light illumination of metal
electrodes can cause electrical artifacts (Cardin et al., 2010),
control experiments without ReaChR expression, but with
scintillator particles, should be performed. Further careful
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assessment of performance and demonstration of a significant
behavioral effect is required.

FUTURE PERSPECTIVES TOWARD
CLINICAL APPLICATIONS OF
OPTOGENETICS
The clinical treatment of neurological disorders may benefit from
optogenetic approaches that can control the functions of well-
defined neural circuits in precise timings, as demonstrated in
rodent models (Kravitz et al., 2010; Chaudhury et al., 2013;
Krook-Magnuson et al., 2013; Ramirez et al., 2015; Mastro
et al., 2017; Chen et al., 2021a). However, the clinical
application of optogenetics for manipulating specific neuronal
populations in the patient’s brain has never been practiced. The
number of neurons that need to be excited or inhibited in humans
is likely larger than that in rodents (Shen et al., 2020). Therefore,
strategies that have been used in rodents may not be directly
applicable to human cases. Recently, the first case of optogenetic
therapy has been reported: viral vector-assisted expression of

ChrimsonR in retinal ganglion cells partially restored visual
function in a blind patient with retinitis pigmentosa (Sahel
et al., 2021). This was carried out in the retina, where
stimulating light can be delivered to optogenetically
transduced cells without optical fibers. Thus, efficient light
delivery has been a major challenge in the clinical application
of optogenetics (Shen et al., 2020).

Optic fiber implantation offers the easiest and most reliable
light control method. However, as discussed above, it causes
various adverse effects and may not be the best option for clinical
application. Employing miniature light-emitting devices can
reduce tissue damage, and the use of such devices for human
therapy has been discussed elsewhere (Vázquez-Guardado et al.,
2020; Won et al., 2020). Here, we discuss the possibility of the use
of NIR- or X-ray-mediated optogenetics for minimally invasive
optogenetic control in humans (Figure 3). Considering the tissue
penetration depth, NIR light/up-conversion-mediated
optogenetics may be applied easily at the surface of the
cerebral cortex but not in subcortical regions. In contrast,
X-ray/scintillator-mediated optogenetics offer more
applicability for deep neuronal manipulation in the brain.
With these up/down-converting particles of sufficient amount
diffused into a large volume of the tissue, widespread neuronal
manipulation would be possible. Although injected particles are
prone to aggregation (Matsubara et al., 2021), smaller particles
should be more diffusible in the tissue. It will be very important to
quantitatively measure how effectively such nanometer-to
micrometer-sized particles could be distributed within the
tissue and to determine optimal particle sizes for their
functionality (Benfenati and Lanzani, 2021). Moreover, even
though these particles are biocompatible and would stay stably
at the injection sites, injected particles may cause foreign body
responses in the tissue (O’Shea et al., 2020). Therefore, it would
also be important to assess the possible risks related to particle
injections in human cases.

Further challenges are associated with the efficacy of opsin
activation through photon-emitting particles in vivo. Up- or
down-conversion nanoparticles that can bind to the
extracellular part of opsin molecules may increase the efficacy
of photon transmission (He et al., 2015). Some of the halide
scintillators such as LuI3:Ce (Birowosuto et al., 2005; Glodo et al.,
2008) and SrI2:Eu (Cherepy et al., 2009) exhibit high scintillation
yields (up to ∼115,000 photons/MeV). However, the hygroscopic
nature of these scintillators makes it difficult to employ them for
in vivo optogenetics. Recently, some newly developed non-
hygroscopic scintillators, such as Rb2CuBr3 (Yang et al., 2019),
(C38H34P2)MnBr4 (Xu et al., 2020) and Cs3Cu2I5 (Lian et al.,
2020), have been reported to have a higher scintillation yield than
Ce:GAGG (Table 1). Therefore, it is important to test whether
these scintillators can be used for X-ray-based optogenetics. In
particular, blue-emitting scintillators would be more desirable
because many optogenetic tools are based on blue-sensing
effector proteins (for reviews, see Repina et al., 2017; Goglia
and Toettcher, 2019). Furthermore, UV-emitting Rb2CuBr3
(Yang et al., 2019) is potentially useful for the activation of
UV-sensing opsins such as parapinopsins (Koyanagi et al.,
2004; Eickelbeck et al., 2020; Copits et al., 2021), OPN5

FIGURE 3 | Manipulating deep neurons by remote optogenetics. With
technological advances, it might be possible to optically manipulate neurons in
the human brain. This could aid the treatment of patients with various
neurological disorders such as Parkinson’s disease and epilepsy. NIR-
mediated up-conversion optogenetics may be applied for neuronal actuation
in the cortical regions, whereas X-ray-mediated down-conversion
optogenetics is not constrained by tissue depth.
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(Yamashita et al., 2010), HKR1 (Luck et al., 2012), and switch-
Cyclop (Tian et al., 2021).

CONCLUSION

Recent advances in material science integrated with neuroscience
have made it possible to achieve remote optogenetic control of
neuronal activity in living animals. NIR- or X-ray-mediated
optogenetics using up- or down-converting phosphor particles
offer full wireless actuation of neurons in living animals without
implantation of any devices or batteries. These particles can be
injected into the brain and stay for a long period without causing
cytotoxicity, serving as minimally invasive optogenetic actuators.
Although NIR light can penetrate only up to several millimeters of
tissue, X-ray-mediated optogenetics is practically unconstrained by
tissue depth. These technologies should be advantageous for
behavioral experiments in animal models and future clinical
applications to treat neurological diseases. A common issue with
these techniques is that the luminescence intensity emitted from
these particles in vivo is not high enough to instantaneously induce
action potentials in neurons with millisecond temporal precision.
Therefore, future improvements in the light yields of these particles
to convert the energy of NIR light or X-rays to visible light and
engineering of opsin-bound up/down-converting nanocrystals are

needed to allow more efficient control of neuronal functions. With
these improvements, NIR/X-ray-mediated optogenetics combined
with other biomedical technologies using light could be applied
widely for functional studies in biology and medicine.

AUTHOR CONTRIBUTIONS

TM wrote the initial draft and made the figures. TY wrote the
manuscript and modified the figures. All authors reviewed and
edited the final manuscript.

FUNDING

This work was supported by grants from JSPS KAKENHI
(19H03533 to TY, 20K22680 and 21K15191 to TM), JST
FOREST (JPMJFR204H to TY), Uehara Memorial Foundation
(to TY), Asahi Glass Foundation (to TY), and The Ichiro
Kanehara Foundation (to TY).

ACKNOWLEDGMENTS

We thank Dr. Hideaki E. Kato for valuable comments.

REFERENCES

Abilez, O. J., Wong, J., Prakash, R., Deisseroth, K., Zarins, C. K., and Kuhl, E.
(2011). Multiscale Computational Models for Optogenetic Control of Cardiac
Function. Biophysical J. 101, 1326–1334. doi:10.1016/j.bpj.2011.08.004

Adamantidis, A. R., Zhang, F., Aravanis, A. M., Deisseroth, K., and de Lecea, L.
(2007). Neural Substrates of Awakening Probed with Optogenetic Control of
Hypocretin Neurons. Nature 450, 420–424. doi:10.1038/nature06310

Airan, R. D., Thompson, K. R., Fenno, L. E., Bernstein, H., and Deisseroth, K.
(2009). Temporally Precise In Vivo Control of Intracellular Signalling. Nature
458, 1025–1029. doi:10.1038/nature07926

Allen, B. D., Singer, A. C., and Boyden, E. S. (2015). Principles of Designing
Interpretable Optogenetic Behavior Experiments. Learn. Mem. 22, 232–238.
doi:10.1101/lm.038026.114

Allen, W. E., DeNardo, L. A., Chen, M. Z., Liu, C. D., Loh, K. M., Fenno, L. E., et al.
(2017). Thirst-associated Preoptic Neurons Encode an Aversive Motivational
Drive. Science 357, 1149–1155. doi:10.1126/science.aan6747

Aponte, Y., Atasoy, D., and Sternson, S. M. (2011). AGRP Neurons Are Sufficient
to Orchestrate Feeding Behavior Rapidly and without Training. Nat. Neurosci.
14, 351–355. doi:10.1038/nn.2739

Bartley, A. F., Abiraman, K., Stewart, L. T., Hossain, M. I., Gahan, D. M., Kamath,
A. V., et al. (2019). LSO:Ce Inorganic Scintillators Are Biocompatible with
Neuronal and Circuit Function. Front. Synaptic Neurosci. 11, 24. doi:10.3389/
fnsyn.2019.00024

Bartley, A. F., Fischer, M., Bagley, M. E., Barnes, J. A., Burdette, M. K., Cannon, K. E.,
et al. (2021). Feasibility of Cerium-Doped LSO Particles as a Scintillator for X-ray
Induced Optogenetics. J. Neural Eng. 18, 046036. doi:10.1088/1741-2552/abef89

Bashkatov, A. N., Genina, E. A., Kochubey, V. I., and Tuchin, V. V. (2005). Optical
Properties of Human Skin, Subcutaneous and Mucous Tissues in the
Wavelength Range from 400 to 2000 nm. J. Phys. D: Appl. Phys. 38,
2543–2555. doi:10.1088/0022-3727/38/15/004

Beier, K. T., Steinberg, E. E., DeLoach, K. E., Xie, S., Miyamichi, K., Schwarz, L.,
et al. (2015). Circuit Architecture of VTA Dopamine Neurons Revealed by
Systematic Input-Output Mapping. Cell 162, 622–634. doi:10.1016/
j.cell.2015.07.015

TABLE 1 | Non-hygroscopic scintillators for X-ray-mediated optogenetics.

Scintillator Emission
peak (nm)

Scintillation yield
(photons/MeV)

Cytotoxicity Utility in behavioral
experiments

References

Rb2CuBr3 385 91,056 N.A. N.A. Yang et al. (2019)
(C38H34P2)
MnBr4

517 79,800 N.A. N.A. Xu et al. (2020)

Cs3Cu2I5 445 79,279 N.A. N.A. Lian et al. (2020)
Gd2O2S:Tb 545 60,000 N.A. N.A. van Eijk (2002)
Ce:GAGG 520–530 46,000 No Yes Kamada et al. (2012); Matsubara et al. (2021)
LSO:Ce 420 30,900 No N.A. (tested in vitro) Spurrier et al. (2008); Bartley et al. (2019); Bartley

et al. (2021)
Gd2(WO4)3:Eu 613 N.A. N.A. N.A. (tested with EEG) Chen et al. (2021b)

N.A.: data not available.

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 7717177

Matsubara and Yamashita Up/Down-Conversion Remote Optogenetics

https://doi.org/10.1016/j.bpj.2011.08.004
https://doi.org/10.1038/nature06310
https://doi.org/10.1038/nature07926
https://doi.org/10.1101/lm.038026.114
https://doi.org/10.1126/science.aan6747
https://doi.org/10.1038/nn.2739
https://doi.org/10.3389/fnsyn.2019.00024
https://doi.org/10.3389/fnsyn.2019.00024
https://doi.org/10.1088/1741-2552/abef89
https://doi.org/10.1088/0022-3727/38/15/004
https://doi.org/10.1016/j.cell.2015.07.015
https://doi.org/10.1016/j.cell.2015.07.015
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Benfenati, F., and Lanzani, G. (2021). Clinical Translation of Nanoparticles for
Neural Stimulation. Nat. Rev. Mater. 6, 1–4. doi:10.1038/s41578-020-00267-8

Beppu, K., Sasaki, T., Tanaka, K. F., Yamanaka, A., Fukazawa, Y., Shigemoto, R.,
et al. (2014). Optogenetic Countering of Glial Acidosis Suppresses Glial
Glutamate Release and Ischemic Brain Damage. Neuron 81, 314–320.
doi:10.1016/j.neuron.2013.11.011

Berndt, A., Yizhar, O., Gunaydin, L. A., Hegemann, P., and Deisseroth, K. (2009). Bi-
Stable Neural State Switches. Nat. Neurosci. 12, 229–234. doi:10.1038/nn.2247

Berry, R., Getzin, M., Gjesteby, L., and Wang, G. (2015). X-Optogenetics and
U-Optogenetics: Feasibility and Possibilities. Photonics 2, 23–39. doi:10.3390/
photonics2010023

Birowosuto, M. D., Dorenbos, P., van Eijk, C. W. E., Kramer, K. W., and Gudel, H. U.
(2005). Scintillation Properties of LuI3:Ce

3+−.High Light Yield Scintillators. IEEE
Trans. Nucl. Sci. 52, 1114–1118. doi:10.1109/TNS.2005.852630

Boyden, E. S., Zhang, F., Bamberg, E., Nagel, G., and Deisseroth, K. (2005).
Millisecond-timescale, Genetically Targeted Optical Control of Neural Activity.
Nat. Neurosci. 8, 1263–1268. doi:10.1038/nn1525

Bruegmann, T., Malan, D., Hesse, M., Beiert, T., Fuegemann, C. J., Fleischmann, B.
K., et al. (2010). Optogenetic Control of Heart Muscle In Vitro and In Vivo.Nat.
Methods 7, 897–900. doi:10.1038/nmeth.1512

Bruegmann, T., van Bremen, T., Vogt, C. C., Send, T., Fleischmann, B. K., and
Sasse, P. (2015). Optogenetic Control of Contractile Function in Skeletal
Muscle. Nat. Commun. 6, 7153. doi:10.1038/ncomms8153

Bugaj, L. J., Choksi, A. T., Mesuda, C. K., Kane, R. S., and Schaffer, D. V. (2013).
Optogenetic Protein Clustering and Signaling Activation in Mammalian Cells.
Nat. Methods 10, 249–252. doi:10.1038/nmeth.2360

Cardin, J. A., Carlén, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K., et al.
(2010). Targeted Optogenetic Stimulation and Recording of Neurons in vivo
Using Cell-type-Specific Expression of Channelrhodopsin-2. Nat. Protoc. 5,
247–254. doi:10.1038/nprot.2009.228

Chaudhury, D., Walsh, J. J., Friedman, A. K., Juarez, B., Ku, S. M., Koo, J. W.,
et al. (2013). Rapid Regulation of Depression-Related Behaviours by Control
of Midbrain Dopamine Neurons. Nature 493, 532–536. doi:10.1038/
nature11713

Chen, R., Romero, G., Christiansen, M. G., Mohr, A., and Anikeeva, P. (2015).
Wireless Magnetothermal Deep Brain Stimulation. Science 347, 1477–1480.
doi:10.1126/science.1261821

Chen, S., Weitemier, A. Z., Zeng, X., He, L., Wang, X., Tao, Y., et al. (2018). Near-
Infrared Deep Brain Stimulation via Upconversion Nanoparticle-Mediated
Optogenetics. Science 359, 679–684. doi:10.1126/science.aaq1144

Chen, S., He, L., Huang, A. J. Y., Boehringer, R., Robert, V., Wintzer, M. E., et al.
(2020). A Hypothalamic novelty Signal Modulates Hippocampal Memory.
Nature 586, 270–274. doi:10.1038/s41586-020-2771-1

Chen, R., Gore, F., Nguyen, Q.-A., Ramakrishnan, C., Patel, S., Kim, S. H., et al.
(2021a). Deep Brain Optogenetics Without Intracranial Surgery. Nat.
Biotechnol. 39, 161–164. doi:10.1038/s41587-020-0679-9

Chen, Z., Tsytsarev, V., Finfrock, Y. Z., Antipova, O. A., Cai, Z., Arakawa,H., et al. (2021b).
Wireless Optogenetic Modulation of Cortical Neurons Enabled by Radioluminescent
Nanoparticles. ACS Nano 15, 5201–5208. doi:10.1021/acsnano.0c10436

Cherepy, N. J., Payne, S. A., Asztalos, S. J., Hull, G., Kuntz, J. D., Niedermayr, T.,
et al. (2009). Scintillators with Potential to Supersede Lanthanum Bromide.
IEEE Trans. Nucl. Sci. 56, 873–880. doi:10.1109/TNS.2009.2020165

Christie, I. N., Wells, J. A., Southern, P., Marina, N., Kasparov, S., Gourine, A. V.,
et al. (2013). fMRI Response to Blue Light Delivery in the Naïve Brain:
Implications for Combined Optogenetic fMRI Studies. Neuroimage 66,
634–641. doi:10.1016/j.neuroimage.2012.10.074

Chuong, A. S., Miri, M. L., Busskamp, V., Matthews, G. A. C., Acker, L. C.,
Sørensen, A. T., et al. (2014). Noninvasive Optical Inhibition with a Red-Shifted
Microbial Rhodopsin. Nat. Neurosci. 17, 1123–1129. doi:10.1038/nn.3752

Ciocchi, S., Passecker, J., Malagon-Vina, H., Mikus, N., and Klausberger, T. (2015).
Selective Information Routing by Ventral Hippocampal CA1 Projection
Neurons. Science 348, 560–563. doi:10.1126/science.aaa3245

Cohen, J. Y., Haesler, S., Vong, L., Lowell, B. B., and Uchida, N. (2012). Neuron-
Type-Specific Signals for Reward and Punishment in the Ventral Tegmental
Area. Nature 482, 85–88. doi:10.1038/nature10754

Copits, B. A., Gowrishankar, R., O’Neill, P. R., Li, J.-N., Girven, K. S., Yoo, J. J., et al.
(2021). A Photoswitchable GPCR-Based Opsin for Presynaptic Inhibition.
Neuron 109, 1791–1809. e1711. doi:10.1016/j.neuron.2021.04.026

Deisseroth, K. (2015). Optogenetics: 10 Years of Microbial Opsins in Neuroscience.
Nat. Neurosci. 18, 1213–1225. doi:10.1038/nn.4091

Deisseroth, K. (2021). From Microbial Membrane Proteins to the Mysteries of
Emotion. Cell 184, 5279–5285. doi:10.1016/j.cell.2021.08.018

Eickelbeck, D., Rudack, T., Tennigkeit, S. A., Surdin, T., Karapinar, R., Schwitalla,
J. C., et al. (2020). Lamprey Parapinopsin ("UVLamP"): A Bistable UV-Sensitive
Optogenetic Switch for Ultrafast Control of GPCR Pathways. Chembiochem 21,
612–617. doi:10.1002/cbic.201900485

El-Boustani, S., Sermet, B. S., Foustoukos, G., Oram, T. B., Yizhar, O., and Petersen,
C. C. H. (2020). Anatomically and Functionally Distinct Thalamocortical
Inputs to Primary and Secondary Mouse Whisker Somatosensory Cortices.
Nat. Commun. 11, 3342. doi:10.1038/s41467-020-17087-7

Gao, S., Nagpal, J., Schneider, M. W., Kozjak-Pavlovic, V., Nagel, G., and
Gottschalk, A. (2015). Optogenetic Manipulation of cGMP in Cells and
Animals by the Tightly Light-Regulated Guanylyl-Cyclase Opsin CyclOp.
Nat. Commun. 6, 8046. doi:10.1038/ncomms9046

Glodo, J., van Loef, E. V. D., Higgins, W. M., and Shah, K. S. (2008). Mixed
Lutetium Iodide Compounds. IEEE Trans. Nucl. Sci. 55, 1496–1500.
doi:10.1109/TNS.2008.922215

Goglia, A. G., and Toettcher, J. E. (2019). A Bright Future: Optogenetics to Dissect
the Spatiotemporal Control of Cell Behavior. Curr. Opin. Chem. Biol. 48,
106–113. doi:10.1016/j.cbpa.2018.11.010

Gong, X., Mendoza-Halliday, D., Ting, J. T., Kaiser, T., Sun, X., Bastos, A. M., et al.
(2020). An Ultra-Sensitive Step-Function Opsin for Minimally Invasive
Optogenetic Stimulation in Mice and Macaques. Neuron 107, 38–51.
doi:10.1016/j.neuron.2020.03.032

Govorunova, E. G., Sineshchekov, O. A., Janz, R., Liu, X., and Spudich, J. L. (2015).
Natural Light-Gated Anion Channels: A Family of Microbial Rhodopsins for
Advanced Optogenetics. Science 349, 647–650. doi:10.1126/science.aaa7484

Grusch, M., Schelch, K., Riedler, R., Reichhart, E., Differ, C., Berger, W., et al.
(2014). Spatio-Temporally Precise Activation of Engineered Receptor Tyrosine
Kinases by Light. EMBO J. 33, 1713–1726. doi:10.15252/embj.201387695

He, L., Zhang, Y., Ma, G., Tan, P., Li, Z., Zang, S., et al. (2015). Near-Infrared
Photoactivatable Control of Ca2+ Signaling and Optogenetic
Immunomodulation. eLife 4, e10024. doi:10.7554/eLife.10024

Heer, S., Kömpe, K., Güdel, H.-U., and Haase, M. (2004). Highly Efficient
Multicolour Upconversion Emission in Transparent Colloids of Lanthanide-
Doped NaYF4 Nanocrystals. Adv. Mater. 16, 2102–2105. doi:10.1002/
adma.200400772

Hososhima, S., Yuasa, H., Ishizuka, T., Hoque, M. R., Yamashita, T., Yamanaka, A.,
et al. (2015). Near-Infrared (NIR) Up-Conversion Optogenetics. Sci. Rep. 5,
16533. doi:10.1038/srep16533

Huang, Y.-S., Fan, C.-H., Hsu, N., Chiu, N.-H., Wu, C.-Y., Chang, C.-Y., et al.
(2020). Sonogenetic Modulation of Cellular Activities Using an Engineered
Auditory-Sensing Protein. Nano Lett. 20, 1089–1100. doi:10.1021/
acs.nanolett.9b04373

Ibsen, S., Tong, A., Schutt, C., Esener, S., and Chalasani, S. H. (2015). Sonogenetics
Is a Non-Invasive Approach to Activating Neurons in Caenorhabditis elegans.
Nat. Commun. 6, 8264. doi:10.1038/ncomms9264

Imayoshi, I., Sakamoto, M., Ohtsuka, T., Takao, K., Miyakawa, T., Yamaguchi, M.,
et al. (2008). Roles of Continuous Neurogenesis in the Structural and
Functional Integrity of the Adult Forebrain. Nat. Neurosci. 11, 1153–1161.
doi:10.1038/nn.2185

Imayoshi, I., Isomura, A., Harima, Y., Kawaguchi, K., Kori, H., Miyachi, H., et al. (2013).
Oscillatory Control of Factors DeterminingMultipotency and Fate inMouse Neural
Progenitors. Science 342, 1203–1208. doi:10.1126/science.1242366

Ishizuka, T., Kakuda, M., Araki, R., and Yawo, H. (2006). Kinetic Evaluation of
Photosensitivity in Genetically Engineered Neurons Expressing green Algae
Light-Gated Channels. Neurosci. Res. 54, 85–94. doi:10.1016/j.neures.2005.10.009

Jennings, J. H., Kim, C. K., Marshel, J. H., Raffiee, M., Ye, L., Quirin, S., et al. (2019).
Interacting Neural Ensembles in Orbitofrontal Cortex for Social and Feeding
Behaviour. Nature 565, 645–649. doi:10.1038/s41586-018-0866-8

Kamada, K., Yanagida, T., Pejchal, J., Nikl, M., Endo, T., Tsutsumi, K., et al. (2012).
Crystal Growth and Scintillation Properties of Ce Doped Gd3(Ga,Al)5O12

Single Crystals. IEEE Trans. Nucl. Sci. 59, 2112–2115. doi:10.1109/
TNS.2012.2197024

Karunarathne, W. K. A., Giri, L., Patel, A. K., Venkatesh, K. V., and Gautam, N.
(2013). Optical Control Demonstrates Switch-like PIP3 Dynamics Underlying

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 7717178

Matsubara and Yamashita Up/Down-Conversion Remote Optogenetics

https://doi.org/10.1038/s41578-020-00267-8
https://doi.org/10.1016/j.neuron.2013.11.011
https://doi.org/10.1038/nn.2247
https://doi.org/10.3390/photonics2010023
https://doi.org/10.3390/photonics2010023
https://doi.org/10.1109/TNS.2005.852630
https://doi.org/10.1038/nn1525
https://doi.org/10.1038/nmeth.1512
https://doi.org/10.1038/ncomms8153
https://doi.org/10.1038/nmeth.2360
https://doi.org/10.1038/nprot.2009.228
https://doi.org/10.1038/nature11713
https://doi.org/10.1038/nature11713
https://doi.org/10.1126/science.1261821
https://doi.org/10.1126/science.aaq1144
https://doi.org/10.1038/s41586-020-2771-1
https://doi.org/10.1038/s41587-020-0679-9
https://doi.org/10.1021/acsnano.0c10436
https://doi.org/10.1109/TNS.2009.2020165
https://doi.org/10.1016/j.neuroimage.2012.10.074
https://doi.org/10.1038/nn.3752
https://doi.org/10.1126/science.aaa3245
https://doi.org/10.1038/nature10754
https://doi.org/10.1016/j.neuron.2021.04.026
https://doi.org/10.1038/nn.4091
https://doi.org/10.1016/j.cell.2021.08.018
https://doi.org/10.1002/cbic.201900485
https://doi.org/10.1038/s41467-020-17087-7
https://doi.org/10.1038/ncomms9046
https://doi.org/10.1109/TNS.2008.922215
https://doi.org/10.1016/j.cbpa.2018.11.010
https://doi.org/10.1016/j.neuron.2020.03.032
https://doi.org/10.1126/science.aaa7484
https://doi.org/10.15252/embj.201387695
https://doi.org/10.7554/eLife.10024
https://doi.org/10.1002/adma.200400772
https://doi.org/10.1002/adma.200400772
https://doi.org/10.1038/srep16533
https://doi.org/10.1021/acs.nanolett.9b04373
https://doi.org/10.1021/acs.nanolett.9b04373
https://doi.org/10.1038/ncomms9264
https://doi.org/10.1038/nn.2185
https://doi.org/10.1126/science.1242366
https://doi.org/10.1016/j.neures.2005.10.009
https://doi.org/10.1038/s41586-018-0866-8
https://doi.org/10.1109/TNS.2012.2197024
https://doi.org/10.1109/TNS.2012.2197024
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


the Initiation of Immune Cell Migration. Proc. Natl. Acad. Sci. U.S.A. 110,
E1575–E1583. doi:10.1073/pnas.1220755110

Kennedy, M. J., Hughes, R. M., Peteya, L. A., Schwartz, J. W., Ehlers, M. D., and
Tucker, C. L. (2010). Rapid Blue-Light-Mediated Induction of Protein
Interactions in Living Cells. Nat. Methods 7, 973–975. doi:10.1038/nmeth.1524

Kim, C., Adhikari, A., and Deisseroth, K. (2017). Integration of Optogenetics with
Complementary Methodologies in Systems Neuroscience. Nat. Rev. Neurosci.
18, 222–235. doi:10.1038/nrn.2017.15

Kim, T.-I., McCall, J. G., Jung, Y. H., Huang, X., Siuda, E. R., Li, Y., et al. (2013).
Injectable, Cellular-Scale Optoelectronics with Applications for Wireless
Optogenetics. Science 340, 211–216. doi:10.1126/science.1232437

Klapoetke, N. C., Murata, Y., Kim, S. S., Pulver, S. R., Birdsey-Benson, A., Cho, Y.
K., et al. (2014). Independent Optical Excitation of Distinct Neural Populations.
Nat. Methods 11, 338–346. doi:10.1038/nmeth.2836

Konermann, S., Brigham, M. D., Trevino, A. E., Hsu, P. D., Heidenreich, M., Le
Cong, L., et al. (2013). Optical Control of Mammalian Endogenous
Transcription and Epigenetic States. Nature 500, 472–476. doi:10.1038/
nature12466

Koyanagi, M., Kawano, E., Kinugawa, Y., Oishi, T., Shichida, Y., Tamotsu, S., et al.
(2004). Bistable UV Pigment in the Lamprey Pineal. Proc. Natl. Acad. Sci. U.S.A.
101, 6687–6691. doi:10.1073/pnas.0400819101

Kravitz, A. V., Freeze, B. S., Parker, P. R. L., Kay, K., Thwin, M. T., Deisseroth, K., et al.
(2010). Regulation of Parkinsonian Motor Behaviours by Optogenetic Control of
Basal Ganglia Circuitry. Nature 466, 622–626. doi:10.1038/nature09159

Krook-Magnuson, E., Armstrong, C., Oijala, M., and Soltesz, I. (2013). On-
Demand Optogenetic Control of Spontaneous Seizures in Temporal Lobe
Epilepsy. Nat. Commun. 4, 1376. doi:10.1038/ncomms2376

Kvitsiani, D., Ranade, S., Hangya, B., Taniguchi, H., Huang, J. Z., and Kepecs, A.
(2013). Distinct Behavioural and Network Correlates of Two Interneuron
Types in Prefrontal Cortex. Nature 498, 363–366. doi:10.1038/nature12176

Lammel, S., Lim, B. K., Ran, C., Huang, K.W., Betley, M. J., Tye, K. M., et al. (2012).
Input-Specific Control of Reward and Aversion in the Ventral Tegmental Area.
Nature 491, 212–217. doi:10.1038/nature11527

Li, X., Gutierrez, D. V., Hanson, M. G., Han, J., Mark, M. D., Chiel, H., et al. (2005).
Fast Noninvasive Activation and Inhibition of Neural and Network Activity by
Vertebrate Rhodopsin and green Algae Channelrhodopsin. Proc. Natl. Acad.
Sci. U.S.A. 102, 17816–17821. doi:10.1073/pnas.0509030102

Lian, L., Zheng, M., Zhang, W., Yin, L., Du, X., Zhang, P., et al. (2020). Efficient and
Reabsorption-Free Radioluminescence in Cs3Cu2I5 Nanocrystals with Self-
Trapped Excitons. Adv. Sci. 7, 2000195. doi:10.1002/advs.202000195

Lima, S. Q., Hromádka, T., Znamenskiy, P., and Zador, A. M. (2009). PINP: A New
Method of Tagging Neuronal Populations for Identification during In Vivo
Electrophysiological Recording. PLoS One 4, e6099. doi:10.1371/
journal.pone.0006099

Lin, J. Y., Knutsen, P. M., Muller, A., Kleinfeld, D., and Tsien, R. Y. (2013). ReaChR:
A Red-Shifted Variant of Channelrhodopsin Enables Deep Transcranial
Optogenetic Excitation. Nat. Neurosci. 16, 1499–1508. doi:10.1038/nn.3502

Liu, X., Ramirez, S., Pang, P. T., Puryear, C. B., Govindarajan, A., Deisseroth, K.,
et al. (2012). Optogenetic Stimulation of a Hippocampal Engram Activates Fear
Memory Recall. Nature 484, 381–385. doi:10.1038/nature11028

Luck, M., Mathes, T., Bruun, S., Fudim, R., Hagedorn, R., Tran Nguyen, T. M., et al.
(2012). A Photochromic Histidine Kinase Rhodopsin (HKR1) that Is Bimodally
Switched by Ultraviolet and Blue Light. J. Biol. Chem. 287, 40083–40090.
doi:10.1074/jbc.M112.401604

Magown, P., Shettar, B., Zhang, Y., and Rafuse, V. F. (2015). Direct Optical
Activation of Skeletal Muscle Fibres Efficiently Controls Muscle Contraction
and Attenuates Denervation Atrophy. Nat. Commun. 6, 8506. doi:10.1038/
ncomms9506

Mahn, M., Saraf-Sinik, I., Patil, P., Pulin, M., Bitton, E., Karalis, N., et al. (2021).
Efficient Optogenetic Silencing of Neurotransmitter Release with a Mosquito
Rhodopsin. Neuron 109, 1621–1635. e1628. doi:10.1016/j.neuron.2021.03.013

Mao, T., Kusefoglu, D., Hooks, B. M., Huber, D., Petreanu, L., and Svoboda, K.
(2011). Long-Range Neuronal Circuits Underlying the Interaction between
Sensory and Motor Cortex. Neuron 72, 111–123. doi:10.1016/
j.neuron.2011.07.029

Marshel, J. H., Kim, Y. S., Machado, T. A., Quirin, S., Benson, B., Kadmon, J., et al.
(2019). Cortical Layer-Specific Critical Dynamics Triggering Perception.
Science 365, eaaw5202. doi:10.1126/science.aaw5202

Mastro, K. J., Zitelli, K. T., Willard, A. M., Leblanc, K. H., Kravitz, A. V., and Gittis,
A. H. (2017). Cell-Specific Pallidal Intervention Induces Long-Lasting Motor
Recovery in Dopamine-Depleted Mice. Nat. Neurosci. 20, 815–823.
doi:10.1038/nn.4559

Matsubara, T., Yanagida, T., Kawaguchi, N., Nakano, T., Yoshimoto, J., Tsunoda, S.
P., et al. (2019). Remote Control of Neural Function by X-ray-Induced
Scintillation. bioRxiv [Preprint]. doi:10.1101/798702v1

Matsubara, T., Yanagida, T., Kawaguchi, N., Nakano, T., Yoshimoto, J., Sezaki, M.,
et al. (2021). Remote Control of Neural Function by X-ray-Induced
Scintillation. Nat. Commun. 12, 4478. doi:10.1038/s41467-021-24717-1

Mattis, J., Tye, K. M., Ferenczi, E. A., Ramakrishnan, C., O’Shea, D. J., Prakash, R.,
et al. (2011). Principles for Applying Optogenetic Tools Derived from Direct
Comparative Analysis of Microbial Opsins. Nat. Methods 9, 159–172.
doi:10.1038/nmeth.1808

Mizumatsu, S., Monje, M. L., Morhardt, D. R., Rola, R., Palmer, T. D., and Fike, J. R.
(2003). Extreme Sensitivity of Adult Neurogenesis to Low Doses of
X-Irradiation. Cancer Res. 63, 4021–4027.

Monje, M. L., Mizumatsu, S., Fike, J. R., and Palmer, T. D. (2002). Irradiation
Induces Neural Precursor-Cell Dysfunction.Nat. Med. 8, 955–962. doi:10.1038/
nm749

Monje, M. L., Toda, H., and Palmer, T. D. (2003). Inflammatory Blockade Restores
Adult Hippocampal Neurogenesis. Science 302, 1760–1765. doi:10.1126/
science.1088417

Morgan, J. I., and Curran, T. (1989). Stimulus-Transcription Coupling in Neurons:
Role of Cellular Immediate-Early Genes. Trends Neurosciences 12, 459–462.
doi:10.1016/0166-2236(89)90096-9

Motomura, K., Ogura, M., Natsume, A., Yokoyama, H., and Wakabayashi, T.
(2010). A Free-Radical Scavenger Protects the Neural Progenitor Cells in the
Dentate Subgranular Zone of the hippocampus from Cell Death after
X-Irradiation. Neurosci. Lett. 485, 65–70. doi:10.1016/j.neulet.2010.08.065

Muñoz, W., Tremblay, R., Levenstein, D., and Rudy, B. (2017). Layer-Specific
Modulation of Neocortical Dendritic Inhibition during Active Wakefulness.
Science 355, 954–959. doi:10.1126/science.aag2599

Munshi, R., Qadri, S. M., Zhang, Q., Castellanos Rubio, I., Del Pino, P., and Pralle,
A. (2017). Magnetothermal Genetic Deep Brain Stimulation of Motor
Behaviors in Awake, Freely Moving Mice. eLife 6, e27069. doi:10.7554/
eLife.27069

Nabavi, S., Fox, R., Proulx, C. D., Lin, J. Y., Tsien, R. Y., and Malinow, R. (2014).
Engineering a Memory with LTD and LTP. Nature 511, 348–352. doi:10.1038/
nature13294

Nagel, G., Szellas, T., Huhn, W., Kateriya, S., Adeishvili, N., Berthold, P., et al.
(2003). Channelrhodopsin-2, a Directly Light-Gated Cation-Selective
Membrane Channel. Proc. Natl. Acad. Sci. U.S.A. 100, 13940–13945.
doi:10.1073/pnas.1936192100

Oh, E., Maejima, T., Liu, C., Deneris, E., and Herlitze, S. (2010). Substitution of 5-
HT1A Receptor Signaling by a Light-Activated G Protein-Coupled Receptor.
J. Biol. Chem. 285, 30825–30836. doi:10.1074/jbc.M110.147298

OʼShea, T. M., Wollenberg, A. L., Kim, J. H., Ao, Y., Deming, T. J., and Sofroniew,
M. V. (2020). Foreign Body Responses inMouse central Nervous SystemMimic
Natural Wound Responses and Alter Biomaterial Functions. Nat. Commun. 11,
6203. doi:10.1038/s41467-020-19906-3

Owen, S. F., Liu, M. H., and Kreitzer, A. C. (2019). Thermal Constraints on In Vivo
Optogenetic Manipulations.Nat. Neurosci. 22, 1061–1065. doi:10.1038/s41593-
019-0422-3

Packer, A. M., Peterka, D. S., Hirtz, J. J., Prakash, R., Deisseroth, K., and Yuste, R.
(2012). Two-Photon Optogenetics of Dendritic Spines and Neural Circuits.
Nat. Methods 9, 1202–1205. doi:10.1038/nmeth.2249

Park, S. I., Brenner, D. S., Shin, G., Morgan, C. D., Copits, B. A., Chung, H. U., et al.
(2015). Soft, Stretchable, Fully Implantable Miniaturized Optoelectronic
Systems for Wireless Optogenetics. Nat. Biotechnol. 33, 1280–1286.
doi:10.1038/nbt.3415

Park, S. I., Shin, G., McCall, J. G., Al-Hasani, R., Norris, A., Xia, L., et al. (2016).
Stretchable Multichannel Antennas in Soft Wireless Optoelectronic Implants
for Optogenetics. Proc. Natl. Acad. Sci. U.S.A. 113, E8169–E8177. doi:10.1073/
pnas.1611769113

Pascoli, V., Terrier, J., Espallergues, J., Valjent, E., O’Connor, E. C., and Lüscher, C.
(2014). Contrasting Forms of Cocaine-Evoked Plasticity Control Components
of Relapse. Nature 509, 459–464. doi:10.1038/nature13257

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 7717179

Matsubara and Yamashita Up/Down-Conversion Remote Optogenetics

https://doi.org/10.1073/pnas.1220755110
https://doi.org/10.1038/nmeth.1524
https://doi.org/10.1038/nrn.2017.15
https://doi.org/10.1126/science.1232437
https://doi.org/10.1038/nmeth.2836
https://doi.org/10.1038/nature12466
https://doi.org/10.1038/nature12466
https://doi.org/10.1073/pnas.0400819101
https://doi.org/10.1038/nature09159
https://doi.org/10.1038/ncomms2376
https://doi.org/10.1038/nature12176
https://doi.org/10.1038/nature11527
https://doi.org/10.1073/pnas.0509030102
https://doi.org/10.1002/advs.202000195
https://doi.org/10.1371/journal.pone.0006099
https://doi.org/10.1371/journal.pone.0006099
https://doi.org/10.1038/nn.3502
https://doi.org/10.1038/nature11028
https://doi.org/10.1074/jbc.M112.401604
https://doi.org/10.1038/ncomms9506
https://doi.org/10.1038/ncomms9506
https://doi.org/10.1016/j.neuron.2021.03.013
https://doi.org/10.1016/j.neuron.2011.07.029
https://doi.org/10.1016/j.neuron.2011.07.029
https://doi.org/10.1126/science.aaw5202
https://doi.org/10.1038/nn.4559
https://doi.org/10.1101/798702v1
https://doi.org/10.1038/s41467-021-24717-1
https://doi.org/10.1038/nmeth.1808
https://doi.org/10.1038/nm749
https://doi.org/10.1038/nm749
https://doi.org/10.1126/science.1088417
https://doi.org/10.1126/science.1088417
https://doi.org/10.1016/0166-2236(89)90096-9
https://doi.org/10.1016/j.neulet.2010.08.065
https://doi.org/10.1126/science.aag2599
https://doi.org/10.7554/eLife.27069
https://doi.org/10.7554/eLife.27069
https://doi.org/10.1038/nature13294
https://doi.org/10.1038/nature13294
https://doi.org/10.1073/pnas.1936192100
https://doi.org/10.1074/jbc.M110.147298
https://doi.org/10.1038/s41467-020-19906-3
https://doi.org/10.1038/s41593-019-0422-3
https://doi.org/10.1038/s41593-019-0422-3
https://doi.org/10.1038/nmeth.2249
https://doi.org/10.1038/nbt.3415
https://doi.org/10.1073/pnas.1611769113
https://doi.org/10.1073/pnas.1611769113
https://doi.org/10.1038/nature13257
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Petreanu, L., Huber, D., Sobczyk, A., and Svoboda, K. (2007). Channelrhodopsin-
2-Assisted Circuit Mapping of Long-Range Callosal Projections. Nat. Neurosci.
10, 663–668. doi:10.1038/nn1891

Petreanu, L., Mao, T., Sternson, S. M., and Svoboda, K. (2009). The Subcellular
Organization of Neocortical Excitatory Connections. Nature 457, 1142–1145.
doi:10.1038/nature07709

Prakash, R., Yizhar, O., Grewe, B., Ramakrishnan, C., Wang, N., Goshen, I., et al.
(2012). Two-Photon Optogenetic Toolbox for Fast Inhibition, Excitation and
Bistable Modulation. Nat. Methods 9, 1171–1179. doi:10.1038/nmeth.2215

Ramirez, S., Liu, X., MacDonald, C. J., Moffa, A., Zhou, J., Redondo, R. L., et al.
(2015). Activating Positive Memory Engrams Suppresses Depression-Like
Behaviour. Nature 522, 335–339. doi:10.1038/nature14514

Repina, N. A., Rosenbloom, A., Mukherjee, A., Schaffer, D. V., and Kane, R. S.
(2017). At Light Speed: Advances in Optogenetic Systems for Regulating Cell
Signaling and Behavior. Annu. Rev. Chem. Biomol. Eng. 8, 13–39. doi:10.1146/
annurev-chembioeng-060816-101254

Rost, B. R., Schneider-Warme, F., Schmitz, D., andHegemann, P. (2017). Optogenetic
Tools for Subcellular Applications in Neuroscience. Neuron 96, 572–603.
doi:10.1016/j.neuron.2017.09.047

Sahel, J. A., Boulanger-Scemama, E., Pagot, C., Arleo, A., Galluppi, F., Martel, J. N., et al.
(2021). Partial Recovery of Visual Function in a Blind Patient after Optogenetic
Therapy. Nat. Med. 27, 1223–1229. doi:10.1038/s41591-021-01351-4

Sasaki, T., Beppu, K., Tanaka, K. F., Fukazawa, Y., Shigemoto, R., and Matsui, K.
(2012). Application of an Optogenetic Byway for Perturbing Neuronal Activity
via Glial Photostimulation. Proc. Natl. Acad. Sci. U.S.A. 109, 20720–20725.
doi:10.1073/pnas.1213458109

Shah, S., Liu, J.-J., Pasquale, N., Lai, J., McGowan, H., Pang, Z. P., et al. (2015).
Hybrid Upconversion Nanomaterials for Optogenetic Neuronal Control.
Nanoscale 7, 16571–16577. doi:10.1039/c5nr03411f

Shen, Y., Campbell, R. E., Côté, D. C., and Paquet, M.-E. (2020). Challenges for
Therapeutic Applications of Opsin-Based Optogenetic Tools in Humans. Front.
Neural Circuits 14, 41. doi:10.3389/fncir.2020.00041

Siuda, E. R., Copits, B. A., Schmidt, M. J., Baird, M. A., Al-Hasani, R., Planer, W. J.,
et al. (2015). Spatiotemporal Control of Opioid Signaling and Behavior. Neuron
86, 923–935. doi:10.1016/j.neuron.2015.03.066

Spurrier, M. A., Szupryczynski, P., Rothfuss, H., Yang, K., Carey, A. A., and
Melcher, C. L. (2008). The Effect of Co-Doping on the Growth Stability and
Scintillation Properties of Lutetium Oxyorthosilicate. J. Cryst. Growth 310,
2110–2114. doi:10.1016/j.jcrysgro.2007.10.075

Stierl, M., Stumpf, P., Udwari, D., Gueta, R., Hagedorn, R., Losi, A., et al. (2011).
Light Modulation of Cellular cAMP by a Small Bacterial Photoactivated
Adenylyl Cyclase, bPAC, of the Soil Bacterium Beggiatoa. J. Biol. Chem.
286, 1181–1188. doi:10.1074/jbc.M110.185496

Stujenske, J. M., Spellman, T., and Gordon, J. A. (2015). Modeling the
Spatiotemporal Dynamics of Light and Heat Propagation for In Vivo
Optogenetics. Cell Rep. 12, 525–534. doi:10.1016/j.celrep.2015.06.036

Tian, Y., Nagel, G., and Gao, S. (2021). An EngineeredMembrane-Bound Guanylyl
Cyclase with Light-Switchable Activity. BMC Biol. 19, 54. doi:10.1186/s12915-
021-00978-6

Tsai, H.-C., Zhang, F., Adamantidis, A., Stuber, G. D., Bonci, A., de Lecea, L., et al.
(2009). Phasic Firing in Dopaminergic Neurons Is Sufficient for Behavioral
Conditioning. Science 324, 1080–1084. doi:10.1126/science.1168878

van Eijk, C. W. E. (2002). Inorganic Scintillators in Medical Imaging. Phys. Med.
Biol. 47, R85–R106. doi:10.1088/0031-9155/47/8/201

Vázquez-Guardado, A., Yang, Y., Bandodkar, A. J., and Rogers, J. A. (2020). Recent
Advances in Neurotechnologies with Broad Potential for Neuroscience
Research. Nat. Neurosci. 23, 1522–1536. doi:10.1038/s41593-020-00739-8

Wang, F., and Liu, X. (2008). Upconversion Multicolor Fine-Tuning: Visible to
Near-Infrared Emission from Lanthanide-Doped NaYF4 Nanoparticles. J. Am.
Chem. Soc. 130, 5642–5643. doi:10.1021/ja800868a

Wang, F., Banerjee, D., Liu, Y., Chen, X., and Liu, X. (2010). Upconversion
Nanoparticles in Biological Labeling, Imaging, and Therapy. Analyst 135,
1839–1854. doi:10.1039/c0an00144a

Wang, H., Vilela, M., Winkler, A., Tarnawski, M., Schlichting, I., Yumerefendi, H.,
et al. (2016). LOVTRAP: An Optogenetic System for Photoinduced Protein
Dissociation. Nat. Methods 13, 755–758. doi:10.1038/nmeth.3926

Wang, Y., Lin, X., Chen, X., Chen, X., Xu, Z., Zhang, W., et al. (2017). Tetherless
Near-Infrared Control of Brain Activity in Behaving Animals Using Fully

Implantable Upconversion Microdevices. Biomaterials 142, 136–148.
doi:10.1016/j.biomaterials.2017.07.017

Wietek, J., Rodriguez-Rozada, S., Tutas, J., Tenedini, F., Grimm, C., Oertner, T. G.,
et al. (2017). Anion-Conducting Channelrhodopsins with Tuned Spectra and
Modified Kinetics Engineered for Optogenetic Manipulation of Behavior. Sci.
Rep. 7, 14957. doi:10.1038/s41598-017-14330-y

Won, S. M., Song, E., Reeder, J. T., and Rogers, J. A. (2020). Emerging Modalities
and Implantable Technologies for Neuromodulation. Cell 181, 115–135.
doi:10.1016/j.cell.2020.02.054

Wu, S., Han, G., Milliron, D. J., Aloni, S., Altoe, V., Talapin, D. V., et al. (2009a). Non-
Blinking and Photostable Upconverted Luminescence from Single Lanthanide-
Doped Nanocrystals. Proc. Natl. Acad. Sci. U.S.A. 106, 10917–10921. doi:10.1073/
pnas.0904792106

Wu, Y. I., Frey, D., Lungu, O. I., Jaehrig, A., Schlichting, I., Kuhlman, B., et al.
(2009b). A Genetically Encoded Photoactivatable Rac Controls the Motility of
Living Cells. Nature 461, 104–108. doi:10.1038/nature08241

Wu, X., Zhang, Y., Takle, K., Bilsel, O., Li, Z., Lee, H., et al. (2016). Dye-Sensitized Core/
Active Shell Upconversion Nanoparticles for Optogenetics and Bioimaging
Applications. ACS Nano 10, 1060–1066. doi:10.1021/acsnano.5b06383

Xu, Y., Hyun, Y.-M., Lim, K., Lee, H., Cummings, R. J., Gerber, S. A., et al. (2014).
Optogenetic Control of Chemokine Receptor Signal and T-Cell Migration.
Proc. Natl. Acad. Sci. U.S.A. 111, 6371–6376. doi:10.1073/pnas.1319296111

Xu, L.-J., Lin, X., He, Q., Worku, M., and Ma, B. (2020). Highly Efficient Eco-
Friendly X-ray Scintillators Based on an Organic Manganese Halide. Nat.
Commun. 11, 4329. doi:10.1038/s41467-020-18119-y

Yamashita, T., Ohuchi, H., Tomonari, S., Ikeda, K., Sakai, K., and Shichida, Y. (2010).
Opn5 Is aUV-Sensitive Bistable Pigment that Couples withGi Subtype of GProtein.
Proc. Natl. Acad. Sci. U.S.A. 107, 22084–22089. doi:10.1073/pnas.1012498107

Yanagida, T., Kamada, K., Fujimoto, Y., Yagi, H., and Yanagitani, T. (2013).
Comparative Study of Ceramic and Single crystal Ce:GAGG Scintillator. Opt.
Mater. 35, 2480–2485. doi:10.1016/j.optmat.2013.07.002

Yang, B., Yin, L., Niu, G., Yuan, J. H., Xue, K. H., Tan, Z., et al. (2019). Lead-Free
Halide Rb2CuBr3 as Sensitive X-Ray Scintillator. Adv. Mater. 31, 1904711.
doi:10.1002/adma.201904711

Yang, Y., Wu, M., Vázquez-Guardado, A., Wegener, A. J., Grajales-Reyes, J. G.,
Deng, Y., et al. (2021). Wireless Multilateral Devices for Optogenetic Studies of
Individual and Social Behaviors. Nat. Neurosci. 24, 1035–1045. doi:10.1038/
s41593-021-00849-x

Yaroslavsky, A. N., Schulze, P. C., Yaroslavsky, I. V., Schober, R., Ulrich, F., and
Schwarzmaier, H.-J. (2002). Optical Properties of Selected Native and Coagulated
HumanBrain Tissues In Vitro in theVisible andNear Infrared Spectral Range. Phys.
Med. Biol. 47, 2059–2073. doi:10.1088/0031-9155/47/12/305

Yeom, J. Y., Yamamoto, S., Derenzo, S. E., Spanoudaki, V. C., Kamada, K., Endo, T.,
et al. (2013). First Performance Results of Ce:GAGG Scintillation Crystals with
Silicon Photomultipliers. IEEE Trans. Nucl. Sci. 60, 988–992. doi:10.1109/
tns.2012.2233497

Yizhar, O., Fenno, L. E., Prigge, M., Schneider, F., Davidson, T. J., O’Shea, D. J., et al.
(2011). Neocortical Excitation/inhibition Balance in Information Processing and
Social Dysfunction. Nature 477, 171–178. doi:10.1038/nature10360

Zhou, X. X., Fan, L. Z., Li, P., Shen, K., and Lin, M. Z. (2017). Optical Control of
Cell Signaling by Single-Chain Photoswitchable Kinases. Science 355, 836–842.
doi:10.1126/science.aah3605

Conflict of Interest: TY and TM filed a patent for optogenetic use of Ce:GAGG.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Matsubara and Yamashita. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org November 2021 | Volume 8 | Article 77171710

Matsubara and Yamashita Up/Down-Conversion Remote Optogenetics

https://doi.org/10.1038/nn1891
https://doi.org/10.1038/nature07709
https://doi.org/10.1038/nmeth.2215
https://doi.org/10.1038/nature14514
https://doi.org/10.1146/annurev-chembioeng-060816-101254
https://doi.org/10.1146/annurev-chembioeng-060816-101254
https://doi.org/10.1016/j.neuron.2017.09.047
https://doi.org/10.1038/s41591-021-01351-4
https://doi.org/10.1073/pnas.1213458109
https://doi.org/10.1039/c5nr03411f
https://doi.org/10.3389/fncir.2020.00041
https://doi.org/10.1016/j.neuron.2015.03.066
https://doi.org/10.1016/j.jcrysgro.2007.10.075
https://doi.org/10.1074/jbc.M110.185496
https://doi.org/10.1016/j.celrep.2015.06.036
https://doi.org/10.1186/s12915-021-00978-6
https://doi.org/10.1186/s12915-021-00978-6
https://doi.org/10.1126/science.1168878
https://doi.org/10.1088/0031-9155/47/8/201
https://doi.org/10.1038/s41593-020-00739-8
https://doi.org/10.1021/ja800868a
https://doi.org/10.1039/c0an00144a
https://doi.org/10.1038/nmeth.3926
https://doi.org/10.1016/j.biomaterials.2017.07.017
https://doi.org/10.1038/s41598-017-14330-y
https://doi.org/10.1016/j.cell.2020.02.054
https://doi.org/10.1073/pnas.0904792106
https://doi.org/10.1073/pnas.0904792106
https://doi.org/10.1038/nature08241
https://doi.org/10.1021/acsnano.5b06383
https://doi.org/10.1073/pnas.1319296111
https://doi.org/10.1038/s41467-020-18119-y
https://doi.org/10.1073/pnas.1012498107
https://doi.org/10.1016/j.optmat.2013.07.002
https://doi.org/10.1002/adma.201904711
https://doi.org/10.1038/s41593-021-00849-x
https://doi.org/10.1038/s41593-021-00849-x
https://doi.org/10.1088/0031-9155/47/12/305
https://doi.org/10.1109/tns.2012.2233497
https://doi.org/10.1109/tns.2012.2233497
https://doi.org/10.1038/nature10360
https://doi.org/10.1126/science.aah3605
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Remote Optogenetics Using Up/Down-Conversion Phosphors
	Introduction
	Near-Infrared-Mediated Optogenetics
	Non-Optical Energy Delivery for Optogenetics
	Future Perspectives Toward Clinical Applications of Optogenetics
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


