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reveals robust activation of ERK and enhanced
filopodia-like protrusions of regenerating axons
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Abstract

RET (REarranged during Transfection) is a receptor tyrosine kinase that transduces various external stimuli into biologi-
cal functions, such as survival and differentiation, in neurons. In the current study, we developed an optogenetic tool
for modulating RET signaling, termed optoRET, combining the cytosolic region of human RET with a blue-light-induc-
ible homo-oligomerizing protein. By varying the duration of photoactivation, we were able to dynamically modulate
RET signaling. Activation of optoRET recruited Grb2 (growth factor receptor-bound protein 2) and stimulated AKT and
ERK (extracellular signal-regulated kinase) in cultured neurons, evoking robust and efficient ERK activation. By locally
activating the distal part of the neuron, we were able to retrogradely transduce the AKT and ERK signal to the soma
and trigger formation of filopodia-like F-actin structures at stimulated regions through Cdc42 (cell division control 42)
activation. Importantly, we successfully modulated RET signaling in dopaminergic neurons of the substantia nigra in
the mouse brain. Collectively, optoRET has the potential to be developed as a future therapeutic intervention, modu-

lating RET downstream signaling with light.
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Introduction

RET (REarranged during Transfection), encoded by
the c-ret proto-oncogene, is a transmembrane receptor
belonging to the receptor tyrosine kinase (RTK) fam-
ily [1-5]. It transduces various external stimuli into
biological responses, such as survival and differentia-
tion, in a wide range of neuronal populations, including
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dopaminergic (DA) neurons, spinal motor neurons and
enteric neurons, as well as in non-neuronal cell popula-
tions [1-4]. Dysregulation of RET signaling has been
reported in many pathologies, including developmental
disorders and cancers in humans [2, 6].

The structure of RET can be subdivided into an extra-
cellular region (EXR), a transmembrane domain (TMD),
and a cytoplasmic region (CYR; Additional file 1: Fig. S1).
The RET-EXR is composed of four cadherin-like domains
(CLDs 1-4) and a cysteine-rich region (CRD), both of
which require the binding of calcium for their proper
folding in the extracellular space [7]. The RET-CYR is
composed of the juxtamembrane domain (JMD), tyros-
ine kinase domain (TKD) and the tail; its sequence after
the splicing site, amino acid (aa) 1063, varies according to
the nomenclature of human RET, as reflected in the three
splicing variants of RET (RET9, RET43 and RET51),
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named according to the number of additional amino
acids after the splicing site [6, 8].

RET activation requires assembly of RET with its
ligand and a ligand-binding co-receptor into a dimer or
oligomer of a tripartite complex [9-11]. Five different
RET ligands and their respective co-receptors have been
identified. These include the glial cell line-derived neuro-
trophic factor (GDNF) family ligands (GFLs) GDNE, neu-
rturin (NRTN), artemin (ARTN) and persephin (PSPN),
and their respective preferred co-receptors, known as
GFL receptor a (GFRa) 1-4; also included are growth
and differentiation factor 15 (GDF15) and its co-receptor,
GFRa-like protein (GFRAL) [2, 11-13]. In general, RET
co-receptors are glycosylphosphatidylinositol (GPI)-
anchored proteins located in lipid rafts—microdomains
at the plasma membrane (PM)—and their binding to
dimeric ligands recruits RET into the lipid raft for activa-
tion within a cell [6] (Additional file 1: Fig. S1). However,
there are soluble forms of GFRa (sGFRa), produced by
cells such as glial cells, that can mediate the activation of
RET outside lipid rafts, complexing with the sGFRa and a
RET molecule in another cell [14].

The formation of a tripartite complex brings at least
a pair of RET receptors into sufficient proximity to
trans-autophosphorylate ten tyrosine residues within
the common region of the three RET-CYRs [6]. Sev-
eral of these phosphorylated tyrosine residues (pY), in
turn, serve as docking sites for various adaptor or effec-
tor proteins containing Src homology 2 (SH2) or phos-
photyrosine-binding (PTB) domains (Additional file 1:
Fig. S1) [2, 6]. Among these sites, pY905 in the activa-
tion loop is required for the full kinase activity of RET
while also serving as the docking site for growth factor
receptor-bound proteins 7 and 10 (Grb7/10) [8]. pY981 is
the docking site for Src and SH2-Bp (SH2 adaptor pro-
tein Bp), which mediate survival and neurite outgrowth,
respectively [15-17], and there is growing evidence that
it is also necessary for full activation of RET and conse-
quent transduction of downstream signaling [18, 19].
pY1015 is the docking site for phospholipase Cy (PLCy)
and subsequent activation of protein kinase C (PKC)
and Ca”"-signaling cascades [6]. pY1062 is a critical resi-
due that acts as a signaling hub, complexing with multi-
ple adaptor proteins including fibroblast growth factor
receptor substrate 2 (FRS2), Src-homology collagen (Shc),
insulin receptor substrate 1 and 2 (IRS1/2) and down-
stream of kinase (DOK)-4, -5 and -6, to activate phos-
phatidylinositol-3 kinase/protein kinase B (PI3K/AKT)
and Rat sarcoma virus/mitogen-activated protein kinase
(Ras/MAPK) pathways [2, 18, 20, 21]. FRS2 recruits Grb2,
activating Ras/MAPK pathways, and complexes with the
SH2-containing protein, tyrosine phosphatase-2 (SHP-2)
to cooperatively bind to pY687 in the RET-JMD, which
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is essential for the sustained activation of MAPK [21].
Shc recruits Grb2 for Ras/MAPK pathways but addition-
ally complexes with Grb2-associated binding protein 1
and 2 (GAB1/2) for PI3K/AKT pathways [21]. Interest-
ingly, recruitment of these four adaptor proteins is medi-
ated by their PTB domains, which compete for binding
to the amino acid sequence, NKL-pY1062 of RET [2, 21,
22]. The mechanisms that regulate the binding of these
proteins are likely to determine biological outcomes. For
instance, FRS2 and Shc are recruited to plasma mem-
brane non-raft and lipid raft domains, respectively [21].
In general, active RET first associates with FRS2 in the
lipid raft and then translocates outside the raft to associ-
ate with Shc in a sequential manner [2, 21].

Notably, alternative signaling receptors for RET
ligands have also been identified and characterized [2].
For example, DA neurons in the midbrain, where RET
is highly expressed, have been reported to also express
other GDNF receptors, including neuronal cell adhesion
molecule (NCAM), integrins, syndecan-3, and N-cad-
herin [23]. The existence of these RET-independent sign-
aling pathways with a deep pool of RET ligands not only
adds a layer of sophistication that complicates our under-
standing of RET signaling, but it also makes it more diffi-
cult to develop therapeutic strategies for treating diseases
related to RET signaling.

Over the last decade, we and others have developed
an optogenetic toolbox for modulating various RTKs,
including tropomyosin receptor kinases (TRKs), fibro-
blast growth factor receptors (FGFRs) and, epidermal
growth factor receptor (EGFR), among others [24-26].
Because of their light-activation property, these optoge-
netic RTK-modulating tools, designated optoRTKs, have
been demonstrated to induce receptor-specific biologi-
cal functions with a high spatiotemporal resolution in
response to stimulation with the appropriate wavelength
of light. Prominent examples include the directed migra-
tion of fibroblast cells and determination of axonal fate
in cultured neurons through activation of optoFGFR1
and optoTrkB, respectively [25, 27]. An optogenetic RET,
designated Opto-hRET, was also developed by the Janov-
jak group, utilizing the blue-light—inducible dimeriza-
tion property of the light oxygen voltage-sensing (LOV)
domain [26]. However, the functionality of the tool was
only characterized in non-neuronal cell lines [26]. More
recently, this group reported pioneering work on the
application of Opto-hRET to treat Parkinson’s disease
(PD) [28], although this work was performed in a Dros-
ophila model, which has a DA system that is not directly
comparable to that of mammalian systems.

In the current study, we developed another optoge-
netic tool for the modulation of RET signaling, termed
optoRET, utilizing only the common RET-CYR of the
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three RET variants in humans and taking advantage of
the blue-light-inducible homo-oligomerization property
of the photosensitive domain (PHR) from Arabidopsis
cryptochrome 2 (CRY2) [29, 30]. To demonstrate the ver-
satile and dynamic control of RET downstream signaling
by light, we applied this tool in cultured neurons and DA
neurons of the substantia nigra (SNc) in mice.

Methods
Plasmid construction
For generation of the pcDNA3.1-CMV-RET*! 1972 pHR-
mCitrine construct, termed optoRET™!sth " hyman
RET9 (aa 1-1072) was amplified by polymerase chain
reaction (PCR) from human brain total RNA (Clontech)
using the primer pair, 5-CGT CAG ATC CGC TAG CCA
CCA TGG CGA AGG CGA CGT CCG GT-3 (forward)
and 5’ GGC GAC CGG TGG ATC CCC GAA TCT AGT
AAA TGC ATG GGA AAT-3' (reverse), and inserted
into the pcDNA3.1-CMV-PHR-mCitrine construct [24]
using the In-Fusion cloning system (Clontech), according
to the manufacturer’s instructions. For generation of the
pcDNA3.1-CMV-Lyn-RET**¢*8~ 192 pHR-mCitrine  con-
struct, the common RET-CYR of the three RET variants (aa
658-1062) was PCR-amplified with the primers, 5-ATT
CCT CGA GGg atc atc ACT GCT ACC ACA AG-3
(forward) and 5" CAT ACC TGT cgg atc ATA GAG TTT
GTT TTC A-3' (reverse) and inserted into the pcDNA3.1-
CMV-Lyn-cytTrkB-PHR-mCitrine construct [27] using
the In-Fusion cloning system. To minimize basal activity,
we performed site-directed mutagenesis to mutate residue
E281 to alanine (PHR¥*'%) [30, 31]. This final form of the
construct—pcDNA3.1-CMV-Lyn-RET?2658~1062_pRE281A_
mCitrine—was termed optoRET. An additional D387A
mutation in the PHR region of optoRET [24, 32], intro-
duced by PCR, created a light-insensitive form of optoRET
construct (pcDNA3.1-CMV-Lyn-RET?658~1062_pHR
E281A.D387A_mCitrine) for use as a control. For in vitro analy-
ses, we utilized modified versions of previously generated
biosensors in which the respective fluorescent proteins of
the original forms were replaced, as follows: pcDNA3.1-
CMV-hGrb2-GFP, pcDNA3.1-CMV-mCherry-AKT-PH
[25, 33], pcDNA3.1-CMV-mCherry-LifeAct [25, 34] and
pcDNA3.1-CMV-ERK-KTR-FusionRed [35].
Adeno-associated viruses (AAVs), in the form of
PAAV2-ITR-transgene vectors, were generated as fol-
lows. pAAV-CamKIlx(0.4)-DIO-optoRET(HA) and
pAAV-hSyn1-DIO-optoRET(HA) were constructed
from the respective constructs, pAAV-CamKIIa(0.4)-
DIO-Opto-cytTrkB(E281A)-HA (Addgene #180588) and
pAAV-hSyn1-DIO-Opto-cytTrkB(E281A)-HA (Addgene
#180590), by replacing Lyn-cyTrkB-PHR sequences
with the Lyn-RET®6°8-1062 pHRE28IA  gequences of
optoRET using the Nhel/Agel restriction enzyme sites
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[31]. pAAV-CamKIIa(0.4)-ERK-KTR-Clover and pAAV-
CamKIIa(0.4)-mScarlet-IRES2-CRE were constructed
from pAAV-CamKIIa(0.4)-EGFP (Addgene #50469)
by replacing the EGFP sequences with the ERK-KTR-
Clover sequences (Addgene #59150) or with mScarlet
(Addgene #85042), IRES2 and CRE (Addgene #51268
and #51267), respectively.

AAV production

AAVs were produced using a triple transfection system
employing polyethyleneimine (PEI). Human embry-
onic kidney (HEK) 293T cells, used as packaging cells,
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, cat. #11965092), supplemented with
10% fetal bovine serum (FBS) at 37 °C in a humidified
10% CO, environment. A DNA mixture consisting of a
transgene vector, a packaging vector (pRC-DJ/8), and a
helper vector was prepared at a ratio of 1:4:2 and diluted
in opti-MEM (Gibco, cat. #31985-070) containing PEI at
a ratio of 2.5:1. The mixture was added to ~80% conflu-
ent HEK293T cells, cultured with FBS-free DMEM, and
incubated for 4 h, after which the medium was replaced
with FBS-supplemented DMEM. After 72 h, the medium
and cells were harvested and centrifuged. The cells were
digested with lysis buffer, whereas the supernatant was
precipitated with 40% polyethylene glycol (PEG; Sigma,
P2139). Cell lysates and precipitated substances were
then mixed with sodium deoxycholate and benzonase,
after which the mixture was subjected to freeze—thaw
cycles and loaded onto an iodixanol gradient for ultra-
centrifugation at 350,000g for 1 h. Lastly, the 40% iodix-
anol layer was extracted and concentrated using an
Amicon centrifugal filter (Merk, UFC910024).

Reagents and hippocampal neuron culture

and transfection

Human recombinant GDNF (Gibco, cat. #PHC7045) and
ZCL278 (Tocris, cat. #4974) were prepared according to
the manufacturers’ instructions.

Embryonic day 18 (E18) embryos were used for pri-
mary neuron culture. Briefly, after sacrificing pregnant
Sprague—Dawley female rats, hippocampi from collected
embryos were dissected in Hank’s balanced salt solution
(Gibco, Cat. #14185-052) supplemented with 10 mM
HEPES, 1 mM sodium pyruvate, 2 mM GlutaMAX
(Gibco, cat. #35050-061) and 1% penicillin—streptomycin
(P/S) solution. The collected hippocampi were digested
with 0.25% trypsin for 15 min at 37 °C and then triturated
with a fire-polished Pasteur pipette. The dissociated neu-
rons were plated on 0.1 mg/mL poly-L-lysine pre-coated
24-well plates (Cellvis, cat. #P24-1.5H-N) or 50-mm
dishes (MatTek, cat. #P50G-0-30-F) containing neu-
robasal medium (Gibco, cat. #21103-049) supplemented
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with 2% horse serum (Gibco, cat. #16050122), 2 mM Glu-
taMAX, and 1% P/S. After incubating cells at 37 °C in a
humidified 5% CO, incubator for 1 h, the medium was
replaced with maintenance medium lacking horse serum
but containing 2% B-27 (Gibco, cat. #17504-044).

Neurons plated on 24-well plates were transfected at
7 days in vitro (DIV7) using Lipofectamine LTX (Invit-
rogen, cat. #15338-100), according to the manufacturer’s
instructions, and imaged on the following day. For exper-
iments comparing AKT and ERK signaling, neurons were
co-transfected with optoRTKs (optoRET, optoRETP3874
or optoTrkB [27]) and iRFP and mCherry-AKT-PH or
ERK-KTR-FusionRed. For GDNF experiments, cells
were co-transfected with optoRET™!n8t and stimu-
lated with GDNF (50 ng/mL). For actin structure experi-
ments, neurons were co-transfected to express optoRET
together with iRFP and mCherry-LifeAct. For inhibition
of Cdc42 (cell division control 42), transfected neurons
were pre-incubated with ZCL278 (100 pM) for 0.5 h
prior to imaging.

Confocal imaging and laser photoactivation

Confocal imaging was performed using a Nikon AIR
confocal microscope mounted on an Eclipse Ti body
(Nikon Instruments) equipped with a Plan Apochro-
mat 20X objective (numerical aperture [NA], 0.75) or an
Apochromat 60X oil objective (NA 1.4). Live-cell imag-
ing was performed using a microscope stage-equipped
Chamlide TC system (Live Cell Instruments) that main-
tains a 37 °C, 5% CO, environment. A multi-line argon
laser (405, 488, 561 and 647 nm), emitted through a
Galvano scanner incorporated in a hybrid confocal scan
head with a high-speed hyper selector (Nikon Instru-
ments), was used for imaging and photoactivation.

For co-imaging photoactivation, the 488-nm laser was
used to capture and stimulate the whole imaging field
(512512 pm) at 2-min intervals. For local photoacti-
vation, regions of interest (ROIs) were illuminated with
a sequence of 488-nm laser stimulations (5 times, with-
out delay, for 2.39 s) at 1-min intervals. A 488-nm laser
power of 22-24 pW/mm? was used for both co-imaging
and local photoactivations.

Axotomy and photoactivation with light-emitting diodes
(LEDs)

Axotomy experiments were performed using 50-mm
dishes equipped with microfluidics chips (Zona, cat.
#RD150). Prepared neurons were plated in a single
compartment such that cell body and axonal sides were
separated by a microgroove barrier as the neurons
grew. On DIV4, AAV-hSynl-optoRET(HA) and AAV-
CamKIIa(0.4)-mScarlet-IRES2-CRE, diluted in fresh
maintenance medium, were applied to the chip at final
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viral titers of 5x 10" and 5x10'? genomic copies/mL,
respectively. On DIV11, the axonal sides of the chips
were imaged and then axotomized by vacuum aspiration.
After the axotomy, the axonal sides were imaged again to
confirm that axons had been completely cut. For photo-
activation, light was delivered using a customized blue
LED array board (Live Cell Instruments) [36] with a cus-
tomized plate-bottom cover that allows light to pass on
the axonal side only. Light was delivered according to a
defined on/off cycle (10-s on and 10-min off) at a light
density of 25 pW/mm? (488 nm). On DIV13, the axonal
sides of the chips were imaged. Optimized LED photo-
activation conditions were confirmed by additionally
transducing neurons with AAV-CamKIla-ERK-KTR-
clover, visualizing the ERK activities induced by optoRET
activation.

Mice

Male DAT-CRE B6.SJL mice (The Jackson Laboratory,
stock #006302), donated by Daesoo Kim at the Korea
Advanced Institute of Science and Technology (KAIST),
were used in this study. All mice were maintained under
a 12-h light on/off cycle (light intensity measured at the
center of the home cage, ~2 pW/cm?). Mice were group-
housed with free access to food and water until subjected
to stereotactic surgery at 10 wk of age.

Stereotaxic surgery and transcranial photoactivation

Mice were anesthetized with 200 mg/kg 2,2,2-tribro-
moethanol (Avertin; Sigma, cat. #T48402) and their
temperature was maintained at 37 °C by placing them
on a surgery heating pad (Live Cell Instruments). After
positioning mice in a stereotaxic device, a microdrill was
used to perforate the skull above the target region (right
SNc) with the following coordinates (relative to bregma):
anterior—posterior, -3.6 mm; medial-lateral,+ 1.3 mm;
and dorsal-ventral — 3.5 mm. Using a 33-gauge blunt
NanoFill needle (World Precision Instruments, cat.
#NF33BL-2), 0.5 pL of AAV-hSynl-DIO-optoRET
(2% 10! genomic copies/mL) was injected into the target
region at a flow rate of 70 nL/min.

After the surgery, mice were housed in pairs in a home
cage, separated with a transparent separator. At 2 wk
post-surgery, the home cage lid was replaced with a cus-
tomized blue LED home cage lid for transcranial photo-
activation [30]. For 1 wk, light (470 nm) was delivered for
5 h per day at a light density of 40 ©W/cm?.

Immunostaining

For the immunohistochemistry analysis, at 3 wk post-
surgery, mice were anesthetized with 200 mg/kg Avertin
and transcardially perfused, first with phosphate-buft-
ered saline (PBS) and then with 4% paraformaldehyde
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(PFA). For photoactivated mice, the procedure was con-
ducted after the light schedule had been finished. Brains
were post-fixed in 4% PFA overnight and then coronally
sectioned at a thickness of 50 pm using a vibratome
(Leica, Cat. #VT1200S). Midbrain sections were col-
lected and incubated in blocking solution, consisting of
5% normal donkey serum (NDS; Abcam, cat. #ab7475)
and 0.3% Triton-X in PBS, for 1.5 h at room tempera-
ture (RT). Sections were immunostained by incubating
overnight at 4 °C with the following primary antibodies
(diluted in blocking solution): anti-phospho(5235/5236)-
S6 ribosomal protein (pS6, 1:1000; Cell Signaling, cat.
#4858), sheep anti-tyrosine hydroxylase (TH) (1:1000;
Abcam, cat. #ab113) and mouse anti-HA (1:500; Cell
Signaling, cat. #2367), the latter used for the detection
of HA-tagged optoRET [optoRET(HA)]. Sections were
subsequently stained by incubating for 1 h at RT with
Alexa 488-conjugated anti-rabbit, Alexa 594-conjugated
anti-sheep, or Alexa 647-conjugated anti-mouse second-
ary antibody, as appropriate, each at a 1:100 dilution. Sec-
tions were washed three times with PBS containing 0.3%
Triton-X between steps. After the final wash, sections
were mounted on cover glasses using a 4;6-diamidino-
2-phenylindole (DAPI)-containing mounting solution
(Vector Laboratories, cat. #H-1200) and imaged with a
confocal microscope.

For the immunocytochemistry, neurons were fixed in
4% PFA for 15 min at bench and then followed the same
procedures as above. Mouse anti-ankyrin G (1:100, Santa
Cruz, cat. #sc-12719) and donkey anti-mouse Alexa 405
(1:1000, Abcam, cat. #ab175658) antibodies were used.

Western blot analysis

At 3 wk post-surgery, mice were anesthetized with
200 mg/kg Avertin, and their brains were extracted under
a red-light lamp. For photoactivated mice, the procedure
was conducted once the light schedule had finished. For
each sample, the midbrain sections of the right and left
side were separately collected in tubes and immediately
snap-frozen in liquid nitrogen. The samples were then
incubated in protein extraction solution (Pro-PREP;
iNtRON, cat. #17081) containing a cocktail of phos-
phatase inhibitors (PhosSTOP; Sigma, cat. #4906845)
for 20 min at — 20 °C. After centrifugation, the super-
natant was transferred to new tubes and then denatured
by boiling at 95 °C for 10 min in sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer (Biosesang, cat. #BIS-SF2002-110—00). The dena-
tured proteins were resolved by SDS-PAGE on 4—12%
Bolt Bis-Tris gels (Invitrogen, cat. #N'W04125BOX)
using Bolt MES SDS running buffer (Invitrogen, cat.
#B0002). After running gels at 100 V for 1 h, pro-
teins were transferred to a nitrocellulose membrane
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(Invitrogen, cat. #IB301001). The membrane was then
blocked by incubating in Tris-buffered saline (TBS)
blocking buffer (LI-COR, cat. #927059991) for 1 h at
RT. After washing with TBS containing 0.1% Tween-20
(TBST), the membrane was incubated overnight at 4 °C
with rabbit anti-phospho(Y202/Y204)-p44/42 MAPK
(ERK1/2) (pERK1/2) primary antibody (Cell Signaling,
cat. #9101S) and mouse anti-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) antibody (Invitrogen,
cat. #MA5-15,738), diluted 1:500 and 1:6000, respec-
tively, in TBST. Membranes were then washed with
TBST and incubated for 1 h at RT with goat anti-rabbit
680 RD (LICO, cat. #926-68071) or goat anti-mouse 800
CW (LICO, cat. #926-32210) secondary antibody, both
diluted 1:10,000 in TBST. Membranes were then imaged
using an Odyssey CLX imaging system (LICO, cat.
#9140).

Software and data analysis

All confocal images were processed and analyzed using
Nikon NIS-elements AR imaging software (Labora-
tory Imaging, v.5.21). Skeleton images in axotomy
experiments were analyzed using Image] software (USA
National Institutes of Health, v.1.53t). Immunoblot
images were processed and analyzed using Image Stu-
dio software (LICO, v.5.2). All graphs and heatmaps were
plotted using Prism software (GraphPad, v.9.4), and sche-
matic illustrations were created with tools available at the
BioRender website (BioRender.com).

For the analysis of AKT activity using the biosen-
sor AKT-PH, the intensities of cytosolic AKT-PH and
volume control (iRFP) were measured using NIS soft-
ware. The intensities at each time point were expressed
as iAKT=(cytosolic AKT intensity)/(cytosolic iRFP).
iAKT was converted to normalized cytosolic AKT-
PH, expressed as nAKT=(iAKT)/(mean of the iAKT
at the baseline, -10 to 0 min). nAKT was used for plot-
ting graphs. AKT responsiveness to sustained stimula-
tion of optoRET, optoRETP*7A, optoTrkB, or GDNF was
determined by measuring signal response, calculated
as dAKT =(nAKT at 0 min)—(mean of the nAKT at 36
to 40 min). For the transient groups, the latter was the
mean of the nAKT at 6-10 min. In cases where dAKT
was greater than -0.15, the cell was scored as “True’ (100
points); otherwise, it was scored as ‘False’ (0 points).
Activation half-life (T,,) was determined by fitting
nAKT in time graphs at 0—40 min using the one-phase
decay equation in Prism software. For group compari-
sons in bar graphs, only values of T,,, with successfully
calculated 95% confident intervals (CIs) were used, and
outliers identified using the ROUT (1%) method in Prism
software were removed.
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For the analysis of the ERK activity using the biosen-
sor ERK-KTR, we measured intensities in the cytosol and
the nucleus for the sensor and iRFP. iERK was calculated
in the same manner as iAKT. The ratio of iERK in the
cytosol to that in the nucleus (C/N) was calculated and
expressed as rERK. rERK was then normalized, as was
done for nAKT, and used for plotting graphs. To deter-
mine ERK responsiveness to sustained stimuli, we calcu-
lated dERK as we did for dAKT. For the transient groups,
the latter was the mean of the nERK at 16-20 min. The
cell was scored as “True’ (100 points) if dERK was greater
than 0.15; otherwise, it was scored as ‘False’ (0 points).
Activation T, was determined following the same steps
as used for AKT, except a one-phase association equation
in Prism software was used for fitting.

For analysis of ERK activity levels, C/N ratios were cal-
culated using the row intensities of ERK-KTR and then
categorized into four different categories: low, k<0.75;
normal, 0.75<k<1.25; intermediate, 1.25<k<1.75; and
high, 1.75<k, where k=the C/N ratio. The frequency
distribution of these data was used for plotting the ERK
activity level heatmap.

For axotomy experiments, the ‘skeletonize’ tool in
Image] software was used to convert row images to skel-
etonized images, which were used for the analysis. Axon
lengths were measured with Image] software by drawing
short lines on the terminal ends of axons and then manu-
ally counting the number of protrusions on the lines. The
data were then converted to numbers of protrusions per
100 pum (protrusion densities) and categorized into three
different axon morphological complexities: low, k<10;
intermediate, 10 <k <30; and high, 30 <k, where k=pro-
trusion density. The frequency distributions of these data
were used for plotting the axon morphological complex-
ity heatmap.

For the analysis of stained midbrain sections, the cell
bodies of the TH-positive and pS6-positive cells were
counted manually. The average of the Dark group was
used for the normalization.

For the analysis of pERK1/2 protein levels, the intensi-
ties of bands at 42—-44 MW and 38 MW were measured
using Image Studio software and normalized to the inten-
sity of the respective GAPDH bands. For each mouse, the
pERK1/2 protein level was determined as the ratio of the
right side (ipsilateral) to the left (contralateral) side and
then normalized to the mean of the Dark group.

Results

Development of an optogenetic tool for modulating RET
Utilizing human RET9 and PHRF?®!4 [30], we designed
two chimeric proteins for the optical modulation of
RET signaling. For the first version, we attached the
PHR tagged with mCitrine or HA to the C-terminus of
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full-length RET9 (aa 1-1972) and termed this chimeric
protein, optoRETf!-eneth (Additional file 1: Fig. S1). The
capacity to respond to endogenous RET ligands and co-
receptors was preserved in optoRET!7lensth For the sec-
ond version, we utilized only RET-CYR (aa 658-1062),
flanked by the myristoylation (Myr) domain of the Lyn
signal peptide, and the PHR tagged with mCitrine or HA,
and termed this chimeric protein, optoRET (Additional
file 1: Fig. S1). The Myr domain was used for membrane
localization of optoRET, replacing the RET-TMD. Thus,
we generated two chimeric proteins that are empowered
to respond to blue light (wavelength, 488 nm) through
the homo-oligomerization property of the PHR. Upon
light illumination, these proteins oligomerize, enabling
tyrosine residues in RET-CYR to be trans-phosphoryl-
ated and activate downstream RET signaling cascades
(Fig. 1a).

Characterization of optoRET-induced AKT and ERK
signaling

To examine the functionality of optoRET, we first tested
whether light-induced oligomerization of optoRET
could recruit Grb2, an adaptor protein of RET. To this
end, we co-transfected cultured neurons with optoRET
and Grb2-GFP, and then performed live-cell imaging
using confocal microscopy, imaging Grb2-GFP and acti-
vated optoRET at 2-min intervals using a 488-nm laser
(~25 uW/mm?). These experiments revealed robust clus-
tering of Grb2-GFP at the soma and dendrites (Addi-
tional file 1: Fig. S2 and Additional file 2: Movie S1),
indicating that photoactivation of optoRET successfully
stimulated oligomerization-induced trans-phosphoryla-
tion of its tyrosine residues and then recruited its adap-
tor protein, Grb2, into multiple clusters of signaling
condensates.

Because Grb2, as a downstream effector of RET, is
among the adaptor proteins that mediate PI3K/AKT
and Ras/MAPK pathways (Additional file 1: Fig. S1), we
examined the activation of AKT and ERK signaling by
light. Multiple MAPKs, including ERK1/2, ERK5, JNK
and p38MAPK, are reported to be downstream tar-
gets of RET; as the most frequently reported such tar-
get, the ERK family was selected as the readout for Ras/
MAPK pathway activity [37-39]. AKT and ERK sign-
aling activities were visualized using two genetically
encoded biosensors: the pleckstrin homology domain of
AKT1 (AKT-PH) [33, 40] conjugated to the C-terminus
of mCherry, and the ERK kinase translocation reporter
(EKR-KTR) [35] conjugated to FusionRed, respectively.
The shuttling of mCherry-AKT-PH from the cytosol to
the plasma membrane reflects the translocation of AKT
upon PI3K-mediated phosphorylation of phosphatidylin-
ositol 4,5-bisphosphate (PIP,) to phosphatidylinositol
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Fig. 1 Development and characterization of optoRET. a Schematic diagram of optoRET. b Representative confocal images of cultured neurons,
showing the localization of AKT-PH and EKR-KTR biosensors before and after sustained stimulation by GDNF (50 ng/mL) or light. Scale bars=5 pum.
¢, d Graphs showing normalized cytosolic AKT-PH and ERK-KTR cytosol-to-nucleus (C/N) ratios as a function of time. Sustained stimulation was
given at 0-40 min by illumination of neurons expressing optoRET (0R), optoRET 34,4 [OR(D)] or optoTrkB (oB), or by application of GDNF to neurons
expressing optoRETM!=!ena™ (GDNF). Different numbers of transient light stimulations were also administered to optoRET-expressing neurons, as
follows: 1 stimulation at 0 min (X 1), 2 stimulations at 0-2 min (X 2), 6 stimulations at 0-10 min (X 6), and 11 stimulations at 0-20 min (x 11). For
each group, n=4-31 cells. e Comparison of AKT (left) and ERK (right) responsiveness to sustained stimulation with GDNF (AKT: n=26; ERK: n=23)
OptoRET (AKT: n=31; ERK: n=36), or optoTrkB (AKT: n=26; ERK: n=26). f Comparison of AKT and ERK response size for stimulation with GDNF (AKT:
n=11; ERK: n=4), optoRET (AKT: n = 20; ERK: n=28), or optoTrkB (AKT: n=10; ERK: n=10). g Comparison of AKT and ERK activation T, , following
stimulation with GDNF (AKT: n=6; ERK: n=4), optoRET (AKT: n=23; ERK: n=24), or optoTrkB (AKT: n=6; ERK: n=7), obtained by fitting exponential
curves. Data are presented as means + SEM (*p <0.05, **p < 0.01, ****p < 0.0001; one-way ANOVA); ns, not significant (p > 0.05)

3,4,5-bisphosphate (PIP;), providing an indicator of AKT
signaling activity [33, 40]. Because ERK-KTR-FusionRed,
comprising the ERK docking site of ETS Like-1 pro-
tein (EIk1) and phosphorylation sites, shuttles from the
nucleus to the cytosol when phosphorylated by ERK,
ERK-KTR-FusionRed fluorescence reflects ERK kinase
activity [35]. Thus, the clearer the plasma membrane

pattern of mCherry-AKT-PH and nuclear pattern (high
C/N ratio) of ERK-KTR-FusionRed, the higher AKT or
ERK signaling activities, respectively.

Cultured neurons were co-transfected with optoRET,
iRFP and mCherry-AKT-PH or ERK-KTR-FusionRed,
and then live-cell imaging was performed using confo-
cal microscopy. Biosensors were imaged before and after
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sustained light stimulation for 40 min at 2-min intervals
using the co-imaging photoactivation protocol employ-
ing a 488-nm laser (~25 ©W/mm?). We also performed
the same experiment with GDNF (50 ng/mL), except that
neurons were transfected with optoRET ! 1ength because
hippocampal neurons are reported to only endogenously
express GFRa and not RET [3, 41, 42]. A comparison of
the intensities of mCherry-AKT-PH in the cytosol and
ERK-KTR-FusionRed in the nucleus before and after light
or GDNF (50 ng/mL) stimulation showed clearly distin-
guishable plasma membrane or nuclear patterns after the
respective stimulations (Figs. 1b and Additional file 1:
Fig. S3a, b).

For additional quantitative and qualitative com-
parisons, we performed the same experiment on neu-
rons expressing a light-insensitive form of optoRET
[optoRETP387A) oR(D)] or optoTrkB (oB), another PHR-
based optoRTK tool that modulates TrkB signaling [27]
(Figs. 1c, d and Additional file 1: Fig. S3c). As expected,
we found that none of the cells in the optoRETP3%7A
group showed AKT or ERK responsiveness (see, Methods
for details). Thus, in subsequent analyses, we only com-
pared sustained GDNF, optoRET, and optoTrkB groups.

First, we found that the proportions of cells show-
ing AKT or ERK signaling responsiveness were much
lower in GDNF or optoIrkB groups, compared to
optoRET group (Fig. 1e). For AKT, the GDNF, optoRET
and optoIrkB groups had 42.31+9.88% (n=26),
74.19+7.99% (n=31) and 34.62+9.52% (n=26), respec-
tively. For ERK, the optoRET group was 83.33+6.30%
(n=36), which were far beyond those for the GDNF and
optoIrkB groups (21.74+8.79%, n=23; 34.62+9.52%,
n=26; p>0.0001).

In terms of the absolute values of response magni-
tudes (response size), there were no noticeable differ-
ences in ERK signaling among GDNF (0.87+0.27%,
n=4), optoRET (0.84+0.11%, n=28) and optoIrkB
(0.57+0.13%, n=10) groups (Fig. 1f, right bar graphs).
In contrast, the response size for AKT signaling was
significantly smaller for the GDNF group (0.23+0.01%,
n=11; p<0.05) compared with the optoRET group
(0.36 £0.04%, n=20), but was comparable between
the optoTrkB group and optoRET group (0.36 +0.04%;
n=10) (Fig. 1f, left bar graphs).

Because light-mediated activation of RTKs bypasses
steps involving ligand interactions with the extracellular
domain of the receptors, the kinetics of downstream sign-
aling activation is likely to be faster than that for ligand-
mediated activation. To test this, we compared AKT and
ERK activation kinetics (T;,,) among GDNEF, optoRET,
and optoTrkB groups in the sustained stimulation
experiments (Additional file 1: Fig. S4 and Fig. 1g). The
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activation kinetics for AKT were significantly longer in
the GDNF group (6.63 +1.44 min, n=6; p<0.001), com-
pared with the optoRET group (3.44+0.33 min, n=23),
while that for the optoIrkB group (1.81+0.32 min,
n=6) was not significantly different compared with the
optoRET group (Fig. 1g, left bar graphs). Interestingly,
there were no apparent differences in ERK activation
kinetics among GDNF (7.89+2.16 min, n=4), optoRET
(6.99 +0.89 min, n=24) and optoTrkB (11.24+2.09 min,
n=7) groups (Fig. 1g, right bar graphs). Collectively,
these results indicate that photoactivated optoRET
recruits Grb2 into clusters and induces AKT and ERK
signaling activity with fast activation kinetics for AKT
and robust responsiveness for ERK signaling.

Dynamic control of AKT and ERK signaling by light

It has been shown the dynamic control of the input sig-
nal is an important factor that determines the resultant
cellular response in many biological processes [43, 44].
Because optoRET can toggle between active and inactive
states upon association and dissociation of the conju-
gated PHR protein, varying the duration of the photoac-
tivation could enable the dynamic control of AKT and
ERK signaling activities. Therefore, we examined AKT
and ERK signaling activity in response to different num-
bers of light stimulations of neurons expressing optoRET,
iRFP and mCherry-AKT-PH or ERK-KTR-FusionRed
(Fig. 1c, d, transient groups). Based on the reported
time constant for PHR dissociation (~5.5 min) [45], our
co-imaging photoactivation protocol could maintain
optoRET in a continuously activated state throughout
the intervening periods between stimulations. Thus, our
manipulation of the number of light stimulations can be
considered the equivalent of varying the duration of the
photoactivation.

We first tested if a single stimulation at 0 min (tran-
sient,x1) was able to induce AKT or ERK signaling
activity. Interestingly, single stimulation was sufficient
to elicit both AKT and ERK signaling (Fig. 1c, d, tran-
sient, X 1), although the responsiveness were significantly
lower than sustained stimulations (Additional file 1: Fig.
S5a). Increasing the number of light stimulations to 2
(0-2 min), 6 (0—10 min) or 11 (0—20 min) increased the
magnitudes of AKT activity (Fig. 1c and Additional file 1:
Fig. S5b left). On the other hand, there were no appar-
ent differences in the magnitude of response size of
ERK signaling between transient groups and sustained
optoRET (0—40 min) group (Fig. 1d and Additional file 1:
Fig. S5b right). AKT and ERK signaling recovered in tran-
sient groups after having reached the maximal responses
(Fig. 1c, d). Taken together, our results indicate that, by
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modulating the duration of the photoactivation, optoRET
can dynamically regulate AKT and ERK signaling.

Retrograde signal transmission of distal optical input
to the cell body of a neuron
One of the great advantages of optogenetics is the
high spatial resolution achievable using a light stimu-
lus, which allows us to modulate specific signaling
at specific subcellular levels in a highly controllable
manner. In line with this, subcellular, local photoacti-
vation of various optoRTKs has deciphered many cel-
lular signaling processes, including directed migration
(with optoFGFR1 [25]) and determination of axonal
fate (with optoTrkB [27]). Interestingly, optoRTKs also
undergo a receptor internalization process following
photoactivation and then are retrogradely transported,
resulting in transmission of the optical input from the
stimulated region to the cell body [27]. Accordingly,
we hypothesized that local optical input on a distal
part of an optoRET-expressing neuron could be retro-
gradely transduced to activate AKT or ERK signaling
in its cell body, as is the case for active RET [46, 47].
To test our hypothesis, we co-transfected cultured
neurons with optoRET and mCherry-AKT-PH or ERK-
KTR-FusionRed, together with iRFP, and performed
live-cell imaging on the cell bodies (R2) of the trans-
fected neurons while locally photoactivating overex-
pressed optoRET on distal regions (R1; laid on axons,
227 +18.65 pm distance from soma) of the neurons
(Fig. 2a). These experiments revealed translocation
of the biosensors into the cell bodies (R2) after local
photoactivation of distal regions (R1) of the neurons
(Figs. 2b and Additional file 1: Fig. S6a, b). A quantita-
tive analysis of biosensors in R2 showed that AKT and
ERK signaling activities started to increase from their
initial levels prior to photoactivation (0 min) after a few
minutes of a static phase (Figs. 2c and Additional file 1:
Fig. S6). Interestingly, this static phase was not evident
in experiments using the previous co-imaging photo-
activation protocol, where increases in AKT and ERK
signaling activities were observed immediately after the
initial photoactivation at 0 min (Fig. 1c, d). We investi-
gated any potential correlations between the stimulated
ROI distance from the soma and the duration of the
static phase. The Pearson’s correlation (r) was only 0.14,
suggesting no significant correlations (Additional file 1:
Fig. S6c). Additionally, we verified that the target neu-
rites were indeed axons by staining Ankyrin G (Addi-
tional file 1: Fig. S6d), which is reported to be present
in axons [27]. These results demonstrate that local acti-
vation of optoRET on a distal part of axon retrogradely
transmits the local input to the soma for the activation
of AKT and ERK signaling.

Page 9 of 17

Formation of filopodia-like structures by local
photoactivation

As is the case for many other neurotrophic receptors,
activation of RET can also promote branching morpho-
genesis and neurite outgrowth of neurons [17, 18, 20, 27,
48, 49]. In line with previous studies, we also observed
structural changes following local photoactivation of
optoRET (Additional file 1: Fig. S6a). To further evaluate
these results, we performed local photoactivation experi-
ments on neurons expressing optoRET and the F-actin
biosensor, mCherry-LifeAct [25, 34].

Surprisingly, local photoactivation on axons induced
a large accumulation of F-actin around the stimulated
area followed by robust formation of filopodia-like struc-
tures (Fig. 2d). Time-lapse images revealed an increase in
anterogradely transported F-actin, initiating at the proxi-
mal side of the photoactivated area and propagating to
the stimulated area (Fig. 2d). After 30-min of photoacti-
vation, a large accumulation of the F-actin was observed
at the stimulated area, after which they reorganized,
forming many filopodia-like structures (Fig. 2d and Addi-
tional file 3: Movie S2). We termed this type of newly
formed structure, ‘flower-like; reflecting the fact that the
process that gave rise to such structures resembled that
of a blooming flower (Additional file 1: Fig. S7).

Local photoactivation-induced structural reorganiza-
tion occurred at~80% of stimulated regions (n=11/14),
and more than 80% (n=9/11) of the responding regions
showed formation of the flower-like structures, with the
remainder forming simply branched 1-2 filopodia-like
structures (Fig. 2e, f). Given that light-induced activa-
tion of optoTrkB was reported to promote local filopodia
formation [24], we investigated how TrkB- and RET-
mediated regulation in this respect differed. Thus, we
performed the same experiment on neurons expressing
optoTrkB in place of optoRET and found that the forma-
tion of flower-like structures was not as efficient as with
optoRET (Fig. 2f). Despite keeping all experimental con-
ditions constant except for the optoRTK construct used,
only 25% (n=2/8) of ROIs showed formation of flower-
like structure (Fig. 2f).

Cdc42 is a well-known small GTPase of the Ras homol-
ogous (Rho) family that regulates F-actin polymerization
into a filopodia-like structure [27, 50]. Accordingly, we
assumed that light-induced F-actin structural reorganiza-
tion elicited by stimulation of RET signaling cascades was
mediated by downstream activation of Cdc42. To test this
supposition, we performed the same experiments in the
presence of the Cdc42 inhibitor, ZCL278 (100 uM; 0.5 h
pre-incubation). These experiments showed that filopo-
dia-like structures failed to form in the presence of the
inhibitor (Additional file 1: Fig. S8). An analysis of nor-
malized LifeAct intensities in ROIs, each comprising a
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Fig. 2 Local stimulation of optoRET in cultured neurons. a Schematic di

agram of a neuron, highlighting retrograde signal transmission from a distal,

local region (R1) to the cell body (R2). The R1 constitutes a local photoactivated area, indicated by the dashed circle, and R2 is where the activities

of AKT and ERK biosensors are monitored. b Representative confocal im

ages of R1 and R2 in locally photoactivated neurons expressing optoRET

and biosensors of AKT or ERK activity before and after photoactivation. The illuminated areas are indicated by dashed blue circles. Scale bars=5 um.

¢ Quantification of AKT and ERK activation in the cell bodies of neurons
means + SEM (AKT in blue, n=7; ERKin red, n=5). d Representative con
(LifeAct). The cropped area (dashed red rectangle) is highlighted in time
the dashed blue circle in the image at O min. Scale bars=20and 10 um.

by distal, local optoRET stimulations (0-15 min). Data are presented as
focal images of a neuron expressing optoRET and an F-actin biosensor
-lapse images on the left, and the photoactivated area is indicated by
e Representative time-lapse confocal images of LifeAct, corresponding

to the three classes of responses to the local photoactivation of optoRET before (O min) and after (30 and 60 min) photoactivation. Scale
bar=10 um. f Comparison of the proportions of responses in non-responding, branching and flower-like structural reorganizations, induced by

local photoactivation of optoRET (n=14) or optoTrkB (n=28). g Compari

son of normalized LifeAct intensities before (0 min) and after (60 min) local

photoactivation of optoRET, in the absence (blue, n=14) or presence (yellow, n=9) of the Cdc42 inhibitor, ZCL278 (100 pM; 0.5 h pre-incubation).

Data are presented as means +SEM (**p < 0.01; two-way ANOVA); ns, no

photoactivation area, for the two groups revealed that
more than 90% of ROIs (n=13/14) in the group without
ZCL278 showed an increasing trend of LifeAct intensities
(Additional file 1: Fig. S8b). In contrast,~90% of ROIs
(n=28/9) in the group with the inhibitor showed no such
increasing trend (Additional file 1: Fig. S8c). In addition,
intensities were increased in three ROIs (one in the with

t significant (p>0.05)

inhibitor group and two in the without inhibitor group)
in the absence of newly formed filopodia-like structures.
On average, the difference in the normalized intensities
of LifeAct between the two groups was not significant
before (at 0 min) photoactivation of ROIs (Fig. 2g, left
bar graphs). However, after 1 h of photoactivation, the
photoactivation-induced enhancement of the LifeAct
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intensities at ROIs was significantly blocked in the pres-
ence of ZCL278 (p<0.001) (Fig. 2g, right bar graphs, and
Additional file 1: Fig. S8d). Taken together, these results
demonstrate that local photoactivation of optoRET
induces an accumulation of F-actin, accomplished by
the recruitment of anterogradely trafficked F-actin, after
which structural reorganization of actins occurs through
Cdc42 activity.

Optical enhancement of sprouting protrusions

on regenerating axons

In addition to the neuroprotective effects of RET signal-
ing in various types of neurons, neuroregenerative effects
are also well-established by previous studies [1-3, 23,
51]. In particular, it has been shown that RET signaling
is essential for the regeneration of damaged axon termi-
nals of DA neurons [23, 52]. In this context, we tested

Cell body | Axonal

Page 11 of 17

whether optical activation of optoRET would enhance
the regeneration of damaged axons.

To this end, we took advantage of a microfluidics chip
that enabled us to culture neurons in two compartments:
one for the cell bodies and another for their axons. We
loaded the prepared neurons in the soma compart-
ment (cell body side) such that their axons could grow
into the axonal compartment (axonal side) through a
microgroove barrier connecting the two compartments
(Fig. 3a). On DIV4, we transduced neurons with AAVs
expressing mScarlet and optoRET (Additional file 1: Fig.
S8a).

In parallel, we optimized the photoactivation protocol
for this experiment using a customized blue LED array
board (Live Cell Instruments) [36]. As a readout, we co-
transduced neurons with AAV constructs expressing
ERK-KTR and analyzed the C/N ratio of the biosensor.
In the absence of photoactivation (Dark, n=109), ~60%

b mScarlet

side side ()(0 Axatony
i
e
-~
\ =
o
Neuron plating ‘ ——
Microfluidics chip —3
: LED illumination
DIV 4 l DIV 13
Directional axon growth // Axon re
DIVO DIV\‘I 1 %o
.
Plating neuron at AAV Axotomy LED Confocal
one-side of the chip || transduction illumination || imaging
c’_\ 1.5 * d mScarlet (skeletonized) e 30 60 £
E . M [==¢ [ Frequency (%) §'
< Y7 © =
i) a N\- .’k\h& )‘H"‘N‘_ Dark 3 a
5 N € S
< 051 = ]
c Y. i =
2 » Light 11 ]
< £ Faahs £
0.0- 2 Low Inter. High
Axon morphological complexity 0@\* \>§‘\

Fig. 3 Optically enhanced formation of protrusions on regenerating axons after axotomy. a Schematic diagram of the axotomy experimental
scheme. Neurons were loaded in the left compartment (cell body side) and axons grew to the right compartment (axonal side) through the
microgroove barrier. On DIV4, neurons were transduced with AAVs expressing mScarlet and optoRET. On DIV11, neurons underwent axotomy
and axons were allowed to regenerate for two consecutive days, during which the axonal side of the chip was illuminated with a blue LED plate.
On DIV13, the axonal side of the microfluidics chip was imaged. b Representative confocal images of the axonal sides of microfluidics chips on
DIV13. Scale bars= 200 pm. ¢ Comparison of regenerated axon length (mm) between Dark (n=64) and Light (n=70) groups. Data are presented
as means + SEM (*p < 0.01; Kolmogorov-Smirnov test). d Representative skeletal images of regenerated axons. e Heatmap of the frequency
distribution of low, intermediate, and high classes of axon morphological complexity. f Comparison of protrusion densities (protrusion count/pum)
between Dark (n=61) and Light (n=69) groups. Data are presented as means + SEM (****p» <0.0001; Kolmogorov-Smirnov test)
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of neurons had a C/N ratio between 0.75 and 1.25, which
we termed the normal ERK activity range (Additional
file 1: Fig. S9b,c). Upon LED photoactivation (Light,
n=61), about half of the neurons with a normal ERK
activity level shifted to a higher level (Additional file 1:
Fig. S9b,c). Overall, our optimized LED photoactivation
protocol was efficient enough to significantly increase
ERK activity levels in transduced neurons (Dark group,
1.25+0.03; Light group, 1.41+0.04; p<0.0001; Addi-
tional file 1: Fig. S9d).

On DIV11, we double-checked the axonal side of the
microfluidics chip before and after axotomy of the trans-
duced neurons to ensure the procedure successfully cut
the axons (Additional file 1: Fig. S9e). Thereafter, we
allowed the axons of neurons to regenerate for two con-
secutive days (recovery phase) before imaging the axons
on DIV13. During the recovery phase, we illuminated the
axonal side of the neurons for the photoactivated (Light)
group using the optimized LED photoactivation pro-
tocol. Unexpectedly, we found that the length of regen-
erated axons was reduced by~10% in the Light group
(0.49+0.03 mm, n=70) compared with the Dark group
(0.56+0.26 mm, n=64; p<0.01; Fig. 3b,c).

Interestingly, however, the protrusion density (num-
ber of protrusions/100 um) of regenerated axons in the
Light group appeared higher than those in the Dark
group (Fig. 3d). To quantify this, we classed axon mor-
phological complexity into three categories according to
protrusion density—low, intermediate, and high—with
ranges of <10, 10-30, and > 30, respectively (Additional
file 1: Fig. S8f). Using this approach, we found that the
major axon morphological complexity class for the Dark
group was low (63%, n=61), while that for the Light
group was intermediate (50%, n=69; Fig. 3e). This one-
sided shift in the distribution frequency was reflected
in the significantly increased protrusion density for
the Light group (19.86+1.15) compared with the Dark
group (12.62+1.16; p <0.0001; Fig. 3f). Collectively, these
results indicate that, despite a minor decrease in axonal
length, optical activation of optoRET enhances protru-
sion sprouting on regenerating axons.

Transcranial photoactivation of optoRET in the mouse
brain

Because RET is highly expressed in DA neurons of the
SNc [1, 3], we sought to use optoRET to modulate RET
signaling in these neurons in mice. For DA neuron-
specific expression in the brain, we utilized a DAT-CRE
transgenic mouse line that expresses CRE recombinase
under control of the dopamine transporter (DAT) pro-
moter, which allows floxed alleles to be expressed spe-
cifically in DA neurons, and injected AAVs expressing
optoRET into the right SNc region of the mouse (Fig. 4a).
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Two weeks after AAV injection, we subjected freely mov-
ing mice to transcranial photoactivation for 1 wk (40 pW/
mm?, 5 h/d) in their home cage, equipped with a custom-
ized blue LED lid (Fig. 4a) [30].

The ability of blue LED light to penetrate through the
fur and skull of mice had previously been studied in
depth [53], and the penetrated light was shown to be suf-
ficient to induce PHR oligomerization, and thus down-
stream signaling of the PHR-based optogenetic tool,
monSTIM1 [30]. Based on results obtained in retrograde
transmission experiments in Fig. 2a-c, we hypothesized
that light that penetrated in the dorsal striatum could
activate optoRET that had been expressed in the axon
terminals and that this optical input would be transmit-
ted to produce activation of downstream signaling in the
cell bodies located in the SNc.

Three weeks after AAV injection, mice were sacrificed
and midbrain sections were prepared for immunohisto-
chemical (IHC) detection of TH, optoRET(HA), and pSé6.
Imaging of stained samples revealed that optoRET was
highly co-localized with TH-positive neurons, confirm-
ing the highly DA neuron-specific expression of optoRET
(Fig. 4b). We further compared pS6-positive populations
of TH-positive neurons in the SNc between mice without
(Dark, n=3) and with (Light, n=6) transcranial photo-
activation (Fig. 4b,c). We found that photoactivation of
optoRET significantly increased the proportion of pS6/
TH double-positive neurons (Dark group, 1.00+0.02;
Light group 1.35+0.05; p <0.05) (Fig. 4b,c).

We also prepared the midbrains of mice for West-
ern blot analysis of pERK1/2 and GAPDH expression
(Fig. 4d). An assessment of immunoblot images showed
that transcranial photoactivation of optoRET signifi-
cantly increased pERK1/2 protein levels (Dark group,
1.00+0.08, n=6; Light group, 1.71+0.29, n=7; p<0.05;
Fig. 4d,e). Taken together, these results demonstrate that
transcranially photoactivated optoRET induces signaling
downstream of RET in DA neurons of the SNc in mice.

Discussion

In this study, we developed a new optogenetic tool,
termed optoRET, that modulates RET signaling. Using
a control optoRET engineered to contain only RET-
CYR, we eliminated the possibility that endogenous RET
ligands and co-receptors could activate this chimeric
protein [2, 4, 11]. Thus, RET-related functions in various
biological systems can be studied using optoRET, regard-
less of the complex relationships among the five different
endogenous RET ligands and co-receptors (Additional
file 1: Fig. S1). Elimination of the RET-EXR required
replacing the RET-TMD with the Lyn signal peptide;
this modification was made necessary by the need to
minimize basal activity, reflecting the reported strong
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self-association property of the RET-TMD [2, 11, 55].
Although this property might not directly result in the
trans-phosphorylation of RET, it could result in consecu-
tive activation of RET signaling in the absence of the WT
RET-EX, as supported by results of mutagenesis studies
and the prevalence of mutations in multiple endocrine
neoplasia type 2A (MEN2A) [2, 11, 55].

Experimentally, we demonstrated the ability of optically
activated optoRET to recruit Grb2 into multiple clus-
ters of signaling condensates and activate AKT and ERK
signaling (Additional file 1: Fig. S1, S2). A comparison
of AKT and ERK signaling induced by optoRET, GDNF
and optoTrkB revealed that optoRET was the most effi-
cient in activating ERK signaling, exhibiting very high
responsiveness in cultured neurons (Fig. 1e). Indeed, our
results suggest that optoRET is capable of fully activating
ERK signaling downstream of RET. By comparison, the
concentration of GDNF used in these experiments was
apparently insufficient to fully activate ERK signaling, as
these cells showed further responses upon subsequent

photoactivation (our unpublished data). Recent struc-
tural studies have provided evidence that RET ternary
complexes not only exist as dimers but also as much
high-ordered oligomers [11]. Because optical activation
of optoRET primarily produces an oligomeric state, it
might be reasonable to speculate that related signaling
molecules, including adaptor proteins, are more con-
centrated locally in the optically activated scenario than
with ligand activation. Mechanistic studies of RTKs have
highlighted the emerging role of liquid—liquid phase sep-
aration at the plasma membrane in enhancing activation
of signaling downstream of RTKs [56]. Consistent with
this, it is possible that oligomerized optoRET induces
more efficient RET downstream signaling than GDNF
as a result of the increased probability of the required
signaling molecules interacting with RET-CYRs through
recycling in the active zone. The fact that this mechanism
is likely less effective for the PI3K/AKT pathway might
explain why ERK signaling in response to optoRET acti-
vation was dramatically enhanced compared with that
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of AKT. However, it is worth noting that this strong ERK
signaling is bestowed by genuine properties of RET-CYR
through the recruitment of multiple Ras/MAPK path-
ways [2, 6, 20, 38, 39], as we did not observe such dra-
matic ERK responsiveness with optoTrkB (Fig. 1le).

Our investigations of the dynamic control of AKT and
ERK signaling revealed another characteristic property of
these RET downstream signaling effectors. Varying the
duration of the photoactivation showed that AKT sign-
aling was positively correlated with the AKT response
size, whereas that of ERK did not (Fig. 1c,d, Additional
file 1: Fig. S5). These observations may reflect a charac-
teristic property of RET modulation of ERK signaling, as
evidenced by the fact that the duration of optical input
was also shown to be positively correlated with the ERK
response size in optogenetic experiments using optoF-
GEFR [25] or optoTrkB [24]. However, these latter studies
employed non-neuronal cells; thus, further characteriza-
tion is needed to conclude that this observation regard-
ing ERK signaling properties is solely mediated by the
RET-CYR.

Another interesting point in comparisons of AKT
and ERK signaling relates to differences in ligand-medi-
ated (GDNF group) and light-mediated (optoRET or
optoTIrkB) activation kinetics. Although we expected that
activation of ATK and ERK signaling by light would be
faster than by a ligand, this was only the case for AKT
signaling (Fig. 1g). We speculate this is because ERK
translocation requires multiple phosphorylation steps
(long-range signaling pathway), while AKT transloca-
tion involves only a single phosphorylation step (short-
range signaling pathway). Thus, the more rapid activation
of receptors by optical input might have been buffered
by the multiple phosphorylation steps in the long-range
signaling pathway. In addition, the sequential recruit-
ment of adaptor proteins might have exaggerated the
difference in AKT activation kinetics. Ligand-mediated
activation of signaling is generally initiated in a lipid raft,
with subsequent signaling occurring outside this micro-
domain [2, 21]. Previous studies have reported that RET-
CYR forms a complex with FRS2 in rafts for Ras/MAPK
signaling and then is translocated out of rafts, where it
recruits Shc to mediate PI3BK/AKT signaling cascades
[2, 21]. On the other hand, active optoRET can complex
with Shc outside of rafts and concomitantly with FRS2
in the raft immediately after the optical input is applied.
This property of light-mediated activation might have
accelerated the activation kinetics of AKT.

In the study of retrograde signaling transmission in
Fig. 2a-c, we observed a few minutes of delay to response
in soma. One of the possibilities to explain the static
phase between the optical input and signal output at the
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soma may be an involvement of the process of internaliz-
ing active optoRET into a retrograde signaling endosome
that transmits the local input to the soma [46, 47, 57].
According to a study that tracked quantum dot-labeled
nerve growth factor (NGF), a dimeric NGF-bound TrkA-
containing endosome can travel from a distal axon to
the soma at a speed of ~ 1.3 um/s [58]. In other words, a
signaling endosome could travel ~400 pm in 5 min. This
time frame seems compatible with the idea that active
optoRET is internalized and physically travels back to the
soma during the observed static phase. A previous study
reported that internalized GDNF-activated RET could be
subjected to proteosome-mediated degradation or retro-
gradely transported to the soma to relay the GDNF sur-
vival signal [47]. In this context, the demonstration that
optoRET retrogradely transmits signals downstream of
RET supports the feasibility of using this tool as a sur-
vival-promoting factor for neurons, although the mecha-
nism should be further studied.

Our local stimulation experiments using LifeAct
demonstrated the robust formation of filopodia-like
protrusions by optoRET that were restricted to the pho-
toactivated areas (Fig. 2d). The efficiency of optoRET in
this process was almost double that of optoTIrkB, and
this profound F-actin structural reorganization induced
by optoRET was mediated by Cdc42 activity (Fig. 2e-g).
These observations seem to suggest that multiple signal-
ing pathways downstream of RET favor the formation of
filopodia-like structures. First, pY687 in the RET-CYR is
reported to inhibit Racl, which mediates the formation
of lamellipodia [59]. Second, multiple adaptor proteins
that serve as downstream effectors of RET are reported
to promote neurite outgrowth, including SH2-Bf [17],
DOKs [18, 20], and Grb2 [2]. In particular, the recruit-
ment of DOK4/5 promotes neurite outgrowth and
branching through sustained ERK1/2 activation [20]. In
line with this, it is possible that there are uncharacter-
ized ERK-mediated mechanisms downstream of RET
that promote Cdc42 activity, given our observation of
significantly elevated efficiency of optoRET in activating
ERK signaling (Fig. le). Interestingly, a recent study sug-
gested dual roles for ERK3, an atypical MAPK, reporting
that it acts as a guanine nucleotide exchange factor (GEF)
for Cdc42 and also as a kinase for the actin-related pro-
tein 3 (ARP3) to promote filopodia formation and F-actin
polymerization, respectively [50]. Although there is no
direct evidence that RET regulates ERK3, it is reason-
able to speculate that ERK3 could participate in a positive
feedback loop in the activation of Cdc42 because one of
the downstream targets of Cdc42, p21-activated kinase
(PAK), is an ERK3 activator [50]. As a possibility for
future work in this area, one approach to understand the
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underlining mechanism of optoRET-induced flower-like
protrusions would be mutagenesis studies on the various
tyrosine residues, involved in the RET signaling cascades
(Additional file 1: Fig. S1).

We further demonstrated a profound enhancing effect
of activated optoRET on the formation of protrusions
on regenerating axons (Fig. 3). Specifically, we found
that activated RET signaling enhanced the morphologi-
cal complexity of regenerating axons rather than causing
them to grow longer. This observation is reminiscent of
the previously reported effect of RET on the regenera-
tion of DA axon terminals in a PD mouse model [52] and
might suggest an underlying mechanism of this previ-
ous observation. The axon terminals of DA neurons are
extensively ramified, with millions of synapses in the
striatum [54]; thus, optical enhancement of morphologi-
cal complexity with optoRET could favor restoration of
the functionality of the surviving axon terminals of DA
neurons in PD mice.

Lastly, and importantly, we also successfully modu-
lated signaling downstream of RET in mice by transcra-
nially activating optoRET. Despite the well-established
benefits of GDNF/RET signaling in the treatment of
PD, modulating this signaling as a therapeutic interven-
tion has not proven to be straightforward [54, 60, 61].
In previous studies, prolonged overexpression or long-
term exposure of DA neurons to GDNF did not effi-
ciently activate RET signaling and even resulted in the
aberrant branching of axons [60, 62]. In this context,
many researchers have attempted to develop control-
lable systems for modulating RET signaling in vivo [28,
63, 64]. In the current study, we first demonstrated opti-
cal control of RET signaling in DA neurons of the SNc
in a mouse brain. Because the light-delivery procedure
was non-invasive and finely controllable over time, and
the subject mice could freely move in their home cage, it
is possible that optoRET could be developed as a future
therapeutic intervention for treating various neurologi-
cal disorders, such as PD.

In conclusion, we present a new optogenetic tool,
optoRET, for regulating RET signaling that shows high
spatiotemporal regulation in cultured neurons and
mice. By comparing optoRET with other optoRTKs, we
demonstrated that optoRET preserves the properties of
endogenous RET in activating downstream signaling. We
established optoRET as a robust activator of ERK sign-
aling and enhancer of the morphological complexity of
axons, and successfully applied this tool to modulate RET
downstream signaling in DA neurons of the SNc region
in mice. Our application of optoRET in the mouse brain
opens the possibility of using this tool to treat various
neurological disorders.
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Abbreviations

RET REarranged during Transfection

Grb Growth factor receptor-bound protein
ERK Extracellular signal-regulated kinase
Cdc42 Cell division control 42

RTK Receptor tyrosine kinase

DA Dopaminergic

EXR Extracellular region

TMD Transmembrane domain

CYR Cytoplasmic region

CLD Cadherin-like domain

CRD Cysteine-rich region

JMD Juxtamembrane domain

TKD Tyrosine kinase domain

aa Amino acid

GDNF Glial cell line-derived neurotrophic factor
GFL GDNF family ligand

NRTN Neurturin

ARTN Artemin

PSPN Persephin

GFRa GFL receptor a

GDF15 Growth and differentiation factor 15
GFRAL GFRa-like protein

Rac Rat sarcoma virus (Ras)-related C3 botulinum toxin substrate
GPI Glycosylphosphatidylinositol

PM Plasma membrane

sGFRa Soluble GFRa

pY Phosphorylated tyrosine

SH2 Src homology 2

PTB Phosphotyrosine-binding

SH2-Bp SH2 adaptor protein B

PLCy Phospholipase Cy

PKC Protein kinase C

FRS2 Fibroblast growth factor receptor substrate 2
Shc Src-homology collagen

IRS1/2 Insulin receptor substrate 1 and 2
DOK Downstream of kinase

PI3K Phosphatidylinositol-3 kinase

AKT Protein kinase B

Ras Rat sarcoma virus

MAPK Mitogen-activated protein kinase
SHP-2 SH2 containing protein tyrosine phosphatase 2
GAB1/2 Grb2-associated binding protein 1 and 2
Myr Myristoylation

NCAM Neuronal cell adhesion molecule
TRK Tropomyosin receptor kinase

FGFR Fibroblast growth factor receptor
EGFR Epidermal growth factor receptor
LoV Light oxygen voltage sensing

PD Parkinson’s disease

PHR Photosensitive domain

CRY2 Arabidopsis Cryptochrome 2

SNc Substantia nigra

PCR Polymerase chain reaction

AAV Adeno-associated virus

PEI Polyethyleneimine

HEK Human embryonic kidney

DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum

PEG Polyethylene glycol

P/S Penicillin—streptomycin

DIV Days in vitro

NA Numerical aperture

ROI Region of interest

LED Light-emitting diode

Avertin 2,2,2-Tribromoethanol

PBS Phosphate-buffered saline

PFA Paraformaldehyde

NDS Normal donkey serum
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RT Room temperature

pS6 Phosphorylated S6 ribosomal protein
TH Tyrosine hydroxylase

DAPI 4!,6-Diamidino-2-phenylindole

SDS-PAGE  Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
TBS Tris-buffered saline
TBST TBS containing 0.1% Tween-20

PERK1/2  Phosphorylated p44/42 MAPK (ERK1/2)
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
Ty Activation half-life (time to reach the half-maximal response)
cl Confidence interval

C/N Cytosol-to-nucleus ratio

AKT-PH Pleckstrin homology domain of AKT1
EKR-KTR  ERKkinase translocation reporter

PIP, Phosphatidylinositol 4,5-bisphosphate

PIP; Phosphatidylinositol 3,4,5-bisphosphate

Elk1 ETS Like-1 protein

Rho Ras homologous

DAT Dopamine transporter

DG Dentate gyrus

HC Immunohistochemistry

NGF Nerve growth factor

GEF Guanine nucleotide exchange factor

ARP3 Actin-related protein 3

PAK P21-Activated kinase

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513041-023-01046-6.

Additional file 1: Figure S1. Comparison of the structures of RET and
its chimeric variants used for transduction of downstream signaling
pathways. Figure S2. Robust clustering of Grb2 induced by activation
of optoRET. Figure S3. Comparison of AKT and ERK signaling activation
by GDNF, optoRET, and optoTrkB. Figure S4. Exponential curve fitting of
AKT and ERK signaling activation. Figure S5. Comparison of the effect
of dynamic stimulation of optoRET. Figure S6. Retrograde AKT and ERK
signal transmission by optoRET. Figure S7. Flower-like F-actin structural
reorganizations induced by the local photoactivation of optoRET. Figure
S8. Inhibition of Cdc42 blocks the photoactivated F-actin structural
reorganization. Figure S9. Axotomy of cultured neurons and optoRET
activation with blue LED illumination.

Additional file 2: Movie S1. Photoactivated optoRET recruits its down-
stream signaling molecule, Grb2.

Additional file 3: Movie S2. Optical enhancement of F-actin structural
reorganization by optoRET.

Acknowledgements
We would like to thank Daesoo Kim (KAIST) for donating the DAT-CRE trans-
genic mouse line.

Author contributions

Conception and design of the study: BBH, HYL and WDH. Cloning of the initial
versions of optoRET: NRK. Acquisition and analysis of data: BBH and HYL. Draft-
ing and revising the manuscript or figures: BBH, HYL and WDH. All authors
read and agreed to the final manuscript.

Funding

This paper is based on research conducted as part of the KAIST-funded Global
Singularity Research Program for 2023. This work was also supported by a
National Research Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (No. 2020R1A2C301474213).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Page 16 of 17

Declarations

Ethics approval and consent to participate
Animal experiments and treatment followed the guidelines of the Institutional
Animal Care and Use Committees (IACUC) at KAIST.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors declare no competing interests in this work.

Received: 6 April 2023 Accepted: 21 June 2023
Published online: 04 July 2023

References

1. Trupp M, et al. Functional receptor for GDNF encoded by the c-ret proto-
oncogene. Nature. 1996;381(6585):785-9.

2. Ibanez CF. Structure and physiology of the RET receptor tyrosine kinase.
Cold Spring Harb Perspect Biol. 2013;5(2): a009134.

3. Trupp M, et al. Complementary and overlapping expression of glial cell
line-derived neurotrophic factor (GDNF), c-ret proto-oncogene, and
GDNF receptor-a indicates multiple mechanisms of trophic actions in the
adult rat CNS. J Neurosci. 1997;17:3554-67.

4. Wang X. Structural studies of GDNF family ligands with their receptors-
Insights into ligand recognition and activation of receptor tyrosine kinase
RET. Biochim Biophys Acta. 2013;1834(10):2205-12.

5. Aron L, Klein R. Repairing the parkinsonian brain with neurotrophic fac-
tors. Trends Neurosci. 2011;34(2):88-100.

6.  Murakumo'Y, et al. RET and neuroendocrine tumors. Pituitary.
2006;9(3):179-92.

7. Anders J, Kjar S, Ibanez CF. Molecular modeling of the extracellular
domain of the RET receptor tyrosine kinase reveals multiple cadherin-like
domains and a calcium-binding site. J Biol Chem. 2001,276(38):35808-17.

8. Knowles PP, et al. Structure and chemical inhibition of the RET tyrosine
kinase domain. J Biol Chem. 2006;281(44):33577-87.

9. Treanor JJS, et al. Characterization of a multicomponent receptor for
GDNF. Nature. 1996,382(6586):80-3.

10. Jing S, et al. GDNF-induced activation of the ret protein tyrosine
kinase is mediated by GDNFR-q, a novel receptor for GDNF. Cell.
1996;85(7):1113-24.

11. LiJ, etal. Cryo-EM analyses reveal the common mechanism and diversifi-
cation in the activation of RET by different ligands. Elife. 2019;8: e47650.

12. Hsu JY, et al. Non-homeostatic body weight regulation through a
brainstem-restricted receptor for GDF15. Nature. 2017;550(7675):255-9.

13. Yang L, et al. GFRAL is the receptor for GDF15 and is required for the anti-
obesity effects of the ligand. Nat Med. 2017;23(10):1158-66.

14. Airaksinen MS, Saarma M. The GDNF family: signalling, biological func-
tions and therapeutic value. Nat Rev Neurosci. 2002;3(5):383-94.

15. Encinas M, et al. c-Src is required for glial cell line-derived neuro-
trophic factor (GDNF) family ligand-mediated neuronal survival via a
phosphatidylinositol-3 kinase (PI-3K)-dependent pathway. J Neurosci.
2001;21(5):1464-72.

16. Encinas M, et al. Tyrosine 981, a novel ret autophosphorylation site, binds
c-Src to mediate neuronal survival. J Biol Chem. 2004,279(18):18262-9.

17. Zhang, et al. Interaction of SH2-Bbeta with RET is involved in signaling
of GDNF-induced neurite outgrowth. J Cell Sci. 2006;119(Pt 8):1666-76.

18. Crowder RJ, et al. Dok-6, a Novel p62 Dok family member, promotes Ret-
mediated neurite outgrowth. J Biol Chem. 2004,279(40):42072-81.

19. Cheng, Duan C, Zhang C. New perspective on SH2B1: an accelerator of
cancer progression. Biomed Pharmacother. 2020;121: 109651.

20. Uchida M, et al. Dok-4 regulates GDNF-dependent neurite outgrowth
through downstream activation of Rap1 and mitogen-activated protein
kinase. J Cell Sci. 2006;119(Pt 15):3067-77.


https://doi.org/10.1186/s13041-023-01046-6
https://doi.org/10.1186/s13041-023-01046-6

Hyeon et al. Molecular Brain (2023) 16:56

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Kurokawa K, et al. Identification of SNT/FRS2 docking site on RET
receptor tyrosine kinase and its role for signal transduction. Oncogene.
2001;20(16):1929-38.

Coulpier M, Anders J, Ibanez CF. Coordinated activation of autophospho-
rylation sites in the RET receptor tyrosine kinase: importance of tyrosine
1062 for GDNF mediated neuronal differentiation and survival. J Biol
Chem. 2002;277(3):1991-9.

Drinkut A, et al. Ret is essential to mediate GDNF's neuroprotective and
neuroregenerative effect in a Parkinson disease mouse model. Cell Death
Dis. 2016;7(9): e2359.

Chang KY, et al. Light-inducible receptor tyrosine kinases that regulate
neurotrophin signalling. Nat Commun. 2014;5:4057.

Kim N, et al. Spatiotemporal control of fibroblast growth factor receptor
signals by blue light. Chem Biol. 2014;21(7):903-12.

Grusch M, et al. Spatio-temporally precise activation of engineered recep-
tor tyrosine kinases by light. EMBO J. 2014;33(15):1713-26.

Woo D, et al. Locally activating TrkB receptor generates actin waves and
specifies axonal fate. Cell Chem Biol. 2019;26(12):1652-1663 e4.
Ingles-Prieto A, et al. Optogenetic delivery of trophic signals in a genetic
model of Parkinson’s disease. PLoS Genet. 2021;17(4): €1009479.

Park H, et al. Optogenetic protein clustering through fluorescent protein
tagging and extension of CRY2. Nat Commun. 2017;8(1):30.

Kim'S, et al. Non-invasive optical control of endogenous Ca(2+) channels
in awake mice. Nat Commun. 2020;11(1):210.

Hong J, Heo WD. Optogenetic modulation of TrkB signaling in the mouse
brain. J Mol Biol. 2020;432(4):815-27.

Liu H, et al. Photoexcited CRY2 interacts with CIB1 to regulate transcrip-
tion and floral initiation in Arabidopsis. Science. 2008;322(5907):1535-9.
Park WS, et al. Comprehensive identification of PIP3-regulated PH
domains from C. elegans to H. sapiens by model prediction and live imag-
ing. Mol Cell. 2008;30(3):381-92.

Ried! J, et al. Lifeact: a versatile marker to visualize F-actin. Nat Methods.
2008;5(7):605-7.

Regot S, et al. High-sensitivity measurements of multiple kinase activities
in live single cells. Cell. 2014;157(7):1724-34.

Hyeon B, Nguyen MK, Do Heo W. Optogenetic control of membrane
trafficking using light-activated reversible inhibition by assembly trap of
intracellular membranes. In: Shen J, editor. Membrane trafficking. New
York: Springer; 2022. p. 309-31.

Burotto M, et al. The MAPK pathway across different malignancies: a new
perspective. Cancer. 2014;120(22):3446-56.

Hayashi Y, et al. Activation of BMK1 via tyrosine 1062 in RET by GDNF and
MEN2A mutation. Biochem Biophys Res Commun. 2001;281(3):682-9.
Hayashi H, et al. Characterization of intracellular signals via tyrosine 1062
in RET activated by glial cell line-derived neurotrophic factor. Oncogene.
2000;19(39):4469-75.

Yang HW, et al. Cooperative activation of PI3K by Ras and Rho family
small GTPases. Mol Cell. 2012:47(2):281-90.

Golden JP, et al. Expression of neurturin, GDNF, and their receptors in the
adult mouse CNS. J Comp Neurol. 1998;398(1):139-50.

Bonafina A, et al. GDNF and GFRalphal Are Required for Proper Integra-
tion of Adult-Born Hippocampal Neurons. Cell Rep. 2019;29(13):4308-
4319 e4.

Wilson MZ, et al. Tracing information flow from Erk to target gene induc-
tion reveals mechanisms of dynamic and combinatorial control. Mol Cell.
2017,67(5):757-769 e5.

Gross SM, Rotwein P. Mapping growth-factor-modulated Akt signaling
dynamics. J Cell Sci. 2016;129(10):2052-63.

Bugaj LJ, et al. Optogenetic protein clustering and signaling activation in
mammalian cells. Nat Methods. 2013;10(3):249-52.

Richardson DS, Lai AZ, Mulligan LM. RET ligand-induced internaliza-

tion and its consequences for downstream signaling. Oncogene.
2006;25(22):3206-11.

Tsui CC, Pierchala BA. The differential axonal degradation of Ret accounts
for cell-type-specific function of glial cell line-derived neurotrophic factor
as a retrograde survival factor. J Neurosci. 2010;30(15):5149-58.

Sariola H, Saarma M. Novel functions and signalling pathways for GDNF. J
Cell Sci. 2003;116(Pt 19):3855-62.

Takaku S, et al. GDNF promotes neurite outgrowth and upregulates
galectin-1 through the RET/PI3K signaling in cultured adult rat dorsal root
ganglion neurons. Neurochem Int. 2013;62(3):330-9.

Page 17 of 17

50. Bogucka-Janczi K, et al. ERK3/MAPK®6 dictates Cdc42/Rac activity and
ARP2/3-dependent actin polymerization. elife. 2022. https://doi.org/10.
7554/elife.85167.

51. Lin L-FH, et al. GDNF: a glial cell line-derived neurotrophic factor for
midbrain dopaminergic neurons. Science. 1993;260(5111):1130-2.

52. Kowsky S, et al. RET signaling does not modulate MPTP toxicity but is
required for regeneration of dopaminergic axon terminals. Proc Natl Acad
Sci. 2007;104(50):20049-54.

53. JungH, et al. Noninvasive optical activation of Flp recombinase for
genetic manipulation in deep mouse brain regions. Nat Commun.
2019;10(1):314.

54. Mishra AK, Dixit A. Dopaminergic axons: key recitalists in Parkinson’s
disease. Neurochem Res. 2022;47(2):234-48.

55. Kjaer S, et al. Self-association of the transmembrane domain of RET
underlies oncogenic activation by MEN2A mutations. Oncogene.
2006;25(53):7086-95.

56. Ladbury JE, Lin CC, Suen KM. Phase separation enhances probability of
receptor signalling and drug targeting. Trends Biochem Sci. 2023. https://
doi.org/10.1016/].tibs.2023.01.005.

57. Murphy JE, et al. Endosomes: a legitimate platform for the signaling train.
Proc Natl Acad Sci. 2009;106(42):17615-22.

58. CuiB, etal One at a time, live tracking of NGF axonal transport using
quantum dots. Proc Natl Acad Sci USA. 2007;104(34):13666-71.

59. Fukuda T, Kiuchi K, Takahashi M. Novel mechanism of regulation of Rac
activity and lamellipodia formation by RET tyrosine kinase. J Biol Chem.
2002,277(21):19114-21.

60. Mesa-InfanteV, et al. Long-term exposure to GDNF induces dephospho-
rylation of Ret, AKT, and ERK1/2, and is ineffective at protecting midbrain
dopaminergic neurons in cellular models of Parkinson'’s disease. Mol Cell
Neurosci. 2022;118: 103684.

61. Barker RA, et al. GDNF and Parkinson’s disease: where next? A summary
from a recent workshop. J Parkinsons Dis. 2020;10(3):875-91.

62. Georgievska B, Kirik D, Bjorklund A. Aberrant sprouting and down-
regulation of tyrosine hydroxylase in lesioned nigrostriatal dopamine
neurons induced by long-lasting overexpression of glial cell line derived
neurotrophic factor in the striatum by lentiviral gene transfer. Exp Neurol.
2002;177(2):461-74.

63. Tereshchenko J, et al. Pharmacologically controlled, discontinuous GDNF
gene therapy restores motor function in a rat model of Parkinson’s
disease. Neurobiol Dis. 2014:65:35-42.

64. Chtarto A, et al. A regulatable AAV vector mediating GDNF biological
effects at clinically-approved sub-antimicrobial doxycycline doses. Mol
Ther Methods Clin Dev. 2016;5:16027.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.7554/eLife.85167
https://doi.org/10.7554/eLife.85167
https://doi.org/10.1016/j.tibs.2023.01.005
https://doi.org/10.1016/j.tibs.2023.01.005

	Optogenetic dissection of RET signaling reveals robust activation of ERK and enhanced filopodia-like protrusions of regenerating axons
	Abstract 
	Introduction
	Methods
	Plasmid construction
	AAV production
	Reagents and hippocampal neuron culture and transfection
	Confocal imaging and laser photoactivation
	Axotomy and photoactivation with light-emitting diodes (LEDs)
	Mice
	Stereotaxic surgery and transcranial photoactivation
	Immunostaining
	Western blot analysis
	Software and data analysis

	Results
	Development of an optogenetic tool for modulating RET
	Characterization of optoRET-induced AKT and ERK signaling
	Dynamic control of AKT and ERK signaling by light
	Retrograde signal transmission of distal optical input to the cell body of a neuron
	Formation of filopodia-like structures by local photoactivation
	Optical enhancement of sprouting protrusions on regenerating axons
	Transcranial photoactivation of optoRET in the mouse brain

	Discussion
	Anchor 24
	Acknowledgements
	References


