
The FASEB Journal. 2024;38:e70185.	﻿	     |  1 of 20
https://doi.org/10.1096/fj.202401664RR

wileyonlinelibrary.com/journal/fsb2

Received: 22 July 2024  |  Revised: 28 October 2024  |  Accepted: 4 November 2024

DOI: 10.1096/fj.202401664RR  

R E S E A R C H  A R T I C L E

Overexpression of enhanced yellow fluorescent protein 
fused with Channelrhodopsin-2 causes contractile 
dysfunction in skeletal muscle

Syeda N. Lamia1,2,3   |   Carol S. Davis1   |   Peter C. D. Macpherson1   |    
T. Brad Willingham4   |   Yingfan Zhang4   |   Chengyu Liu4   |   Leanne Iannucci5   |   
Elahe Ganji1,6   |   Desmond Harden1  |   Iman Bhattacharya6   |    
Adam C. Abraham1   |   Susan V. Brooks1   |   Brian Glancy4,7   |   Megan L. Killian1,2,6

1Michigan Medicine, University of Michigan, Ann Arbor, Michigan, USA
2College of Engineering, University of Michigan, Ann Arbor, Michigan, USA
3School of Medicine, Washington University, St Louis, Missouri, USA
4National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland, USA
5Eunice Kennedy Shriver National Institute of Child Health and Development, National Institutes of Health, Bethesda, Maryland, USA
6College of Engineering, University of Delaware, Newark, Delaware, USA
7National Institute of Arthritis, Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda, Maryland, USA

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology.

Abbreviations: ACTN3, Alpha-actinin-3; ChR2, Channelrhodopsin-2; CSA, Cross sectional area; EDL, Extensor digitorum longus; EYFP, Enhanced 
yellow fluorescent protein; FBP2, Fructose-bisphosphatase 2; GFP, Green fluorescent protein; HCN2, Potassium/sodium hyperpolarization-activated 
cyclic nucleotide-gated ion channel 2; LED, Light emitting diode; PCSA, Physiological cross sectional area; TIMP, Tissue inhibitor of 
metalloproteinases 2.

Correspondence
Megan L. Killian, Department of 
Orthopaedic Surgery, Department of 
Molecular and Integrative Physiology, 
2800 Plymouth Road, University of 
Michigan, Ann Arbor, MI 48109 USA.
Email: mlkillia@umich.edu

Funding information
HHS | NIH | National Institute of 
Arthritis and Musculoskeletal and 
Skin Diseases (NIAMS), Grant/Award 
Number: R01AR079367, P30AR069620 
and R03HD094594; National Science 
Foundation (NSF), Grant/Award 
Number: 1944448; HHS | NIH | NHLBI | 
Division of Intramural Research (DIR), 
Grant/Award Number: 1ZIAHL006221; 
HHS | NIH | Eunice Kennedy Shriver 
National Institute of Child Health and 
Human Development (NICHD), Grant/
Award Number: K12HD073945

Abstract
Skeletal muscle activation using optogenetics has emerged as a promising tech-
nique for inducing noninvasive muscle contraction and assessing muscle func-
tion both in vivo and in vitro. Transgenic mice overexpressing the optogenetic 
fusion protein, Channelrhodopsin 2-EYFP (ChR2-EYFP) in skeletal muscle are 
widely used; however, overexpression of fluorescent proteins can negatively im-
pact the functionality of activable tissues. In this study, we characterized the con-
tractile properties of ChR2-EYFP skeletal muscle and introduced the ChR2-only 
mouse model that expresses light-responsive ChR2 without the fluorescent EYFP 
in their skeletal muscles. We found a significant reduction in the contractile abil-
ity of ChR2-EYFP muscles compared with ChR2-only and WT mice, observed 
under both electrical and optogenetic stimulation paradigms. Bulk RNAseq iden-
tified the downregulation of genes associated with transmembrane transport and 
metabolism in ChR2-EYFP muscle, while the ChR2-only muscle did not demon-
strate any notable deviations from WT muscle. The RNAseq results were further 
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1   |   INTRODUCTION

The ability to control skeletal muscle activation is essen-
tial for assessing muscle function both in vivo and in vitro. 
In a controlled laboratory environment, skeletal muscle 
activation is predominantly assessed using either nerve-
mediated or direct electrical stimulation. While electrical 
stimulation techniques are well-established and repeat-
able, significant technical challenges exist, including the 
iatrogenic effects of needle insertions and the inability to 
activate denervated muscles, which is common in periph-
eral nerve injuries (e.g., brachial plexus avulsion and spinal 
cord injuries) and neuromuscular disorders (e.g., mus-
cular dystrophies and amyotrophic lateral sclerosis).1–3 
Furthermore, the use of established electrical stimulation 
techniques presents significant challenges when applied 
to neonatal mice and preclinical models used for study-
ing muscle development and pathology. Smaller muscles 
in neonatal mice and less resilient muscles in patholog-
ical mouse models can exacerbate iatrogenic issues due 
to repeated needle insertions. Consequently, traditional 
electrical stimulation methods might compromise the in-
tegrity of muscle structure, affect perfusion, and induce 
inflammation, thereby diminishing the physiological rele-
vance of experimental outcomes.

To overcome these challenges, skeletal muscle acti-
vation with optogenetic stimuli (i.e., optogenetics) has 
emerged as a noninvasive technique to induce muscle con-
traction.4–8 Optogenetic techniques are well established 
in neurobiological research due to high spatio-temporal 
resolution.9,10 Optogenetic stimulation can elicit muscle 
contraction via depolarization of muscle fibers that ex-
press light-sensitive opsins, such as Channelrhodopsin-2 
(ChR2) protein.4,5 ChR2 is a nonselective transmem-
brane cation channel derived from the green microalgae 
Chlamydomonas reinhardtii.9 When exposed to blue light 
(455 nm), the transmembrane ChR2 opens to allow non-
selective cation flow for muscle fiber depolarization and 
contraction.10,11 Thus, optogenetic contractions can be 
elicited independent of motoneuron excitation, leading 
to muscle stimulation even when muscle is denervated. 

Direct optogenetic stimulation of excitable muscle fibers 
have been used to induce contraction noninvasively via 
transdermal light exposure1,4–7 and serve as an alternative 
to electrical stimulation.1 Optogenetic stimulation has 
primarily been conducted using transgenic mice express-
ing ChR2 (H134R)-enhanced yellow fluorescent protein 
(EYFP) fusion (commonly known as Ai32) under the Sim1 
and chicken-β-actin promoters.4,5 In these mice, skeletal 
muscle localizes ChR2-EYFP within the sarcolemma and 
t-tubules, as well as within voltage-gated sodium channels 
of the sarcolemma.4 Our group has previously used the 
established Ai32 transgenic strain to achieve optogenetic 
control of skeletal muscle using the Acta1 promoter, and 
we showed that ChR2-EYFP was expressed only in the 
skeletal muscle fibers and not in the nerves.6

While the EYFP present in the commonly used Ai32 
mouse line is useful for detecting Cre recombination 
within tissues, fluorescent reporters such as EYFP and 
green fluorescent protein (GFP) have been associated with 
cytotoxicity.12–15 Moreover, Agbulut et  al. demonstrated 
that cytosolic GFP in muscle impairs actin-myosin head 
binding, leading to contractile dysfunction.16 High levels 
of ChR2-EYFP expression have also been shown to alter 
the electrophysiological properties and morphology of 
neurons.17–19 Furthermore, ChR2-EYFP-mediated immu-
nogenicity has been reported to cause motor neuron death 
and muscle atrophy.20 We have previously shown that the 
doxycycline-inducible Acta1-tetO-rtTA-Cre; Ai32 mouse 
model exhibited aggregation of EYFP in skeletal muscle.6 
We were concerned that this clustering of EYFP had the 
potential to influence the contractile and electrophysi-
ological function of muscle. To address this concern, we 
deleted the EYFP gene from the ChR2-EYFP mice using 
CRISPR/Cas9. To test if and how EYFP influences skeletal 
muscle contractility, we compared contractile properties 
using electrical stimulation. We also evaluated the effect 
of EYFP on light-induced contractile force in  vitro with 
collimated blue light. In addition, we determined how the 
presence of ChR2/EYFP affects muscle ultrastructure and 
fiber size. To obtain a mechanistic view behind the con-
tractile dysfunction, we used RNA sequencing (RNAseq) 

corroborated by a reduced protein-level expression of ion channel-related HCN2 
in ChR2-EYFP muscles and gluconeogenesis-modulating FBP2 in both ChR2-
EYFP and ChR2-only muscles. Overall, this study reveals an intrinsic skeletal 
dysfunction in the widely used ChR2-EYFP mice model and underscores the im-
portance of considering alternative optogenetic models, such as the ChR2-only, 
for future research in skeletal muscle optogenetics.
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to identify the transcriptional responses of naïve muscle, 
as well as following daily bouts of optogenetic stimulation 
in these two ChR2-expressing optogenetic strains.

2   |   MATERIALS AND METHODS

The Unit for Laboratory Animal Medicine at the University 
of Michigan approved all animal procedures. The study 
design is shown in Figure 1.

2.1  |  Animal models

All animals were kept on a 12-hour light/dark cycle under 
standard housing conditions with ad  libitum access to 
water and chow throughout the experiment. Mice were 
genotyped by PCR (Transnetyx, TN, USA). Wild-type (WT) 

littermates were used as controls. Acta1Cre;ChR2-EYFP 
mice were generated as described previously.6 Briefly, 
tetracycline-inducible Acta1Cre21 male mice were bred 
with Ai32fl/fl (Jax ID: 024109, C57BL6/J background) fe-
male mice to generate Acta1Cre;Ai32fl/fl mice, referred to as 
ChR2-EYFP onward. Cre recombination was induced via 
doxycycline (tetracycline) chow (Inotiv, 200 Doxycycline) 
at mating and continued till pups were weaned. The 
ChR2-only mouse line was generated by deleting the 
EYFP-WPRE DNA fragment from the ChR2-EYFP mice 
(Jax Stock No. 024109) using the CRISPR/Cas9 technol-
ogy (Figure S1).22 Briefly, two single-guide RNAs (sgRNA), 
one targeting the junction between ChR2 and EYFP 
(AGTACCCGCGGCCGCCACCA) and the other one tar-
geting the end of WPRE (GGCCCTAGGCGGTATCGATG 
in reverse orientation), were generated using 
ThermoFisher's in  vitro transcription service. These two 
sgRNAs (20 ng/μL each) were co-microinjected with Cas9 

F I G U R E  1   Study design: schematic of experiments with mouse strains and number of mice utilized. Mice with muscle-specific 
expression of optogenetic ChR2-EYFP fusion or ChR2-only protein (referred to as ChR2-EYFP or ChR2-only strains, respectively) and 
their wild-type (WT) littermates were used in various experiments. Young adult (2–3-month-old) mice were used in microscopy, muscle 
contractility with both optogenetic and gold standard nerve or electrical stimulation, and fiber cross-sectional area measurement. Muscles 
from young (5-week-old) mice were harvested for protein measurements. For RNA sequencing, right triceps surae muscles of young 
(4-week-old) ChR2-EYFP and ChR2-only mice were stimulated with blue light (455 nm) to induce optogenetic muscle contraction. After 5 
daily bouts of 20 min stimulation, stimulated and age-matched WT mice were euthanized to harvest the triceps surae for sequencing. The 
superscripts ‘u’ or ‘v’ indicate same mice were used across different experiments. The number of mice used in each experiment are presented 
as WT, ChR2-EYFP, and ChR2-only, respectively.
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mRNA (50 ng/μL, TriLink BioTechnologies) into the cyto-
plasm of zygotes collected from ChR2-EYFP mouse mat-
ing pairs. A single-strand oligonucleotide donor (​GAG​
GTC​GAG​ACG​CTG​GTG​GAG​GAC​GAG​GCC​GAG​GCT​
GGC​GCA​GTA​CCC​GCG​GCC​GCC​ACC​GG​TAA​GCC​TAT​
CCC​TAA​CCC​TCT​CCT​CGG​TCT​CGA​TTC​TAC​GC​GAT​
ACC​GCC​TAG​GGC​CTC​G​ACT​GTG​CCT​TCT​AGT​TGC​
CAG​CCA​TCT​GTT​GTTTGCCCCT) was also included in 
the injection mix (100 ng/μL) for mediating precise dele-
tion as well as adding a V5 tag (sequence in bold) to the 
C-terminus of the ChR2 transgene. Injected embryos were 
cultured overnight in KSOM medium (Millipore Sigma) in 
a 37°C incubator with 6% CO2. In the next day, embryos 
that had reached the two-cell stage of development were 
implanted into the oviducts of pseudo-pregnant surro-
gate mothers (CD1 strain from Charles River Laboratory). 
Offspring born to the foster mothers were genotyped using 
PCR followed by Sanger sequencing. Founder mice with 
the desired deletion V5 tagging were expanded to establish 
the ChR2-only mouse line. Acta1Cre;ChR2-onlyfl/fl mice, 
referred to as ChR2-only onward were generated similarly 
as ChR2-EYFP mice. For light and electron microscopy, 
constitutive CKCre;Ai32fl/fl mice were also used and were 
generated in Glancy laboratory.

2.2  |  Light and electron microscopy

Extensor digitorum longus (EDL) muscles from adult 
(>2-months old) WT, ChR2-EYFP, and ChR2-only male 
mice were flash-frozen for histology following standard 
protocols (n = 1/group). Tissues were sectioned at 10 μm 
thickness longitudinally or transversely and were imaged 
in a confocal or widefield microscope. For transmission 
electron microscopy (TEM), EDL muscles from adult 
WT, ChR2-EYFP, and ChR2-only male mice were fixed 
with glutaraldehyde and osmium tetroxide and were em-
bedded in plastic (n = 1/group). Ultrathin sections were 
produced to visualize the ultrastructure in JEOL-1400 
transmission electron microscope. To visualize muscle 
cell membrane, in  vivo microscopy of the Tibialis an-
terior muscle of ChR2-only mice was performed as de-
scribed previously.23 Briefly, the tibialis anterior muscle 
fibers were exposed by removal of the overlying skin 
and fascia and superfused with Tyrodes buffer (pH 7.1 
at 37°C) containing HEPES (10 mM), NaCl (137 mM), 
KCl (4.5 mM), MgSO4 (0.5 mM), KPO4 (0.5 mM), glucose 
(10 mM), CaCl2 (1.8 mM) and Di-8-ANEPPS (1 μM). Di-
8-ANEPPS fluorescence was imaged using an upright 
Leica SP8 multiphoton microscope with resonant scan-
ning and a Nikon 25× (1.1 NA) water-immersion objec-
tive using 900 nm excitation light and emission collected 
from 605 to 680 nm.

2.3  |  In situ contractility of 
gastrocnemius muscle using nerve 
stimulation

Experiment was conducted as detailed in Larkin et  al. 
2011.24 Briefly, 3-month-old WT, ChR2-EYFP, and ChR2-
only male (n = 4, 3, and 5, respectively, per group) mice 
were anesthetized using 2,2,2-Tribromoethanol suspended 
in 2-methyl-2-butanol and sterile saline. 0.3–0.5 mL an-
esthetic was injected intraperitoneally as frequently as 
needed to maintain anesthesia. The mouse under anesthe-
sia was placed on a heated platform to maintain optimal 
body temperature throughout the procedure. The gastroc-
nemius muscle was carefully separated from the surround-
ing musculature without damaging the blood supplies and 
nerves. A suture was tied around the calcaneal tendon 
and calcaneus bone and then the calcaneus was dissected. 
The knee and foot were tied to fixed posts to limit motion 
and maintain isometric condition. The calcaneal tendon 
was tied to a dual mode lever system (6650LR, Cambridge 
Technology). The sciatic nerve under the hamstring mus-
cle was exposed and a bipolar platinum wire electrode was 
placed upon it. Heated saline (37°C) was dripped continu-
ously on the muscle to prevent it from drying. The gastroc-
nemius muscle was activated by stimulating the nerve with 
electrical pulses to induce contraction. Muscle contraction 
was induced using 0.2 ms electrical stimulation pulses. The 
applied voltage was incrementally increased until the max-
imum isometric twitch force was achieved. After identify-
ing the voltage that produced maximum force, the voltage 
was kept constant, and the muscle length was adjusted to 
find the optimal length (Lo) that produced the maximum 
twitch force. Trains of electrical pulses were then applied to 
produce isometric tetanic contractions. Forces at frequen-
cies ranging from 40 to 220 Hz were recorded. We normal-
ized the maximum isometric tetanic force with respect to 
the physiological cross-sectional area (PCSA) of the muscle 
using Equation (1).

where m = muscle mass, ρ = density (1.06 g/cm3), and 
L = muscle fiber length. To obtain L, Lo was multiplied by 
0.45 (L to Lo ratio).

2.4  |  In vitro contractility of EDL and 
soleus muscles

2.4.1  |  Electrical stimulation

Experiment was conducted as detailed in Brooks and 
Faulkner 1988.25 Briefly, EDL muscles were dissected 

(1)PCSA =

m

� L
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from 3-month-old WT, ChR2-EYFP, and ChR2-only male 
mice (n = 5, 3, and 5, respectively, per group) under anes-
thesia. The isolated EDL muscle was placed in buffered 
mammalian Ringer solution bath to maintain physi-
ological condition. Distal and proximal tendons were tied 
with sutures to a fixed post and force transducer (BG-50, 
Kulite semiconductor), respectively. Two platinum elec-
trodes were placed on either side of the muscle parallel 
to its long axis. An electrical field was applied between 
the electrodes and the muscle was tested following the 
same protocol as the in situ test described before. Time 
to peak twitch force and half relaxation times were also 
recorded. Soleus muscles were tested similarly following 
this same method (n = 3, 3, and 4, respectively, per group, 
all male except two in the ChR2-EYFP group). Maximum 
isometric tetanic forces were normalized with respect to 
respective muscles' PCSA using Equation (1). To obtain 
L, Lo was multiplied by 0.44 or 0.71 for EDL or soleus 
muscle, respectively.

2.4.2  |  Optogenetic stimulation

With the muscle remaining in the same experimental 
chamber as was used for electrical stimulation, we optoge-
netically stimulated EDL (n = 3 and 4, respectively, per 
group) and soleus (n = 3 and 4, respectively, per group, all 
male except two in the ChR2-EYFP group) muscles fol-
lowing electrical stimulation. A blue LED (455 nm wave-
length, Thorlabs) was placed directly above the muscle at 
an irradiance of 140 mW/cm2. We measured muscle peak 
twitch force with incremental light pulse duration rang-
ing from 1 to 100 ms. The ability of the muscle to sustain 
tetanic contraction with optogenetic stimulation was also 
tested by varying LED pulse durations and frequency over 
300 ms duration.

2.5  |  Muscle fiber cross-sectional area 
(CSA) measurements

The fiber cross-sectional area (CSA) was determined 
using the contralateral unstimulated EDL muscles from 
the mice utilized in the contractility experiments (n = 3 
per group). The EDL muscle was flash-frozen following 
standard histology protocols. And 10 μm thick trans-
verse sections were obtained from the mid belly region 
and were stained with Alexa 647 fluorophore conjugated 
wheat germ agglutinin (WGA). Sections were imaged in 
fluorescence microscope (BioTek Lionheart FX with Cy5 
cube) and fiber CSA were determined with FIJI particle 
analysis.

2.6  |  RNA sequencing of muscles

2.6.1  |  In vivo muscle stimulation

1-month-old ChR2-EYFP and ChR2-only male mice (n = 3 
per genotype) were subjected to isometric unilateral op-
togenetic muscle stimulation for 5 days, as described pre-
viously.7 Briefly, with the mouse in prone position, right 
limb was placed in an in vivo muscle stimulation appara-
tus (Aurora Scientific, ON, Canada), with the foot resting 
against a flat plate. The limb was clamped at the knee to 
stabilize the joint for isometric triceps surae contractions. 
A custom-built setup was used to shine controlled light 
pulses on the tricep surae,6 which consisted of a blue-light 
LED (455 nm, 900 mW, Thorlabs) and a driver (DC2200, 
Thorlabs) for pulse modulation. Muscle was stimulated at 
10 Hz frequency (70 ms on-/30 ms off-time; 10 repetitions/
second) for 20 minutes for 5 days. The left limbs served as 
unstimulated internal controls. After each daily session, 
mice were returned to cages to resume regular activity.

2.6.2  |  RNA isolation and sequencing

Mice were euthanized following institutional guidelines 
4 h after their last stimulation session. Age-matched WT 
mice were euthanized at the 5-day time points. From stim-
ulated mice, tricep surae muscles of both limbs were rap-
idly dissected, flash-frozen in liquid nitrogen, and stored 
at −80°C until RNA isolation. From WT mice only the 
right tricep surae muscles were harvested. Samples were 
pulverized in TRIzol (Ambion, Austin, TX, USA) using 
Precellys tissue pulverizer. Total RNA was extracted using 
Invitrogen PureLink RNA Mini Kit with on-column DNA 
digestion (Ambion). RNA was eluted in 50 μL RNase-free 
water. RNA integrity number (RIN) was measured using 
Agilent bioanalyzer. A total of 15 muscle samples were 
sequenced in two different batches. Next-generation se-
quencing was performed on poly-A mRNA libraries as 
described before.7

2.7  |  Computational estimation of light 
penetrance during optogenetic stimulation

We utilized a Monte Carlo (MC) photon transport model 
to quantify light penetration depth in muscle tissue for 
our optogenetics experiments.26,27 MC simulations are 
physics-based, stochastic models of photon propagation 
through a turbid biological medium. Individual photons 
are launched into a simulated tissue with user-specified 
optical properties (scattering coefficient [μs (cm−1)], 
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absorption coefficient, [μa (cm−1)], scattering anisotropy 
factor [g]). Photon movement and local energy deposition 
is tracked until the photon has either lost all its original 
energy or exited the tissue volume (Figure S6). This pro-
cess is repeated for many photons (~106–108) such that 
average distribution of the light propagation path within 
the tissue can be reliably estimated. By tracking the locally 
deposited power of each photon during the simulation, 
the normalized fluence rate, or NFR (cm−2) can be output 
for each voxel within the tissue cuboid. This conceptually 
represents the fraction of irradiance that was incident on 
that voxel during the simulation per Watt of incident light.

To perform these simulations, an open-source, 
MATLAB-based MC model (“MC Matlab”) was used. A 
one- or two-layer model was generated to describe both 
the in vitro (muscle only) and in vivo (skin + skeletal mus-
cle) experiments, respectively. The following optical prop-
erties were extracted from relevant literature: scattering 
coefficient, μs = 200 and 90 cm−1, absorption coefficient, 
μa = 6 and 1 cm−1, scattering anisotropy factor, g = 0.75 
and 0.9, for skin and muscle, respectively.28–30Refractive 
indices were assumed 1.4 for both tissues. The light source 
was described as an infinite plane wave at 455 nm with 
normal incidence on the surface of the tissue. For each 
simulation, a 3D volume of 100 × 100 × 300 bins was gen-
erated for a total tissue volume of .35 × .35 × .35 cm (voxel 
size of  .035 × .035 × .012 mm; length, width, height, re-
spectively). A total of 108 photons were launched per sim-
ulation. All cuboid boundaries were set as non-reflective 
to best mimic native conditions and not forcibly and erro-
neously “trap” light within the simulated sub volume of 
the muscle. As such photons could escape from the lateral 
edges of the volume and not be “reflected,” “transmitted,” 
or “dead” within the tissue volume.

2.8  |  Western blotting

Following euthanasia, gastrocnemius and soleus muscles 
from 5-week-old female and male mice (n = 3 per group) were 

dissected, flash-frozen in liquid nitrogen, and stored in −80°C 
until protein extraction. Briefly, 20–30 mg of tissue was lysed 
in radio immunoprecipitation assay (RIPA) buffer supple-
mented with protease and phosphatase inhibitors. Following 
lysis, the suspension was centrifuged, and the resulting super-
natant was collected for blotting. Protein concentration was 
measured with Pierce BCA protein assay (Thermo Scientific, 
#23225). For ChR2 blotting, 10 μg gastrocnemius muscle pro-
tein diluted in loading buffer was reduced with dithiothreitol 
and was loaded onto 8–16% tris glycine gel. Following run-
ning, proteins were transferred to polyvinylidene difluoride 
(PVDF) membrane. The membrane with transferred protein 
was stained with Ponceau S stain (Sigma-Aldrich #P7170) 
to determine the quality of transfer and protein load. The 
membrane was incubated with anti-ChR2 primary antibody 
(Table 1). A separate membrane was developed with soleus 
muscle protein similarly. Other targets, TIMP1, FBP2, ACTN3, 
and HCN2 were selected from the sequencing result based on 
their differential expression intensity. For these targets, 15 μg 
gastrocnemius muscle protein was denatured and reduced 
before loading onto the gel and primary antibodies were used 
at dilution ratios mentioned in Table 1. The membranes were 
then incubated with horseradish peroxidase-conjugated sec-
ondary antibody (Table  1). Protein bands were developed 
with enhanced chemiluminescent substrate (SuperSignal™ 
West Pico PLUS Chemiluminescent Substrate, #34577) and 
were imaged with ChemiDoc MP imaging system (Bio-Rad). 
All blots included a well with protein isolated from the gas-
trocnemius muscle of a 6-month-old C57BL/6J (B6J) female 
mouse. Band intensity for immunoblots were normalized 
with respect to representative bands from total protein stain-
ing (Ponceau S)31,32 or to intensity of the control B6J band. 
Images were analyzed with FIJI Gel plugin.

2.9  |  Statistical analysis

Statistical analyses were performed using GraphPad 
Prism (version 9 or higher, La Jolla, USA) or in RStudio 
(version 4.1.0).

Primary antibody dilution Secondary antibody dilution

ChR2 (Progen #651180) 1:150 Goat anti-mouse (ProteinTech 
#SA00001-2) 1:6000

TIMP1 (ProteinTech, #16644-1-AP) 1:1500 Goat anti-rabbit (ProteinTech 
#SA00001-2) 1:6000

FBP2 (ProteinTech, #25192-1-AP) 1:1000 Goat anti-rabbit (ProteinTech 
#SA00001-2) 1:6000

ACTN3 (ProteinTech, #24378-1-AP) 1:1000 Goat anti-rabbit (ProteinTech 
#SA00001-2) 1:6000

HCN2 (ProteinTech, #55245-1-AP) 1:1000 Goat anti-rabbit (ProteinTech 
#SA00001-2) 1:6000

T A B L E  1   Western blot antibody 
information.
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2.9.1  |  Contractility, muscle fiber CSA, and 
western blot measurements

Body masses, muscle masses, maximum specific tetanic 
forces, and muscle fiber CSAs were analyzed with one-
way ANOVA corrected for multiple testing (Tukey's post 
hoc) across genotypes. Tetanic forces were compared 
using two-way repeated measures ANOVA to determine 
significance across genotypes and stimulation frequen-
cies. Significance was set at p < .05. For western blots, band 
intensities (calculated as adjusted volumes in ImageLab 
software) were compared using one-way ANOVA with 
Tukey's or Sidak's correction for multiple comparisons.

2.9.2  |  Differential expression of genes 
(DEG)

We used DESeq2 in R/Bioconductor33 to determine the 
DEGs. Count data were organized in two different count 
matrices: matrix 1: WT, ChR2-EYFP unstimulated, and 
ChR2-only unstimulated; and matrix 2: ChR2-EYFP un-
stimulated, ChR2-EYFP stimulated, ChR2-only unstimu-
lated, and ChR2-only stimulated. In matrix 1, we analyzed 
ChR2-EYFP and ChR2-only unstimulated samples with 
WT as baseline controlling for batch variability. In ma-
trix 2, ChR2-EYFP and ChR2-only stimulated samples 
were analyzed with their respective unstimulated sam-
ples as baseline controlling for batch, genotype, and ani-
mal variability. Principal component analysis (PCA) was 
performed with the top 500 most variable genes across 
samples in a matrix to visualize sample clustering. For 
analyses in matrix 1, significance was tested against 
log2(FoldChange) = .15, while in matrix 2 significance 
was tested against .32. p-values were adjusted for multiple 
testing using the Benjamini and Hochberg method, and 
differential expression significance was set at p-adjusted 
(p-adj) <.05.

2.9.3  |  Enrichment analysis

To determine enriched biological processes, the list of up 
and downregulated DEGs was input separately into the 
database for annotation, visualization, and integrated dis-
covery (DAVID).34,35 A threshold of false-discovery rate 
(FDR) <0.1 was applied to identify significantly enriched 
gene ontology biological processes.

3   |   RESULTS

3.1  |  High ChR2-EYFP expression and 
sarcolemma clustering of EYFP was 
observed in ChR2-EYFP muscles

To investigate the effects of ChR2-EYFP overexpression in 
skeletal muscle, we generated a transgenic mouse line to 
express ChR2 in skeletal muscle with EYFP fluorescent 
reporter.6,7 Doxycycline-treated, ACTA1-rtTA;tetO-Cre 
mice were bred with ChR2-EYFPfl/fl mice (known as Ai32 
mice) to generate Acta1Cre;ChR2-EYFPfl/fl mice, referred 
to as ChR2-EYFP mice onward. We observed potentially 
abnormal expression of ChR2-EYFP fusion protein in 
the gastrocnemius muscle sarcolemma of 2-month-old 
ChR2-EYFP mouse (Figure 2). To determine if this phe-
nomenon was independent of Cre expression, we visual-
ized EYFP expression in other muscle-specific Cre-lines, 
such as CKCre;ChR2-EYFPfl/fl (Figure 2), Myf6Cre;ChR2-
EYFPfl/fl, and Sim1Cre;ChR2-EYFPfl/fl (Figure  S2). We 
observed overexpression of ChR2-EYFP protein in the sar-
colemma in all strains. Next, we bred doxycycline-treated, 
ACTA1-rtTA;tetO-Cre mice with ChR2-onlyfl/fl mice (de-
veloped in Glancy lab, see Methods for details) to gener-
ate Acta1Cre;ChR2-onlyfl/fl mice, referred to as ChR2-only 
mice onward. ChR2-only muscle, when stained with the 
cell membrane dye Di-8-ANEPPS, demonstrated regular 
muscle structure (Figure 2). Using transmission electron 

F I G U R E  2   Abnormal ChR2-EYFP clustering was observed in EYFP-positive optogenetic mouse skeletal muscle. Confocal imaging 
demonstrated ChR2-EYFP overexpression in the longitudinal plane of EDL muscle (CKCre;ChR2-EYFPfl/fl muscle) and the transverse plane 
of gastrocnemius muscle (Acta1Cre;ChR2-EYFPfl/fl muscle). Normal muscle membranes were visible in Acta1Cre;ChR2-onlyfl/fl mice when 
stained with Di8ANEPPS. Scale bar: 100 μm.
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microscopy (TEM), we identified an accumulation of 
vacuoles in the ChR2-EYFP EDL muscle along the sarco-
lemma (Figure S2) which were not seen in wild-type (WT) 
or ChR2-only muscles.

3.2  |  ChR2 protein expression 
was not significantly different between 
ChR2-EYFP and ChR2-only muscles

We measured ChR2 protein levels in the muscles of the 
5-week-old ChR2-EYFP and ChR2-only mice to deter-
mine if ChR2 expression is different between the strains. 
ChR2 protein was identified at two different molecular 
weights in ChR2-EYFP and ChR2-only groups (55 and 
35 kDa, respectively) (Figure  3). The ChR2-EYFP gas-
trocnemius muscles had a slight, but not statistically sig-
nificant, increase in ChR2 protein expression compared 
with the ChR2-only gastrocnemius muscles (Figure 3A). 
No difference in ChR2 expression was observed in the 

soleus muscle (Figure  3B). The larger molecular weight 
for ChR2-EYFP was expected given the fusion with EYFP 
(~25 kDa).

3.3  |  The presence of ChR2-EYFP 
fusion protein led to force deficits in 
fast-twitch muscle

We found that the 3-month-old ChR2-EYFP mice had 
lower body mass than age-matched ChR2-only mice 
(Figure  4A). To understand if and how the ChR2-EYFP 
fusion protein was influencing the growth and function 
of skeletal muscle, we evaluated the individual weights 
and force generation potential of muscles with a battery 
of in  situ and in  vitro tests. The mass of gastrocnemius 
muscles from ChR2-EYFP mice were significantly lower 
than age- and sex-matched WT or ChR2-only strains 
(Figure 4B). Isometric tetanic force of ChR2-EYFP gastroc-
nemius muscles were also significantly reduced compared 

F I G U R E  3   ChR2-EYFP 
gastrocnemius muscle had moderate, but 
not significant, elevation of ChR2 protein 
compared with ChR2-only gastrocnemius 
muscle, and no difference was observed 
in the soleus muscle. ChR2 western blot 
and quantification of (A) gastrocnemius 
and (B) soleus muscle. n = 3 mice per 
group. Data were compared using 
one-way analysis of variance (ANOVA) 
with Tukey's correction for multiple 
comparisons. Error bars denote means 
± SD. WT group included n = 1 ChR2-
EYFPfl/fl and n = 2 ChR2-onlyfl/fl mice (all 
cre-negative).
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with WT and ChR2-only mice at all test frequencies ex-
cept for 40 Hz (Figure 4C). To account for differences in 
mouse and muscle size, we normalized the maximum 
tetanic force with respect to muscle's physiological cross-
sectional area (PCSA) to obtain the maximum specific te-
tanic force (Equation 1). However, the normalized force 
remained significantly lower in the ChR2-EYFP gastroc-
nemius muscle compared with WT and ChR2-only mus-
cles (Figure 4D), suggesting the functional deficit was not 
scaled to animal/muscle size alone.

Next, we evaluated direct muscle contractility in vitro 
to assess muscle function independent of motor neuron 
innervation. The EDL, a muscle composed primarily of 
fast-twitch, glycolytic fibers, also weighed significantly 
less in ChR2-EYFP mice compared with EDLs of WT 
mice (Figure 4E). Tetanic forces were significantly differ-
ent between the three groups (Figure 4F). The normalized 
maximum specific tetanic force of the EDL muscle was 
significantly lower in ChR2-EYFP EDLs compared with 
WT and ChR2-only EDLs, however, no difference was ob-
served in ChR2-only and WT muscles (Tukey's multiple 
comparisons adjusted p = .14, Figure  4G). This deficit in 
direct muscle contractility in the ChR2-EYFP EDLs was 
further tested in our optogenetic strains using blue-light 
activation. ChR2-only EDL muscles produced higher 
twitch forces than ChR2-EYFP muscle at all pulse dura-
tion (Figure 4H). We modeled the force response to pulse 
duration using Akike information criteria (AIC) using one 
phase decay (R2 = .51 and .91, respectively, for ChR2-only 
and ChR2-EYFP) and measured higher contractile forces 
at smaller pulses in ChR2-only EDLs compared with 
ChR2-EYFP EDLs. Specifically, ChR2-only EDL muscles 
twitch force plateaued at shorter pulse durations (i.e., 
30 ms duration) compared with ChR2-EYFP EDL muscles 
(100 ms). Similarly, ChR2-only EDLs generated higher 
forces with partially fused tetanus at 50 Hz, 10 ms pulse 
(Figure S3), which was not achieved in ChR2-EYFP EDLs. 
However, it is also possible that an increase in light irra-
diance could lead to increased optogenetic-induced con-
tractile force.4

To determine if this force deficit was dependent on 
fiber types, we measured the contractile properties of the 
soleus muscle, which comprise a substantial population 
of slow-twitch, oxidative fibers, using in vitro contractil-
ity experiments. Contrary to what we found in fast-twitch 
muscles, we did not observe any differences in muscle 
mass (Figure  4I), isometric tetanic force (Figure  4J), or 
maximum specific tetanic force (Figure  4K), suggesting 
that the contributions of EYFP in contractility in muscle-
specific optogenetic strains may be fiber-type-dependent. 
The optogenetic twitch forces in soleus muscle were also 
similar in both strains at all pulse durations and they 

plateaued at similar pulse durations (70 ms, Figure  4L, 
AIC-validated one phase decay, R2 > .7 for both strains). 
Soleus muscles from ChR2-EYFP and ChR2-only gener-
ated similar forces with partially fused tetanus at 50 Hz, 
10 ms pulse (Figure S3).

To investigate if changes in calcium handling mecha-
nism of muscle were influenced by EYFP expression, we re-
corded the twitch times of EDL and soleus muscles during 
in vitro experiments. We observed a small but significant 
increase in the half-relaxation times of EDL and soleus 
muscles (Figure  S4) suggesting potential alterations in 
calcium machineries in muscle fibers. ChR2-only gastroc-
nemius, EDL and soleus muscles demonstrated a similar 
PCSA compared with their WT counterparts (Figure S5). 
ChR2-EYFP-expressing EDL and gastrocnemius muscles 
had the smallest PCSA, however, soleus muscle area was 
similar to WT and ChR2-only muscles.

3.4  |  ChR2-EYFP EDL muscle fibers 
were smaller compared with WT and 
ChR2-only fibers

Because we observed a significant decrease in ChR2-EYFP 
EDL muscle mass compared with WT and lower specific 
force production of ChR2-EYFP muscles, we next deter-
mined the fiber area distribution of EDL muscles in each 
strain at 3-month age (Figure  5A). Muscle fiber area of 
both optogenetic strains were smaller compared with WT 
muscle, with ChR2-EYFP displaying a significantly re-
duced average fiber size (Figure  5B). While WT muscle 
demonstrated a uniform distribution of fiber CSA, ChR2-
EYFP muscles had higher percentage of smaller fibers 
(Figure 5C).

3.5  |  Skin acts as a barrier to light 
penetration depth for in vivo optogenetic 
stimulation of muscle

To estimate how deep our illumination conditions pen-
etrate the skeletal muscle during in  vivo optogenetics 
experiments, we utilized a Monte Carlo (MC) photon 
transport model. Qualitatively, the Monte Carlo simula-
tions of steady-state illumination within the optogeneti-
cally simulated tissues reflect expected behavior of photon 
transport in a turbid biological media (Figure  S6). In 
both simulated scenarios, normalized fluence rate (NFR) 
peaked around the mean free path of the tissue. The mean 
free path represented the path length a photon will travel 
on average before changing its direction due to scattering 
and is equivalent to 1/μs. In the case of the in vitro muscle 
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only results, this is the μs of the muscle, but in the in vivo 
condition, this is the μs of the most superficial layer, the 
skin. The photon NFR monotonically decreases deep to 
this peak in both conditions due to progressive photon 
energy loss and deposition associated with scattering and 
absorption events. In the in vivo case, the rate of decay of 
the decreasing NFR changes at the boundary between the 
skin and muscle due to the change in underlying optical 
properties of the medium.

For the single-layer in  vitro muscle only condition, 
23.13% of incident photon energy was absorbed within 
the simulated tissue cuboid boundaries and 37.6% was 
absorbed for the two-layer in  vivo skin-muscle condi-
tion (Table 2). For the in vivo case, we considered only 
the total percentage of light that was deposited in the 
muscle and not the skin. A large percentage of light 
was reflected in both cases (19.07% muscle only, 30.4% 
skin-muscle). Despite the highly scattering nature of 
these tissues, some light (2.94% muscle only, 1.18% skin-
muscle) was able to be transmitted through the entire 
tissue volume. As the x and y edges of the cuboid were 
simulated as non-reflecting boundaries, any remaining 
light escaped out the volume from the lateral edges of 
the cuboid (54.86% muscle only, 30.81% muscle-skin). 
When considering how much of the incident light pen-
etrated the muscle specifically, this was higher in the 
muscle only case (23.12%) than the muscle-skin case 
(8.32%) (Table S1). This is due to the increased reflection 
caused by the skin layer, as well as the fluence that re-
mained in the skin layer itself (4.78%).

In the in vitro experiments, an incident irradiance of 
140 mW/cm2 was used. Therefore, for the cuboid size used 
in the MC simulations, this would result in an average ir-
radiance of 32.32 mW/cm2. Therefore, for the light pulses 
ranging from 1 to 100 ms duration used in these studies, 
this is equivalent to a 32.32 μJ/cm2 to 3.23 mJ/cm2 light 
dose delivered to the muscle volume, respectively. For the 
in  vivo experiments, an incident irradiance of 150 mW/
cm2 was used, resulting in 12.48 mW/cm2 average muscle 
irradiance. This results in a dose of 873.6 μJ/cm2 delivered 
per 70 ms pulse.

3.6  |  Unstimulated ChR2-EYFP muscle 
were transcriptionally unique compared 
with ChR2-only and WT muscle

To evaluate if the muscles from the ChR2-EYFP and 
ChR2-only optogenetic strains respond differently to 
daily repeated optogenetic stimulation, we unilaterally 
stimulated the triceps surae muscles of 4-week-old mice 
from these two strains for 5 days (Figure 1). In total, we 
ran four RNAseq comparisons as shown in Table  S2. 
Transcriptomes of WT and unstimulated ChR2-only 
muscles were in general similar, as shown by the unsu-
pervised clustering of WT and unstimulated ChR2-only 
samples in the PCA (Figure 6A). We identified 1283 genes 
that were differentially expressed in the ChR2-EYFP and 
410 in the ChR2-only muscle compared with WT, respec-
tively (Table S2). Among the 632 and 251 downregulated 
genes in ChR2-EYFP and ChR2-only muscles, respec-
tively, 142 were common in both strains. We identified 
44 overlapping upregulated genes between ChR2-EYFP 
and ChR2-only muscles. We used the Database for anno-
tation, visualization, and integrated discovery (DAVID) 
and found that downregulated genes in ChR2-EYFP mus-
cle transcriptome enriched metabolism, phosphoryla-
tion, transmembrane transport, and muscle contraction 
biological processes (Figure  6B). Upregulated genes in 
ChR2-EYFP muscle were associated with inflammatory 
response and extracellular matrix (ECM) organization 
(Figure 6C). To understand the magnitude of differential 
expression between genotypes at baseline (unstimulated), 
we plotted the log2(FoldChanges; FC) of genes associated 
with several processes, such as muscle contraction, gluco-
neogenesis, collagen accumulation and degradation, and 
transmembrane (ion channel) transport (Figure  6D–G, 
respectively). We observed downregulation in fast-twitch 
muscle contraction-related genes, such as fMybpc2, Mylpf, 
Tnni2, and Tnnt3, which may explain the loss of force in 
fast-twitch EDL muscle36–39 but not in the slow-twitch so-
leus muscle. In ChR2-EYFP muscle, we observed a down-
regulation of transmembrane transport genes that encode 
the voltage-gated potassium and sodium ion channels 

F I G U R E  4   The presence of EYFP with ChR2 compromised the electrical and optogenetic contractile properties of fast-twitch skeletal 
muscle compared with ChR2 only and WT muscle. (A) Body mass of all mice used in the experiment (N = 26; n ≥ 8 per genotype; WT group 
included n = 6 ChR2-EYFPfl/fl and n = 2 ChR2-onlyfl/fl mice, all cre-negative). (B, E, I) Gastrocnemius and EDL, but not soleus muscle masses, 
were significantly different in ChR2-EYFP mice compared with WT and ChR2-only mice. (C, F, J) Tetanic forces of the gastrocnemius and 
EDL, but not soleus muscles, were significantly reduced in ChR2-EYFP mice compared with WT and ChR2-only at incremental electrical 
stimulation frequencies. (D, G, K) Maximum specific tetanic forces of the gastrocnemius, EDL, and soleus muscles, respectively; and (H, L) 
Light induced twitch forces of EDL and soleus muscle, respectively, measured at light pulse durations ranging from 1 to 100 ms. For (A), (B), 
(D), (E), (G), (I), and (K), data were compared using one-way ANOVA with Tukey's correction for multiple comparisons. For (C), (F), and 
(J), data were compared using repeated measures two-way ANOVA with Tukey's correction. For (H) and (L), data points from the average 
maximum twitch within strains were fitted into one-phase decay model. Error bars denote means ± SD. EDL, extensor digitorum longus. 
Each dot represents a biological replicate (individual mouse).
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(Hcn2, Kcnf1, Kcnc3, Kcnb1, etc.) compared with WT 
muscle. While ECM degradation-associated genes, such 
as Mmps, Ctss, and Ctsk were mostly upregulated in the 
ChR2-EYFP muscle, MMP inhibitor Timp1 expression 
was also upregulated. Genes modulating gluconeogenesis, 

such as Fbp2, Pgam2, and Gpd1 were downregulated in 
ChR2-EYFP muscle; however, they were unchanged in the 
ChR2-only muscle. To assess if reduced gene expression 
was translated to protein level, we measured expression 
of several targets: fructose-1,6-bisphosphatase 2 (FBP2), 

F I G U R E  5   The presence of EYFP in ChR2-expressing EDL muscle led to smaller fiber size. (A) WGA-stained EDL muscle section. 
Images were binarized before particle analysis. (B) Mean muscle fiber area; and (C) fiber size frequency distribution. WGA, wheat germ 
agglutinin; CSA, cross-sectional area. Scale bar = 500 μm. n = 3 per group; WT group included n = 1 ChR2-EYFPfl/fl and n = 2 ChR2-onlyfl/fl 
mice (all cre-negative). Error bars denote mean ± SEM. For (B), data were compared using one-way ANOVA with Tukey's multiple 
correction.

% Light absorbed 
within boundaries

% Light 
reflected

% Light lost 
to edges

% Light 
transmitted

in vitro 23.13 19.07 54.86 2.94

In vivo 37.6 30.40 30.81 1.18

T A B L E  2   Percentages of total light 
absorbed within volume or lost at each 
boundary.
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actinin alpha 3 (ACTN3), tissue inhibitor of metallopro-
teinases 1 (TIMP1), and hyperpolarization-activated cy-
clic nucleotide-gated potassium channel 2 (HCN2) in 
5-week-old gastrocnemius muscles. Both ChR2-EYFP 
and ChR2-only muscles showed decreased FBP2 pro-
tein expression compared with WT (Figure  7B). HCN2 

protein was significantly reduced at the protein level in 
ChR2-EYFP gastrocnemius muscle compared with ChR2-
only muscle (Figure  7A). However, ACTN3 and TIMP1 
protein expression did not match the transcription levels 
(Figures  7C, and S7). No biological processes were sig-
nificantly enriched by the ChR2-only DEGs compared 

F I G U R E  6   RNA sequencing revealed differential gene expression between WT, unstimulated ChR2-EYFP, and unstimulated ChR2-
only triceps surae (i.e., gastrocnemius and soleus) muscles. (A) Principal component analysis of gene expression shows clustering of WT 
(all cre-negative ChR2-onlyfl/fl), ChR2-EYFP, and ChR2-only muscles. Shapes indicate different sequencing batches. Biological processes 
enriched in ChR2-EYFP skeletal muscle compared with WT indicated (B) downregulation of metabolism, muscle contraction, and 
transmembrane transport-related genes and (C) upregulation of inflammatory response and ECM related genes. (D–G) Gene expressions 
associated with enriched muscle contraction, gluconeogenesis, collagen catabolism biological processes, and transmembrane transport, 
respectively. n = 3 per group.
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with the WT muscle transcriptome (false-discovery rate 
(FDR) <0.1).

3.7  |  Presence of EYFP with ChR2 led 
to reduced transcriptional sensitivity to 
optogenetic stimulation compared with 
ChR2-only muscles

To evaluate if and how muscles from ChR2-EYFP and 
ChR2-only optogenetic strains differentially respond to 
daily bouts of repeated optogenetic stimulation, we com-
pared the transcriptomes of stimulated and contralateral 
unstimulated muscles within each strain. Optogenetic 
stimulation of ChR2-only muscle resulted in a high num-
ber of DEGs compared with the unstimulated side (5698 
DEGs), whereas only 267 DEGs were identified when com-
paring stimulated ChR2-EYFP muscle to their respective 
unstimulated side (Table S2). In both strains, we observed 

an upregulation of inflammatory response-related genes 
with daily optogenetic stimulation as identified by bio-
logical processes enrichment analysis (Figure  8C,E). In 
addition to inflammatory response, we also found that 
ECM organization, collagen organization, and response to 
mechanical stimulus were enriched by upregulated genes 
in both strains. Although we observed a small number of 
biological processes enriched by the downregulated DEGs 
in stimulated ChR2-EYFP, these all had high enrichment 
score (Figure 8B). The downregulated genes in the stimu-
lated ChR2-only genes were primarily associated with mi-
tochondria and metabolism (Figure 8D).

4   |   DISCUSSION

In this study, we characterized the functional response of 
optogenetic skeletal muscle with or without the expres-
sion of a commonly fused fluorescent reporter, EYFP. 

F I G U R E  7   Presence of EYFP led 
to reduced HCN2 and FBP2 protein 
levels in gastrocnemius skeletal muscle. 
Significantly reduced protein-level 
expressions of (A) HCN2 in the ChR2-
EYFP muscle and (B) FBP2 in both 
ChR2-EYFP and ChR2-only muscles were 
observed, compared with ChR2-only and 
WT muscles, respectively. (C) ACTN3 
protein expression was significantly 
higher in ChR2-only muscle compared 
with WT and ChR2-EYFP muscles. Error 
bars denote means ± SD. WT group 
included n = 1 ChR2-EYFPfl/fl and n = 2 
ChR2-onlyfl/fl mice (all cre-negative).
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F I G U R E  8   Repeated bouts of optogenetic stimulation led to a more robust transcriptional response in ChR2-only muscle compared 
with ChR2-EYFP muscle. (A) Principal component analysis of gene expression. Shapes indicate different sequencing batches. Biological 
processes obtained from genes (B) downregulated and (C) upregulated in ChR2-EYFP stimulated muscle and (D) downregulated and 
(E) upregulated in ChR2-only stimulated muscle compared with unstimulated contralateral muscle. n = 3 per group.
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Previous studies have explored if and how the overex-
pression of ChR2-EYFP fusion influences the electro-
physiological responses of neuron and HEK293 cells.17,18 
Yet, the role of ChR2-EYFP overexpression in muscle 
functionality is largely unknown, except for a few studies 
on the effect of GFP and YFP accumulation in cardiac, 
neural, and muscle tissues.12,15,16 We developed a new 
mouse strain by replacing the fluorescent EYFP of light 
responsive Ai32 with nonfluorescent v5 epitope and ex-
pressed this construct in skeletal muscle. Similar to our 
established ChR2-EYFP mouse model (Acta1-rtTA-tetO-
Cre;Ai32),6,7 we leveraged this new ChR2-only model to 
induce optogenetic muscle contraction. We also showed 
that the ChR2-EYFP fusion protein accumulated in the 
sarcolemma of the gastrocnemius and EDL muscles. 
Expression of ChR2-EYFP led to significant impairments 
of muscle function, assessed using electrical and optoge-
netic contractility experiments. With the new ChR2-only 
mouse model, we overcame this issue and returned mus-
cle contractility using electrical stimulation to that of WT 
mice. These new findings suggest that ChR2-only mus-
cles are physiologically more similar to the WT muscles 
than the ChR2-EYFP muscles. Green fluorescent protein 
(GFP) and YFP have been implicated in causing damage 
in various tissues, including skeletal and cardiac mus-
cles and neurons.12 However, if EYFP or ChR2 alone 
are responsible for functional deficit need further stud-
ies. Although not significant, the new ChR2-only mouse 
model had moderately reduced ChR2 expression in the 
gastrocnemius muscle compared with ChR2-EYFP mus-
cle which could have subtly contribute to differences in 
muscle function. We expect, but did not directly inves-
tigate in this study, if translational efficiency of ChR2 
was impaired in ChR2-only muscle, given that the wood-
chuck hepatis virus posttranscription regulatory element 
(WPRE) was removed in addition to EYFP.40,41 Any sub-
tle differences in ChR2 protein may influence skeletal 
muscle function and should be investigated in future.

Unlike humans, limb muscles in mice are primarily 
composed of fast-twitch, glycolytic fibers, except for the 
soleus muscles which consists of around 80% oxidative 
(type I and IIA) fibers.42 Different types of muscles (ox-
idative and glycolytic) have varied responses to genetic 
manipulation and stimuli.43 In this study, we accounted 
for different types of muscles, and although we observed 
significant force and muscle mass deficit in EDL and gas-
trocnemius muscle, we did not find these same differences 
in soleus muscles. This differential response may be ex-
plained by muscle types, that is, the ChR2-EYFP overex-
pression may influence contractility of glycolytic fibers 
more than oxidative fibers. In line with this differential 
response based on fiber type, we observed downregula-
tion of fast-twitch muscle-related genes in ChR2-EYFP 

muscles, however, further studies are needed to better un-
derstand this phenomenon.

The attenuated muscle force generation in ChR2-EYFP 
mice that we observed may be in part explained by ei-
ther decreased calcium handling in muscle cells limited 
by ChR2-EYFP fusion protein or by structural damage 
caused by excessive accumulation of EYFP. In our mouse 
models, ChR2-EYFP co-localized at the sarcolemma and 
T-tubules.4 ChR2-EYFP colocalization may hinder the 
functionality of voltage-gated dihydropyridine (DHP) 
calcium channels, which could negatively impact the 
calcium transients, thereby reducing contractile force. 
We saw a small but significant increase in the half relax-
ation time of the ChR2-EYFP EDL muscle compared with 
WT muscle, which may suggest that calcium handling 
during excitation-contraction coupling was slightly af-
fected by ChR2-EYFP. However, additional tests such as 
calcium transient analysis are required to confirm this. 
The attenuated muscle force generation in ChR2-EYFP 
mice that we observed may also be attributed to poten-
tial alterations in the native electrophysiology of muscle 
fibers caused by ChR2-EYFP overexpression. Elevated 
ChR2-EYFP can modify cell's electrophysiological prop-
erties (capacitance, thresholds, and currents),17,18 which 
can also decrease conduction velocity of action potentials 
and inadvertently limit muscle's force generation capac-
ity and cause contractile dysfunction.12,16 Additionally, 
we observed a downregulation in ion channel-associated 
genes in addition to a reduction in HCN2 protein levels 
in ChR2-EYFP muscle. Hyperpolarization-activated cy-
clic nucleotide-gated (HCN) channels activate in response 
to hyperpolarization and generate an inward cation cur-
rent that regulates resting membrane potential.44 Thus, it 
is possible that the decrease of HCN2 with ChR2-EYFP 
overexpression may be impairing the regular electrophys-
iological activities of muscle fibers. Meng et  al. demon-
strated that expression of ChR2-EYFP in neurons caused 
slight hyperpolarization of HCN half-activation volt-
ages,17 indicating the potential of ChR2-EYFP overexpres-
sion to regulate cell's intrinsic properties. Moreover, EYFP, 
a 25 kDa molecule fused to the C-terminus of the 35 kDa 
ChR2 protein can potentially alter its native conformation, 
impacting ChR2's function and possibly leading to ion 
imbalance. While studies using ChR2-YFP demonstrated 
that the fusion protein retained functionality in terms of 
ion conductance and optogenetic control, they did not 
directly compare ChR2-YFP to untagged ChR2 to assess 
potential structural alterations.10,11 Notably, fusion of GFP 
on C-terminus significantly modifies Connexin 43's gat-
ing mechanisms and electrophysiological behavior, likely 
due to steric hindrance or interference with intermolec-
ular interactions.45–47 This disruption has been observed 
to alter conductance states and voltage sensitivity, which 
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may contribute to dysfunctions like ion imbalances in 
cells. Similar changes in ChR2 with EYFP conjugation is 
possible, ultimately leading to the contractile and meta-
bolic dysfunction we have observed. Furthermore, the 
structural damage caused by excessive EYFP clustering in 
the ChR2-EYFP muscle could also be responsible for these 
force deficits. Membranous whorls, similar to what we ob-
served in TEM images, are commonly found in muscles 
exposed to myotoxins such as vincristine, which can lead 
to muscle weakness and are hypothesized as a response to 
the necessity of managing toxic effects.48 Thus, it is possi-
ble that the functional deficit of muscle is a result of the 
macro-morphological alterations in muscle cell and tissue 
structure.

The biological processes enriched by genes down-
regulated in ChR2-EYFP muscle compared with WT 
suggest impaired glycolytic metabolism, which may 
lead to reduced contractile force of EDL and gastroc-
nemius muscles. This hypothesis is further supported 
by the downregulation of FBP2 protein which regu-
lates glycogenesis.49 Many of the downregulated DEGs 
in 3-month-old ChR2-EYFP muscle overlapped with 
those associated with aging (e.g., from SarcoAtlas,7,50), 
suggesting a severe metabolic dysfunction in the pres-
ence of ChR2-EYFP fusion protein. Thus, in addition to 
functional impairments, metabolic dysfunction in ChR2-
EYFP muscle may further compromise the physiological 
relevance of experimental findings obtained using this 
optogenetic model. Furthermore, we observed down-
regulation in fast-twitch fiber contraction related genes 
which may explain the loss of force in fast-twitch EDL 
muscle36–38 but not in the slow-twitch soleus muscle. The 
strong and significant downregulation of Actn3 is consis-
tent with the functional and structural changes we have 
observed, as mice lacking Actn3 have been reported to 
have reduced muscle strength, mass, and a shift of fast-
twitch fibers toward slow-twitch fibers.51,52 The slight in-
crease in half-relaxation time in ChR2-EYFP muscle may 
also indicate a slowing fiber phenotype, however, addi-
tional tests such as single fiber contractility and calcium 
transient analysis are required to confirm this. We also 
observed a downregulation of transmembrane transport 
genes encoding the voltage-gated potassium and sodium 
ion channels, which may indicate changes in intracel-
lular and transmembrane ion transport mechanisms. 
Additional contributors of functional impairments could 
be explained by increased inflammatory responses in the 
ChR2-EYFP muscle.53 The ECM in muscle plays a critical 
role in contractile force transmission, thus the upregula-
tion of ECM and collagen catabolism-related genes may 
influence muscle's force transmission efficiency.54,55

Our in  vivo 10 Hz optogenetic stimulation proto-
col generated similar ankle torque as 150 Hz electrical 

stimulation protocol.6 However, ankle torque decayed as 
the muscle gets fatigued and retained at only ~50% of the 
initial torque by the end of the 20 min stimulation proto-
col. Generally, an exercise protocol is considered either 
endurance or resistance type depending on the amount 
force or torque produced and number of contractions 
elicited. Skeletal muscle secretes proinflammatory myok-
ines under mechanical loading,56 and biological processes 
indicative of inflammatory and immune responses were 
upregulated with optogenetic stimulation in both of our 
optogenetic strains, as previously reported in other studies 
on exercise.57,58 However, the ChR2-only muscle was more 
sensitive than the ChR2-EYFP muscle as the same stimu-
lation protocol yielded a higher number of DEGs in the 
ChR2-only muscle. We observed downregulation of genes 
related to metabolism and mitochondrial regulation in the 
stimulated ChR2-EYFP muscle; however, this phenome-
non is not uncommon in resistance exercise.59 Viggars 
et al. demonstrated that with daily electrical stimulation 
in rats, mitochondrial genes were downregulated in rat 
skeletal muscle until training period reached 30 days.58 
Thus, our optogenetic muscle stimulation protocol may be 
considered resistance exercise as it produces high torque 
with fewer contractions.60,61

This study holds great significance in the field of 
musculoskeletal bioengineering as we demonstrated the 
potential adverse effects of fluorescent Cre reporters on 
muscle physiology. Cre reporter strains are popular in 
biomedical research for a variety of tasks, such as cell lin-
eage tracing, validating recombination, tracking cellular 
processes, and monitoring expression in living tissues and 
cultured cells. However, our findings revealed significant 
dysfunctions in skeletal muscle expressing ChR2 with 
EYFP (i.e., Ai32). Upon EYFP removal (ChR2-only), we 
observed substantial improvement in muscle contractility 
and physiological response to stimulation. This work has 
notable implications for the field, as it shows the potential 
to improve ChR2 delivery and efficacy in skeletal muscle 
thus strengthening the translational potential of optoge-
netics for regulating muscle function.
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