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Abstract

Mitochondrial calcium ([Ca2+]m) plays an essential role in bioenergetics, and loss of [Ca2+]m 

homeostasis can trigger diseases and cell death in numerous cell types. Ca2+ uptake into 

mitochondria occurs via the mitochondrial Ca2+ uniporter (MCU), which is regulated by 3 

mitochondrial Ca2+ uptake (MICU) proteins localized in the intermembrane space, MICU 1, 2 

and 3. We generated a mouse model of systemic MICU3 ablation and examined its physiological 

role in skeletal muscle. We found that loss of MICU3 led to impaired exercise capacity. 

When the muscles were directly stimulated there was a decrease in time to fatigue. MICU3 

ablation significantly increased the maximal force of the KO muscle and altered fiber type 

composition with an increase in the ratio of type IIb (low oxidative capacity) to type IIa (high 

oxidative capacity) fibers. Furthermore, MICU3-KO mitochondria have reduced uptake of Ca2+ 

and increased phosphorylation of pyruvate dehydrogenase (PDH), indicating that KO animals 

contain less Ca2+ in their mitochondria. Skeletal muscle from MICU3-KO mice exhibited lower 

net oxidation of NADH during electrically stimulated muscle contraction compared with WT. 

These data demonstrate that MICU3 plays a role in skeletal muscle physiology by setting the 

proper threshold for [Ca2+]m uptake, which is important for matching energy demand and supply 

in muscle.
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Role of MICU3 in skeletal muscle physiology. Deletion of MICU3 leads to a decline in 

exercise capacity in mice, along with an accelerated onset of muscle fatigue. The mitochondria 

from skeletal muscle lacking MICU3 exhibited lower calcium uptake. Furthermore, skeletal 

muscle from MICU3-KO mice shows reduced net oxidation of nicotinamide adenine dinucleotide 

(NADH) and membrane potential (ΔΨ) during electrically stimulated muscle contraction in 

comparison to wild-type (WT) mice. These findings collectively underscore the important role of 

MICU3 in regulating mitochondrial calcium uptake, which impacts the synchronization of energy 

demand and supply in skeletal muscle physiology.
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Introduction

Mitochondrial Ca2+ uptake occurs via the mitochondrial Ca2+ uniporter (MCU) (Baughman 

et al., 2011; De Stefani et al., 2011), which exists in a complex with EF-hand Ca2+ binding 

proteins (Mitochondrial Ca2+ Uptake (MICU) proteins). There are 3 MICU proteins, MICU 

1, 2, and 3, localized in the intermembrane space (De Stefani et al., 2015; Perocchi et al., 

2010; Plovanich et al., 2013; Xing et al., 2019). Only MICU1 can directly bind to MCU, and 

MICU1 can form either a homodimer or a heterodimer with MICU2 or MICU3 to regulate 

the Ca2+ sensitivity of the MCU (Park et al., 2020). MICU1 homodimers have a lower 

Kd for Ca+2 binding than MICU1-MICU2 heterodimers (Kamer et al., 2017; Park et al., 

2020). Thus, replacing MICU1 homodimers with MICU1-MICU2 heterodimers increases 

the threshold for [Ca2+]m uptake (Kamer et al., 2017; Park et al., 2020). Over-expression 

of MICU3 in Hela cells has been shown to enhance [Ca2+]m uptake suggesting that MICU1-

MICU3 heterodimers have a reduced threshold for [Ca2+]m uptake (Patron et al., 2019).
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The MCU and MICU levels and the ratio of MICU1/MCU vary among tissues (Paillard 

et al., 2017; Tsai et al., 2022). Skeletal muscle also expresses a MICU1 splice variant, 

MICU1.1 (Reane et al., 2016). While MICU3 is highly expressed in neuronal tissue (Patron 

et al., 2019), very few studies have examined its role in non-neuronal tissue. A recent 

study showed that MICU3 protein expression levels significantly increase in skeletal muscle 

during development (Kim et al., 2019). Compared to postnatal day 1, MICU3 increases ~2-

fold by day 7 and 2.6-fold by day 21. Interestingly, MCU and MICU1 decrease postnatally 

in skeletal muscle. By postnatal day 21, MICU1 decreases to 40% of its level at postnatal 

day 1, and MCU decreases to 50% of postnatal day 1 levels (Kim et al., 2019). Additionally, 

with aging, there is a loss of skeletal muscle mass, and a recent study showed a concomitant 

decrease in MICU3 in skeletal muscle along with the loss of muscle. It also was shown 

that restoring the levels of MICU3 in aged skeletal muscle reversed muscle dysfunction, 

suggesting a role for MICU3 in regulating skeletal muscle function (Yang et al., 2021). 

To further investigate the role of MICU3, we studied a mouse model with a systemic 

lack of MICU3 and showed that loss of MICU3 reduced cardiac dysfunction following 

isoproterenol induced hypertrophy (Puente et al., 2020). In this study we examined the role 

of MICU3 in skeletal muscle and found that loss of MICU3 led to a decrease in exercise 

capacity and in time to fatigue. We also found that loss of MICU3 led to altered fiber type 

composition with an increase in the ratio of type IIb (low oxidative capacity) to type IIa 

(high oxidative capacity) fibers. Furthermore, mitochondria that lack MICU3 exhibited a net 

oxidation of NADH during electrically stimulated muscle contractions. Taken together, these 

data suggest that MICUs levels are regulated in a tissue- specific manner which is important 

for tissue-specific function.

Methods

Ethical Approval.

All animal protocol were approved by the National Heart, Lung, and Blood Institute Animal 

Care and Use Committee (HL-0177) and adhered to the Animal Care and Welfare Act 

directives.

Animals.

The mitochondrial calcium uptake 3 (MICU3) knockout (KO) mice were generated using 

the CRISPR-Cas9 (clustered regularly interspaced short palindromic repeat–associated 

9) method (Puente et al., 2020; Wang et al., 2013). Briefly, two single guide 

RNAs (sgRNAs) were designed to delete the MICU3 gen, one guide binds to the 

coding region of Exon1 (CGGCTCCCGGGATGTCGGGC) and the other to Exon 12 

(CGTGCTGTATACGTAGCTAC) of the mouse Micu3 genomic DNA. These sgRNAs 

were synthesized using ThermoFisher’s sgRNA In Vitro Transcription service, and were co-

microinjected at 20ug/ml together with Cas9 mRNA (50 ug/ml, TriLink BioTechnologies, 

San Diego, CA) into the cytoplasm of zygotes collected from C57BL/6N mice (Charles 

River Laboratory). Injected embryos were cultured overnight in KSOM medium (Millipore 

Sigma) in a 37°C incubator with 6% CO2. The next morning, embryos which reached the 

2-cell stage of development were implanted into the oviducts of pseudo pregnant surrogate 

mothers (CD1 mice from Charles River Laboratory). Offspring born to the foster mothers 
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were genotyped using PCR followed by Sanger sequencing. It was produced a mice with 

a knockout mutation with the entire region between Exon1 and Exon 12 deleted. The mice 

were used in this study (Ex1–12) and they clearly lack the expression of the MICU3 protein 

(Figure 1A).

All animal experiments were performed following the guidelines of the Guide for the Care 

and Use of Laboratory Animals (National Institutes of Health), and all animal protocols 

were approved by the National Heart, Lung and Blood Institute’s Animal Care and Use 

Committee. The mice used in these experiments were between 3 and 6 months old and 

included both males and females. The animals were provided with ad libitum access to food. 

For the in vivo study to assay of muscle contraction strength mice were anesthetized with 

isoflurane (using 4–5% Isoflurane with 1 L/min 100% O2) for 1 minute in an induction 

chamber and then maintained with 2% Isoflurane via a nosecone, when the animals were 

placed on a heated platform. For tissue harvest and mitochondria isolation mice were 

anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg) and Heparin (50 USP). 

After the animals had reached a stage of anesthesia characterized by the loss of the 

pedal withdrawal reflex, at which point the muscle was harvested and the animal died by 

exsanguination.

Treadmill running.

Mice were tested for exercise capacity using a Columbus Instruments rodent treadmill 

(Model Eco-6M), set at a 10-degree incline, as described in (Liu et al., 2020). Mice were 

acclimated to the walking on the treadmill at a speed of 8–12 m/min for 10 minutes on three 

consecutive days, and rested one day prior to the test. The testing protocol was as follows: 

ten min with belt speed at 10 m/min, 12 m/min for five min, 15 m/minute for three minutes. 

Then, the belt speed was increased incrementally by 1.8 m/min every three min until the 

mouse became exhausted. Total time, distance, maximum speed, and work were recorded 

at the time of exhaustion, defined as when mice were unable to continue running without 

repeatedly falling back onto the shock grid at the back of the treadmill.

In vivo Assay of muscle contraction strength (Isometric torque test).

In vivo muscle contractility was measured in the plantar flexor muscle group (gastrocnemius 

and soleus) of the lower limb, using an Aurora Scientific Inc model 1300A. Mice were 

anesthetized using 4–5% Isoflurane with 1 L/min 100% O2 for 1 minute in an induction 

chamber and then placed supine on a heated platform and maintained with 2% Isoflurane via 

a nosecone. The knee was kept stationary, and the foot was firmly fixed to a footplate, which 

was connected to the shaft of the motor. The foot was aligned at 90° to the tibia. Muscle 

contraction (ankle plantar flexion) was elicited by placing subcutaneous electrodes in the 

gastrocnemius and soleus. A force frequency protocol was performed by applying a series 

of stimulation frequencies directly to the plantar flexion muscle group from 25 to 250 Hz 

at 25-Hz increments with a pause of 1 min between stimuli, and maximal isometric torque 

(mN-m) was measured at full tetanic contraction at each frequency. After completing the 

force frequency curve, and a rest period of three minutes, a series of 100 tetanic contractions 

delivered every five seconds at a stimulation frequency of 150Hz was used to induce muscle 
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fatigue. The maximal isometric torque measurements were normalized to body weight (kg), 

which is reported as specific torque (mN-m/kg).

Histology and confocal image.

Soleus and extensor digitorum longus (EDL) muscle were dissected from 6 months old 

control and KO mice and were embedded in an embedding mold with optimal cutting 

temperature (O.C.T) compound. The embedded muscle was then immersed in cooled 2-

methyl butane of −78 °C for 5 min to freeze the muscle. 10 μm-thick sections of the frozen 

muscle were acquired with a cryostat (Leica) at −20 °C and collected on room temperature 

positive charged slides. For immunostaining, the slides were brought to room temperature, 

and washed three times with 1x PBS solution. The sections were blocked with blocking 

buffer (1 × PBS containing 5% of goat serum and 1% of bovine serum albumin) for 1 

hour and then incubated in blocking buffer containing 0.05% Tween and primary antibodies 

overnight at 4 °C. The MyHC antibodies (DSHB) used were: BA-D5 (1:60, myosin heavy 

chain type I), SC-71 (1:100, myosin heavy chain type IIa), and BF-F3 (1:80, myosin heavy 

chain type IIb). Sections were washed 3 times with 1x PBS containing 0.05% Tween and 

then incubated in Alexa Fluor or CF dye-conjugated secondary antibodies (Invitrogen) for 

one hour. The sections were washed 3 times again with 1x PBS containing 0.05% Tween, 

and coverslips were mounted on the sections with Prolong gold antifade mountant (Life 

Technologies). Confocal images were collected with a Zeiss LSM 780 confocal microscope 

system.

Isolation of mitochondria from skeletal muscle.

Mice were euthanized to dissect hind limb muscles (~1.5g). All the procedures were 

carried out on ice. The isolated muscles from both legs were transferred into ~10 ml 

isolation medium (150 mM sucrose, 75 mM KCl, 50 mM Tris-HCl, 1 mM KH2PO4, 5 

mM MgCl2, 1 mM EGTA, pH 7.4). Muscles were minced into small pieces in isolation 

medium, and 0.5mg Subtilisin A (1mg/ml in isolation buffer, Sigma-Aldrich Cat# P3910) 

were added. Before homogenization 5 ml of isolation medium containing 0.2% BSA were 

added. The minced muscle tissue were then homogenized for 15 seconds at 40% of full 

power with Polytron (IKA Works, INC. Model: Ultra Turrax T25). Homogenized solution 

was centrifuged at 700g for 10 minutes at 4°C. After the first spin, the supernatant was 

poured into a clean tube chilled on ice and then spun at 10,000 g for 10 minutes at 

4°C. The resulting pellet (mitochondria) was resuspended in Buffer B (225mM Mannitol, 

75mM Sucrose, 5mM MOPS, 2mM Taurine, pH 7.25), 0.2% albumin. The enrichment 

of mitochondria was washed and centrifuged at 11,000 g for 3 min at 4°C. The final 

mitochondrial pellet was resuspended in 1 ml of Buffer B without albumin to measure 

mitochondrial protein concentration by Bradford (Thermo Fisher Scientific Cat#1856209).

Measurement of calcium uptake and CRC.

Isolated mitochondria from skeletal muscle were resuspended at a concentration of 0.5 μg/μl 

in Buffer B. To load mitochondria with Rhod2-AM, we added 2.25μl of 8.9 mM Rhod2-AM 

(Cayman Chemical, Cat#145037-81-6, final concentration 20μM) to 1ml of 0.5 mg mito/ml. 

The mitochondria suspension was incubated for 30 mins at room temperature in the dark. 

After incubation, the mitochondria were centrifuged for 2 min at 11,000g, and washed 
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gently twice with 1 ml ice-cold buffer B + 0.2% BSA then once with 1 ml Buffer D (KCl 

137mM, HEPES 20mM, KH2PO4 2mM, pH 7,2). After the last wash, we resuspended the 

dye-loaded mitochondria in 0.8 ml Assay Buffer (new Buffer D + 5 mM Glutamate/Malate). 

Fluorescence was measured at 532-nm excitation and 590nm emission on a ClarioStar plate 

reader. Experiments were initiated by addition of 5μM CaCl2.

Calcium retention capacity (CRC) assay was performing as previously describe (Parks et al., 

2019). To analyzed the uptake and retention of Ca2+, we utilized the fluorescent calcium 

marker Ca2+ Green-5N (1 μM, Molecular Probes Cat#C3737 Invitrogen), a probe designed 

to quantify extramitochondrial calcium levels. We conducted a series of Ca2+ pulses with 

concentrations ranging from 5 to 10 μM until the opening of the mitochondrial permeability 

transition pore (PTP), characterized by a sudden increase in the signal. Fluorescence was 

measured at 485-nm excitation and 530nm emission on a ClarioStar plate reader.

Immunoprecipitation (IP).

Isolated mitochondria from skeletal muscle were incubated on ice for 30 minutes in IP 

buffer: 50mM Tris, 150mM NaCl, 1% NP-40, 1mM EDTA, Protease & Phosphatase 

Inhibitors at pH 7.4. A total of 300μg of mitochondria were dissolved in 200μl of IP buffer 

and incubated with 5μl of anti-MCU antibody (Sigma-Aldrich, #HPA016480) overnight 

at 4°C with rotation. A control negative of IP was considerer 300μg of mitochondria 

dissolved in 200μl of IP buffer and incubated with 5μl of anti-IgG antibody. The next day, 

magnetic beads (Dynabeads, Thermo #10004D) were washed three times with IP buffer and 

combined with the lysis buffer for 2 hours at room temperature. The immunocomplexes 

were separated using SDS-2.5% of 2β-Mercaptoethanol and heated at 70°C for 10 minutes. 

The co-immunoprecipitated proteins were separated by SDS-PAGE gel electrophoresis, 

transferred to a nitrocellulose membrane, and incubated with anti-MICU1 overnight as 

explained in the WB section.

Blue Native-Polyacrylamide gel electrophoresis.

Blue Native-Polyacrylamide gel electrophoresis (BN-PAGE) was carried out to study 

MICU1 in the MCU complex, as previously described (Liu et al., 2020; Reane et al., 2016). 

Briefly, freshly isolated mitochondria were incubated on ice with Native PAGE sample 

buffer (Invitrogen Cat#BN2001) and dissolved with DDM (Invitrogen Cat#BN2005) at a 

final concentration of 0,5%. Crude extract was centrifuged at 4°C, 18000g for 30 minutes, 

and the protein in the supernatant was quantified using the Bradford method. After that, the 

proteins were dissolved in 1x Native PAGE sample buffer with Native PAGE 5% G-250 

Sample Additive (Invitrogen Cat#BN20041) to a final concentration of 0.25%. 20 μg of 

proteins were loaded into a 3–12% gel, and electrophoresis running buffers were prepared 

according to the manufacturer’s protocol for the Native PAGE Novex Bis-Tris Gel System. 

Once the electrophoretic run was complete, the gels were photographed and transferred to a 

nitrocellulose membrane using the BioRad system. Thereafter, the membranes were blocked 

for 2 hours at room temperature and immunoblotted with a primary antibody against MICU1 

(1:300, Sigma-Aldrich #HPA016480) at 4°C overnight. The bands were developed by a 

chemiluminescent as is explain below.

Roman et al. Page 6

J Physiol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Western blot (WB)

Immunoblotting was performed on RIPA-lysed frozen soleus tissue from both legs. Briefly, 

the chopped soleus was homogenized in 4 vol of ice-cold RIPA buffer (Thermo #89901, pH 

7.4) plus protease inhibitor cocktail (Thermo Scientific, #A32961) using PRECELLYS-24 

DUAL (Berting Corp). Then, the homogenate was centrifuged at 10,000g for 15 min 

at 4°C and the supernatant collected and immediately snap-frozen in liquid N2, and 

stored at −80°C. The concentration of each soleus sample was quantified by Bradford 

method (Thermo Scientific #1856209) with bovine serum albumin as the standard. The 

protein was prepared in 1X LDS NuPAGE loading buffer (Invitrogen, NuPAGE #NP0007) 

with 2.5% or 10% for MICU3 of 2β-Mercaptoethanol (Sigma #M3148–25ml) without 

heat. The samples were resolved on SDS-PAGE in NuPAGE 4–12% gradient gel and 

transferred to a nitrocellulose membrane using BioRad Trans-Blot-Turbo System (7min). 

Membranes were blocked with 5% nonfat milk in Phosphate-Buffered Saline (pH 7.5) 

containing 0.1% Tween (PBS-T). For immunological detection of MCU, MICU3, MICU1, 

MICU2, EMRE, pSer293PDH, PDH and the loading control TOM-20 and GAPDH, 

the membranes were probed overnight at 4°C with corresponding antibodies: anti-MCU 

(1:1.000;Sigma-Aldrich #HPA016480), anti-MICU3 (1:250;Sigma-Aldrich #HPA024771), 

anti-MICU1 (1:1.000;Sigma-Aldrich #HPA037480), anti-MICU2 (1:1.000; Sigma-Aldrich 

#HPA045511), pSer293PDH (1:1000), PDH (1:1000, Santa Cruz Biotechnology #), anti-

TOM-20 (1:2.000; Santa Cruz Biotechnology #(FL-145)sc-11415), anti-EMRE (1:500, 

Santa Cruz #(C-12) sc-86337) and anti-GAPDH (1:1000, Santa Cruz, #(FL-335) sc-25778). 

The membranes were washed for 30 min with changes of TBS-T every 10 min before the 

addition of HRP-conjugated anti-rabbit or mouse secondary antibody for 1hs (1:5,000; Cell 

Signaling #7074). The bands were developed by a chemiluminescent reagent (ECL Plus; 

Amersham Biosciences) using the LICOR system to detect the signal. Protein bands were 

quantified with ImageJ software (NIH) and were analyzed using GraphPad version 9.

RNA isolation, reverse transcriptase reaction, and quantitative Real-Time PCR,

RNA isolation, reverse transcriptase reaction, and quantitative Real-Time PCR, were 

performed to study the expression patterns of MICU1 and MICU1.1 in skeletal muscle 

tissues from MICU3-KO and WT mice. We followed the method previously described by 

(Reane et al., 2016). The Soleus muscle was isolated from the animals, and total RNA 

was extracted using the RNeasy Mini Kit (Qiagen #74104) following the manufacturer’s 

instructions. RNA concentration was assessed using the Nanodrop instrument (Thermo 

Fisher Scientific). For retro-transcription, 1 μg of total RNA from each sample was used 

with the iScript™ cDNA Synthesis Kit (BioRad #1708890). Polymerase chain reaction 

(PCR) was conducted using a SYBR green PCR kit (Roche #4913914001) and detected with 

an MX3005P detector from Agilent Technologies. Each reaction was performed in triplicate. 

The primers used for Real-Time PCR demonstrated an efficiency ranging between 90% to 

110%. The housekeeping gene GAPDH was employed as an internal control for cDNA 

normalization. Expression levels were quantified using the 2−ΔΔCt method. The following 

table displays the primer sequences used for qPCR:
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Target Primers

MICU1 Fw 5’-GCGCTTTGATGGAAAGAAAATTGC-3’

Rv 5’-TGTCTACCTCTCCGTCTCCA-3’

MICU1.1 splice variant specific (NM_001291443): Fw 5’-CTTTGATGGAAAGGAGTTCTGGC-3

Rv 5’-CCTCCATGTCTACCTCTCCGT-3’

GAPDH Fw 5’-CACCATCTTCCAGGAGCGAG-3’

Rv 5’-CCTTCTCCATGGTGGTGAAGAC-3’

Muscle fiber isolation.

Soleus and flexor digitorum brevis (FDB) muscles were dissected in vivo from anaesthetized 

mice. Skin was surgically removed and the soleus and FDB muscle were detached from 

the bone at the distal and proximal tendons. Muscle fibers for isolation were digested 

with 3 mg/ml collagenase D (Sigma, Cat#11088858001) in 1 ml Tyrode buffer (pH = 

7.4) containing: 10 mM HEPES, 137 mM NaCl, 4.5 mM KCl, 0.5 mM MgSO4, 0.5 mM 

KH2PO4, 10 mM glucose, 1.8 mM CaCl2, 1mM Pyruvate and, 10mM BDM at 37°C for 

60 min. After digestion, the Collagenase D solution was replaced with fresh Tyrode at 

37°C. The fibers were disrupted from the muscle by mechanically pipetting. Once fibers 

are separated, they were transferred to a new tube and spin down and gently washed two 

time with Tyrode at 37°C without BDM and then resuspended in 500ul of Tyrode 37°C 

without BDM for immediately plated onto dishes with Matrigel coating (Corning, NY, USA) 

containing. NADH and TMRM measurements in isolated fibers were performed 15–30 min 

after plating cells in the dish.

NADH and membrane potential measurement in isolated muscle fibers.

NADH autofluorescence and mitochondrial energetic flux were evaluated in intact fibers 

by the mitoRACE method as previously described (Willingham et al., 2019). NADH 

autofluorescence was imaged in isolated fibers using a Leica SP8 3X STED microscope, 

a Coherent UV laser tuned to 355nm, a Leica HyD SMD time-gated PMT collecting 

emission between 400–500nm, and a Leica oil immersion HC PL APO CS2 63x (1.40 

NA) objective (Leica Microsystems, Inc., Wetzlar, Germany). For imaging isolated fibers 

loaded with TMRM (15nM), samples were excited with a pulsed white-light laser tuned to 

548nm and emission was read between 565–610nm using a HyD PMT. All images were 

taken using with a scanning speed of 600Hz, a pixel format of 512×512, and a pinhole 

size of 1.0 AU. NADH autofluorescence was imaged at rest for 1min to establish baseline 

signal intensity. Next, NADH intensity was recorded while fibers were stimulated for 1 min 

at 10Hz and 8V. The fully reduced and maximum NADH intensity signal was acquired 

by adding 5 mM KCN to the fibers via perfusion resulting in the complete inhibition of 

oxidative phosphorylation. The average fluorescence intensity was quantified by selecting a 

region of interest and measuring intensity in that region over time using ImageJ (Bethesda, 

MD, USA).
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NADH autofluorescence was analyzed as a change in the NADH fluorescence response 

of individual Soleus or FDB muscle fibers during stimulation compared to the baseline. It 

was calculated as ΔF/F0 (Stimulation-Baseline)/Baseline, and the data were normalized for 

the maximal value of NADH. Additionally, we calculated the Rate of Increase in NADH 

fluorescence using mitoRACE (Slope). TMRM fluorescence was also evaluated as a change 

in ΔF/F0 (Stimulation-Baseline)/Baseline, and the data were normalized by the maximal 

value of NADH of each fiber.

Statistics.

GraphPad Prims 9, LLC (version 9.5.1) was used for graphics and analysis. All data are 

expressed as mean (standard deviation measurement (SD)), and differences were tested with 

either the Student’s unpaired t-test (for comparison of 2 groups) or One-way analysis of 

variance (ANOVA) with Bonferroni correction for datasets with more than two groups. The 

experiments conducted with cells followed a hierarchical structure and were analyzed using 

nested t-test (Eisner, 2021). Statistical significance was defined as P < 0.05 (95% confidence 

interval). All data displayed a normal distribution and variance was similar between groups 

for each evaluation.

Results

Genetic ablation of MICU3 impairs exercise capacity

To test whether MICU3 plays a role in regulating skeletal muscle function, we tested 

the exercise capacity of WT and MICU3-KO mice. WT and MICU3 mice were run to 

exhaustion on a treadmill and we observed that MICU3-KO mice ran significantly less than 

WT mice (WT 827.6 (39.3) vs KO 644.2 (93.3) m; p=0.0037, Figure 1B). We calculated 

the work and maximal speed for each strain, and found a significant reduction in the 

MICU3-KO animals (WT 31.2 (1.13) vs KO 28.3 (1.44) Kg.m Figure 1C, (p=0.0065) and 

WT 4.3 (0.22) vs KO 3.2 (0.55) m/min; p=0.0138, Figure 1D). These differences occurred 

without a difference in muscle mass (hind limb muscles from both legs, Figure 1E). Taken 

together these data show that loss of MICU3 impairs exercise capacity.

Changes in the force response and fatigue during in-vivo stimulation

To determine whether the impaired exercise capacity was due to a defect in skeletal muscle, 

we evaluated contractions in the gastrocnemius (GAS) and soleus muscles evoked by 

direct electrical field stimulation and measured muscle strength and fatigue. Fatigue was 

evaluated by the administration of a series of tetanic contractions in succession (100Hz). 

As shown in Figure 2A, intact muscle exhibits a marked force depression with repeated 

tetanic contractions (500 sec). The loss of 50% of force occurred earlier for the MICU3-KO 

(182.5 (66.1) sec) than in the WT muscle (253.3 (104.6) sec), consistent with an earlier 

fatigue in KO than in WT muscles. The force was determined as ankle torsion of GAS and 

soleus muscle and the data are reported as max/min torque vs. force due to the rotational 

component. We observed that for each stimulation frequency between 25–250 Hz, the KO 

mice developed significantly greater force than WT mice (Figure 2B). Altogether, these 

studies show that loss of MICU3 affected the properties of the force response and fatigue, 

possibly suggesting muscle fiber switching in the KO animals.
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MICU3 deficiency is associated with fiber type switching

An increase in fatigue and force could be explained by a change in fiber-type (Handschin 

et al., 2007; Watanabe & Wada, 2020). To test this hypothesis, we isolated cryo-sections 

from soleus muscle and performed immunostaining to identify the different fiber types using 

antibodies against myosin heavy chain Type I (MHC-I, blue color), IIA (MHC-IIa, green 

color), and IIb (MHC-IIb, red color). Analysis of these confocal images (Figure 3A–B), 

indicated that in MICU3-KO muscle type I and type IIa fibers were reduced by 3.52 and 

7.43 %, respectively compared with the WT muscle. We also observed a significant increase 

in type IIb fibers (+11.45%) in soleus muscle from MICU3-KO animals (Figure 3A–B). 

In WT animals, type IIb fibers were very rarely found in soleus (Figure 3A and C). Thus, 

soleus muscles of MICU3-KO have a higher percentage of the glycolytic IIb fibers. WT 

EDL muscle has higher levels of type IIb fibers than soleus and there was no significant 

change in the MICU3-KO (Figure 3B and D).

Lack of MICU3 leads to an increase in MICU1.1

To better understand the biochemical basis underlying the phenotypic alterations observed 

in MICU3-KO mice, we used western blotting to examine differences in the regulators of 

the MCU complex. We tested if MCU, MICU1, MICU2, or EMRE changed in the MICU3-

KO soleus muscle. As shown in Figure 4A and B, there is a significant increase in the 

MICU1/MCU ratio in the KO mice whereas the levels of MICU2/MCU, MCU/TOM20 and 

EMRE/GAPDH are not different between WT and KO soleus muscle. These data would be 

consistent with the loss of MICU3 resulting in an increase of MICU1-MICU1 homodimers 

in the MCU complex in soleus muscle of MICU3-KO.

To determine if the increase in MICU1 corresponded to an increase in MICU1 dimerized 

with MCU we immunoprecipitated with MCU and probed for MICU1 and found 

significantly higher levels in KO (Figure 4C). We also ran a non-reducing gel and found 

more MICU1 in the MCU complex in KO compared to the WT (Figure 4D). Skeletal muscle 

has a specific MICU1 isoform, MICU1.1. As the antibodies recognized both isoforms, 

we measured mRNA levels for MICU1 vs MICU1.1 (see Figure 4E). We found that the 

MICU3-KO muscle had significantly higher expression of MICU1.1 compared to WT. 

These data suggest that the loss of MICU3 predominantly increases MICU1.1.

Lack of MICU3 leads to a mitochondrial calcium decline

It has been reported that MICU3 enhances [Ca2+]m uptake in neuronal tissue (Patron et 

al., 2019). As the composition of MICUs regulates the sensitivity of MCU to Ca2+ (Kamer 

et al., 2017; Park et al., 2020), we tested whether lack of MICU3 alters mitochondrial 

calcium uptake in skeletal muscle. Mitochondria from WT and MICU3-KO skeletal muscle 

from both legs were isolated and loaded with Rhod-2, a calcium-sensitive fluorophore. 

Pulses of Ca2+ (5μM) were added to the Rhod-2 loaded mitochondria and changes in 

mitochondrial matrix Ca2+ due to uptake of extramitochondrial Ca2+ were measured by 

following changes in Rhod-2 fluorescence. Figure 5A shows a representative trace of 

Rhod-2 fluorescence in WT and KO mitochondria following multiple Ca2+ additions. 

Addition of Ru360 demonstrates that the Ca2+ uptake is dependent on MCU. This figure 

shows that WT mitochondria accumulate more Ca2+ than MICU3-KO mitochondria. Data 
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from 8 biological replicates are summarized in Figure 5B. We also examinate, the Ca2+ 

uptake using Calcium Green-5N to measure extramitochondrial Ca2+. Figures 5C and D 

show that MICU3-KO mitochondria are able to take up more calcium than WT before 

undergoing PTP (mitochondrial permeability transition pore). To further assess [Ca2+]m, 

we also measured the levels of phosphorylated PDH (pyruvate dehydrogenase), which has 

been demonstrated to be inversely proportional to mitochondrial calcium level (Denton et 

al., 1972; Siess & Wieland, 1972). Figure 5E, shows an increase in phosphorylated PDH 

in MICU3-KO soleus muscle consistent with lower mitochondrial calcium in KO relative 

WT. Taken together these data suggest that at baseline MICU3-KO mitochondria have lower 

mitochondrial calcium than WT.

Metabolic consequences of MICU3 ablation

It has been demonstrated that an increase in work leads to an increase in cytosolic Ca2+, 

which in turn increases [Ca2+]m. This increase in [Ca2+]m has been shown to enhance 

NADH production, thereby matching energy demand and supply (Liu & O’Rourke, 2008; 

Wescott et al., 2019). To determine whether the lack of MICU3 alters energy supply and 

demand matching, we isolated soleus muscle fibers from WT and MICU3-KO mice and 

measured NADH autofluorescence using one-photon excitation before and after electrical 

stimulation of the muscle. Mitochondria were also loaded with tetramethyl rhodamine, 

methyl ester (TMRM) fluorophore to monitor the membrane potential and confirm the 

mitochondrial localization of the NADH signal in fibers (Figure 6A–C).

We evaluated NADH and TMRM fluorescence at baseline (resting) in isolated soleus 

skeletal muscle fibers, and then to mimic an increase in work, we electrically stimulated for 

1 min at 10Hz. At the end of the study, cyanide was added to provide the fully reduced 

NADH signal. As shown in a representative trace in Figure 6D, electrical stimulation 

resulted in no change in NADH fluorescence in the WT soleus muscle; however in MICU3-

KO soleus muscle, electrical stimulation resulted in a significant decrease in NADH (−7% 

decrease, p=0.0351) as shown in Figure 6E. We also evaluated TMRM fluorescence and 

observe a significant decrease after stimulation in the MICU3-KO but not in the WT fibers 

(Figure 6F). This indicates that the membrane potential in the KO fibers can become 

depolarized by stimulation. We also analyzed production of NADH (flux) using mitoRACE 

(redox after cyanide experiment, (Willingham et al., 2019)). Inhibition of mitochondrial 

electron transfer chain flux by perfusion of potassium cyanide (5 mM) resulted in an rapid, 

linear increase in NADH fluorescence at a rate of 3.23 (1.71) % of the total NADH pool per 

min for WT fibers while MICU3-KO fibers exhibited a lower rate (1.80 (1.76) % NADH 

m−1) (Figure 6G). We also examined NADH and TMRM in FDB muscle and found a 

similar response. Upon stimulation NADH does not change in WT FDB muscle, but there is 

a significant decline in MICU3-KO FDB muscle (Figure 7A–D). Taken together these data 

suggest that MICU3-KO fibers have reduced generation of NADH compared to WT, which 

would interfere with energy demand and supply matching.
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Discussion

Ca2+ uptake into mitochondria is important for regulating cell energetics (Glancy & 

Balaban, 2012) and cell death (Bauer & Murphy, 2020). Uptake of Ca2+ into the 

mitochondria is thought to be critical for matching NADH redox potential and ATP 

production to increased energetic demand (Liu & O’Rourke, 2008; Maack & O’Rourke, 

2007; Wescott et al., 2019). However, excessive uptake of [Ca2+]m can lead to activation of 

a non-specific channel in the mitochondria and thereby initiate cell death (Bauer & Murphy, 

2020). Uptake of Ca2+ into mitochondria occurs via the MCU complex (MCUc) (De Stefani 

et al., 2015). MCU, the pore forming unit is regulated by the MICU family of EF hand Ca2+ 

binding proteins (Matesanz-Isabel et al., 2016; Plovanich et al., 2013). The levels of MICU1 

and 2 have been shown to vary between tissue leading to tissue specific regulation of 

mitochondrial homeostasis (Paillard et al., 2017; Tsai et al., 2022). Tissue specific regulation 

of [Ca2+]m can be important in modulating the energetics of the tissue as well as protecting 

the cell from Ca2+ overload induced cell death. A tissue specific isoform of MICU1.1 has 

been identified in skeletal muscle (Reane et al., 2016). A number of studies have examined 

the role of MICU1 and 2 in regulating MCUc in different tissues (Debattisti et al., 2019; 

Kamer & Mootha, 2014; Paillard et al., 2017; Reane et al., 2016; Shamseldin et al., 2017; 

Tsai et al., 2022); however there have been few studies investigating the role of MICU3. 

Patron and co-workers demonstrated in neuronal tissue that MICU3 enhances Ca2+ uptake 

into the mitochondria (Patron et al., 2019). MICU3 has been considered to be a neuronal 

specific MICU and there has been little study of its role in non-neuronal tissue. The aim of 

this study was to characterize the role of MICU3 in skeletal muscle.

The data in this study provide evidence suggesting that MICU3 plays an important role in 

skeletal muscle physiology. MICU3-KO mice are healthy and do not exhibit any adverse 

phenotype. In fact, previous studies have shown that they are more tolerant of isoproterenol 

induced cardiac hypertrophy (Puente et al., 2020). The loss of MICU3 does not result in 

changes in MCU, MICU2 or EMRE, but does result in an increase in MICU1.1, which could 

be compensatory. Interestingly, the splice variant MICU1.1 binds Ca2+ with higher affinity 

than MICU1 and similar to MICU3 (Reane et al., 2016; Vecellio Reane et al., 2022). It 

has been shown that [Ca2+]m plays a role regulating skeletal muscle trophism (Mammucari 

et al., 2015); therefore with loss of MICU3, replacement with MICU1.1 is likely to be a 

compensatory mechanism to maintain Ca2+ handling requirements and the mass muscle.

This work provides novel insights showing that loss of MICU3 significantly alters exercise 

capacity in the skeletal muscle. We observed that KO animals run significantly less than 

WT, and direct stimulation of the muscle demonstrated that the loss of MICU3 has a direct 

effect on skeletal muscle. Loss of exercise capacity and fatigue are complex phenotypes 

and a complete understanding of how a loss of MICU3 leads to these changes will require 

additional study. The mechanism responsible for the decrease in exercise capacity appears to 

be due in part to a slight but significant increase in glycolytic IIb fiber type in soleus along 

with a decrease in mitochondrial Ca2+ uptake in the MICU3-KO fibers thereby decreasing 

generation of NADH which impairs the ability to match energy demand and supply. The 

loss of MICU3 reduces the increase in [Ca2+]m during contraction and this is likely to 

play a major role in the reduced force generation in the MICU3-KO muscle. The increase 
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in MICU1.1 is likely to be a compensatory mechanism. The accumulation of [Ca2+]m is 

hypothesized to be critical for matching NADH redox potential and ATP production to 

match energy supply and demand. Thus, reduced [Ca2+]m accumulation should impact 

NADH production in response to increased work. The isolated muscle fibers from WT 

mice did not show any change in NADH after stimulation consistent with previous studies 

(Brandes & Bers, 1997; Liu & O’Rourke, 2008). However, MICU3-KO fibers showed a 

significant decrease in the NADH fluorescence intensity after stimulation, similar to studies 

in heart using Ru360 to inhibit [Ca2+]m uptake (Liu & O’Rourke, 2008). In addition to 

measuring changes in NADH redox upon electrical stimulation, we also used mitoRACE 

to monitor the rate of NADH generation in single cells. Willingham and Glancy studied 

mitochondrial function in-vivo in Tibialis anterior myofibers and found no change in 

NADH redox between resting and immediately post-stimulation. However, NADH flux 

rates measured with mitoRACE were significantly higher at post-stimulation than at rest 

(Willingham et al., 2019). Using mitoRACE, we observed a significantly faster rate of 

NADH production following electrical stimulation in WT compared to MICU3-KO muscle. 

Taken together these data suggest that MICU3 is important for setting the threshold for 

[Ca2+]m uptake in skeletal muscle and that lack of MICU3 can impair the ability to match 

energy demand and supply.

There is increasing evidence that dysregulation of [Ca2+]m homeostasis can impact the 

bioenergetics of the cells and this might be a final common pathway in a multitude of 

disease conditions, including fatigue, lethargy, muscle myopathies (Bhosale et al., 2015; 

Debattisti et al., 2019; Lewis-Smith et al., 2016; Logan et al., 2014; Musa et al., 2018; 

Vallejo-Illarramendi et al., 2014), neurodegenerative diseases (Abeti & Abramov, 2015), 

models of heart failure and ischemic tissue injury (Martin & McGee, 2014; Santulli et 

al., 2015). Therefore, strategies that modulate [Ca2+]m uptake might have wide therapeutic 

potential. Results of this study increase our understanding of the role of MICU3 in [Ca2+]m 

regulation, and ultimately may identify MICU3 as a potential therapeutic target for the 

treatment of skeletal muscle diseases characterized by reduce Ca2+ uptake.
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Key Points

• Mitochondrial calcium uptake is an important regulator of bioenergetics and 

cell death and is regulated by the mitochondrial calcium uniporter (MCU) and 

3 calcium sensitive regulatory proteins (MICU1,2 and 3).

• Loss of MICU3 leads to impaired exercise capacity and decreased time to 

skeletal muscle fatigue.

• Skeletal muscle from MICU3-KO mice exhibits a net oxidation of NADH 

during electrically stimulated muscle contractions, suggesting that MICU3 

plays a role in skeletal muscle physiology by matching energy demand and 

supply.
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Figure 1. Loss of MICU3 impaired exercise capacity.
A) Scheme of the MICU3 gene with the composition of exons and targeted deletion of exons 

1 to 12 mediated by CRISPR-Cas9. Exons 1 through 14 encompass the coding sequence, 

whereas exon 15 is noncoding. The scissors indicate the targeting sites for the CRISPR 

short guide RNAs. On the right is a WB from soleus muscle demonstrating no expression of 

MICU3 in KO mice. Exercise testing showed MICU3-KO mice have diminished B) distance 

traveled expressed in meter and C) work expended during exercise. This correlates with 

much shorter D) speed during excise. E) Differences were not due to a reduce in the mass 
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of skeletal muscle (hind limb muscles from both legs) in the MICU3-KO. (n = 5–10 per 

genotype, data are represented as mean ± SD, and significance was assessed using t-test).
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Figure 2. Loss of MICU3 altered torque and fatigue.
A series of successive tetanic contractions were applied to the muscle (GAS and soleus) 

to induce muscle fatigue expressed as A) Maximal Isometric Torque vs Time expressed in 

seconds from WT and MICU3-KO mice. B) Specific Torque was used to measure the kinetic 

response from mechanical force of the muscle in-vivo for each stimulation frequency from 

25–250 Hz. (n = 5 per genotype, data are represented as mean ± SD , and significance was 

assessed using one-way ANOVA)
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Figure 3. Lack of MICU3 triggered fiber type switching.
Confocal image of a section of the soleus in A) and EDL in B) from WT on the upper panel 

and KO mice at the bottom. The cryo-section of soleus and EDL were immune stained for 

the different type of fibers. Type I: Blue, CF405 Myosin Heavy Chain Type I Antibody. 

Type IIa: Green, Alexa 488 -Myosin Heavy Chain Type IIA Antibody. Type IIb: Red, Alexa 

633 Myosin Heavy Chain Type IIB Antibody. Bar graph of soleus in C) and ELD in D) 

quantification of raw fluorescent as a percentage of the total area of the fiber section (n 

= 3–6 per genotype, data are represented as mean ± SD, significance was assessed using 

t-test).
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Figure 4. MICU1.1 is upregulated in the skeletal muscle of MICU3-KO mice.
Western blot analysis of MICU1, MICU2, MICU3, MCU, EMRE, GAPDH and TOM-20 

protein expression in isolated soleus muscle from WT and MICU3-KO. A) Western blot of 

MICUs, MCU, TOM-20, EMRE and GAPDH. Molecular weights from the protein ladder 

are indicated on the left. B) Total protein expression of MCU was normalized to TOM-20 

and compared between WT and MICU3-KO mice. MICU1, 2 and 3 were normalized to 

MCU and EMRE was normalized to GAPDH because of its close MW to TOM-20 (n = 

7 per genotype, data are represented as mean ± SD, and significance was assessed using 

t-test). C) The MCU complex from a mitochondrial enriched fraction derived from mouse 

WT and MICU3-KO skeletal muscle was immunoprecipitated with anti-MCU antibody. The 

precipitated proteins were immunoblotted with MICU1 antibody (n = 3 per genotype). D) 

Representative BN-PAGE gel run using a freshly mitochondrial enriched fraction derived 

from mouse skeletal muscle of WT and MICU3-KO. The gel was immunoblotted with anti-

MICU1 antibody (Data are representative of at n = 3 biological replicates). E) Quantitative 

PCR (SYBR) was performed from the RNA fractions of WT and MICU3-KO soleus muscle. 

(n = 5 per genotype, data are represented as mean ± SD and significance was assessed using 

t-test).
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Figure 5. Loss of MICU3 reduces mitochondrial calcium uptake.
A) Representative mitochondrial Ca2+ uptake measured using Rhod-2, which was loaded 

into the matrix of WT and MICU3-KO skeletal muscle mitochondria. 5 μM pulses of Ca2+ 

were added. B) Bar graph of quantification of Ca2+ uptake Rhod-2 fluorescence measured at 

the end of experiment. C) Representative CRC traces from WT and MICU3-KO performed 

using Ca2+ Green-5N. 5 and 10 μM pulses of Ca2+ were added until the opening of the PTP. 

D) Bar graph of quantification pulses of Ca2+ added to open PTP. E) Western Blot analysis 

of phosphorylated-(293)-Ser PDH (pyruvate dehydrogenase) expression top panel and total 
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PDH which served as a loading control in bottom panel from soleus muscle of WT and 

MICU3-KO. Molecular weights from the protein ladder are indicated on the left. (n = 5–8 

per genotype, data are represented as mean ± SD and significance was assessed using t-test).
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Figure 6. MICU3-KO fibers have reduced generation of NADH.
A) One-photon microscopy of endogenous mitochondrial NADH auto fluorescence in 

isolated fiber of soleus muscle from WT and MICU3-KO mice. B) Mitochondrial membrane 

potential measured with TMRM and C) Colocalization (Merge). D) Representative trace 

of NADH autofluorescence at baseline, post-stimulation and after inhibition of oxidative 

phosphorylation via perfusion of 5 mM cyanide (CN−) in WT and MICU3-KO fibers. 

E) Change in NADH fluorescence response of the individual fibers during stimulation 

compared to baseline, calculated as ΔF/F0 (Stimulation-Baseline)/Baseline. F) Changes in 

TMRM fluorescence of individual fibers during stimulation compared to baseline, calculated 

as ratio between TMRM fluorescence and total NADH reduced (Stimulation-Baseline)/

Baseline. G) Rate of increase in NADH fluorescence measured using mitoRACE (Slope). 

(Cells n=9–17 corresponding to 4 individual mice per genotype, data are represented as 

mean ± SD, and significance was assessed using nested t-test).
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Figure 7. MICU3-KO FDB fibers have reduced generation of NADH.
A) Representative trace of NADH autofluorescence at baseline, post-stimulation and after 

inhibition of oxidative phosphorylation via perfusion of 5 mM cyanide (CN−) in WT 

and MICU3-KO FDB fibers. B) Rate of increase in NADH fluorescence measured using 
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mitoRACE (Slope). C) Change in NADH fluorescence response of the individual FDB 

fibers during stimulation compared to baseline, calculated as ΔF/F0 (Stimulation-Baseline)/

Baseline. D) Changes in TMRM fluorescence of individual fibers during stimulation 

compared to baseline, calculated as ratio between TMRM fluorescence and total NADH 

reduced (Stimulation-Baseline)/Baseline. (Cells n=18–23 corresponding to 5 individual mice 

per genotype, data are represented as mean ± SD, and significance was assessed using nested 

t-test).
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