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Editorial on the Research Topic

Methods and applications in striated muscle physiology

Striated muscle exists in two types, skeletal and cardiac. They share numerous

operational and structural characteristics, including sarcomere organization, with

repeating functional units that confer the typical striated appearance observed in

microscopic images of this tissue. Striated muscle is a highly adaptive and critically

important metabolic tissue with intrinsic roles in health and disease. Striated muscle

contraction supports various crucial physiological processes, including respiration,

locomotion, posture (skeletal muscle), and pumping blood throughout the vascular

system (cardiac muscle). Striated muscles are affected by many acquired and genetic

pathophysiological conditions, which represent significant health and economic burden

for modern society. Cardiac disorders, including ischemia and arrhythmias, are among

the leading cause of death worldwide. Loss of skeletal muscle mass and strength is an

indicator of neuromuscular genetic pathologies, aging, cancer, and a variety of chronic or

acute conditions that are systemic or primarily affecting different tissues.

This Research Topic aims to describe new technical approaches and critically discuss

existing methods and protocols applicable to the study of striated muscle physiology. The

goal is to provide investigators with novel reliable tools: 1) to understand the fundamental

mechanisms controlling striated muscle biology, 2) to characterize and diagnose striated

muscle degenerative conditions, and 3) to identify innovative therapeutic strategies to

preserve skeletal and cardiac muscle homeostasis and function.

One of the major limitations of the study of striated muscle characteristics for

both basic research and diagnostic purposes is obtaining and preparing tissue for

subsequent ex vivo molecular analysis or cellular and histological characterization.

This is particularly critical if the donors of the biopsies are in a particularly fragile
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category, such as old people or individuals presenting

coagulation defects, such as patients with chronic liver

diseases. The Bergström biopsy is the gold-standard

technique for sampling skeletal muscle and is used

worldwide. This approach relies on collecting 25–125 mg of

tissue with a 3–5 mm needle. Quinlan et al. report the results

obtained with cohorts of patients affected by end-stage liver

disease and non-cirrhotic non-alcoholic fatty liver disease

undergoing percutaneous vastus lateralis biopsies with a

Bergström needle. They report 90% of successful biopsies

in over 71 attempts and only one adverse event

(hematoma). This study also identifies the presence of

subcutaneous adipose tissue as a critical aspect hindering

productive sampling, indicating that appropriate patient

selection and good technique mitigate against potential

risks. An alternative to Bergström biopsy is microbiopsy,

obtained with a needle of smaller diameter (typically 2–2.

3 mm) and therefore characterized by decreased invasiveness.

The size of tissue biopsy is generally smaller, ranging from

14 to 22 mg. Hester et al. show that percutaneous microbiopsy

can be successfully performed in old individuals, and

sufficient material is obtained for histological

characterization of fiber types. This observation supports

the idea that microbiopsies may be a valuable muscle

sampling alternative to the Bergström technique,

particularly for categories of fragile patients.

The obtainment and preparation of tissues for ex vivo

investigation are also challenging for cardiac muscle. Cultivation

of ventricular slices is increasingly used in basic and translational

studies investigating mechanisms of ventricular dysfunction that

lead to heart failure. Palmer and Bell describe, in the rat model,

methods for removing and preparing cardiac papillary muscles and

provide instruction for preparing cardiac slices for functional

analyses. Klumm et al. describe a methodology that allows for

long-term (up to 3 weeks) cultivation and functional analysis of

beating human atrial myocardium. The possibility of establishing

multicellular models of atrial myocardium expands the possibility of

study beyond ventricular pathophysiology to discern atrial biology

and atrial dysfunction.

The power of in vitro investigation in cardiac biology is

disclosed by the methodological study reported by Krstic et al.

They performed a visual characterization of beat-to-beat

mitochondrial calcium fluxes in rat cardiomyocytes. For

this purpose, they modify the fluorescent membrane-

permeable Ca2+ indicator Rhod-2 by reducing it to di-

hydroRhod-2, which is non-fluorescent unless it reaches the

oxidative environment of mitochondria. This study highlights

the need for optimized protocols to comprehend the complex

mechanism underlying the contraction of striated muscle

cells.

Calcium dynamics drive ATP production in the mitochondrial

matrix, and play a critical role in the cytosol where Ca2+ governs

striated muscle contraction and relaxation at the myofilament level

via conformational modulations of the troponin complex.

Rasmussen and Jin developed an approach using site-specific

monoclonal antibodies as probes to monitor conformational

changes of proteins. They applied this technique to study the

Ca2+-binding subunit and the tropomyosin-binding/thin filament-

anchoring subunits of troponin. Measurements at the sub-cellular

level are instrumental in investigating striated skeletal and cardiac

muscle contractility. In his manuscript, Marston reviews the current

methods for measuring force production at the subcellular level,

including single myofibril and single myofilament techniques.

Herzog further critically discusses this area of expertise,

particularly focusing on the isolation and testing of single

sarcomeres. Also focused on sarcomeres is the publication by

Adkins et al. that reports a quantification of the variability of in

vivo sarcomere length measures obtained in human upper limb

skeletal muscle with second harmonic generation microendoscopy.

This state-of-the-art technique allows minimally invasive measures

of sarcomere length. The assessment of the natural variability

associated with this approach guides the development of robust

experimental design and the interpretation of in vivo analyses of

sarcomere length.

Skeletal muscle is not only composed of contractile syncytial

muscle fibers but also other mononucleated cellular types, such as

muscle stem cells, immune cells, interstitial and stromal

progenitors, all reportedly playing a crucial role during muscle

regeneration. Florio et al. disclose the potential use of electro-

enhanced DNA transfer to murine skeletal muscle to investigate

the characteristics of these mononucleated cells. Importantly, this

approach can be applied not only to the study of healthy muscle

but also to the investigation of alterations of the phenotypic

properties that have been associated with defective repair and

fibrosis in aging and dystrophic tissues.

The overarching theme of this Research Topic is to better

understand striated tissue biology and uncover new diagnostic

and therapeutic approaches to treat striated muscle disease. In this

light, the discussion put forward by Sarvazyan in a review centered on

valveless pumping based on the Liebau mechanism is particularly

intriguing. Here, the author describes the biological occurrence of

Liebau pumps, highlights the differences between Liebau pumping

and the peristaltic flow, and discusses the potential uses and body

sites that can benefit from implantable Liebau-type pumps.

In conclusion, this Research Topic on Methods and

applications in striated muscle physiology incorporates novel

original techniques and reviews of methodological approaches

that can be used by investigators operating in the field of skeletal

or cardiac muscle biology.
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Microbiopsy Sampling for Examining
Age-Related Differences in Skeletal
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Alex A. Olmos1, Melody Jabbari2, Shania Kalladanthyil2, SooBin An2, Alyssa R. Bailly1,
Benjamin E. Dalton1 and Anton L. Bryantsev2*

1 Department of Exercise Science and Sport Management, Kennesaw State University, Kennesaw, GA, United States,
2 Department of Molecular and Cellular Biology, Kennesaw State University, Kennesaw, GA, United States

Introduction: The increasingly popular microbiopsy is an appealing alternative to the
more invasive Bergström biopsy given the challenges associated with harvesting skeletal
muscle in older populations. Parameters of muscle fiber morphology and composition
derived from the microbiopsy have not been compared between young and older adults.

Purpose: The purpose of this study was to examine muscle fiber morphology and
composition in young (YM) and older (OM) males using the microbiopsy sampling
technique. A secondary aim was to determine if specific strength is associated with
serum levels of C-terminal agrin fragment [CAF; an indicator of neuromuscular junction
(NMJ) degradation].

Methods: Thirty healthy, YM (n = 15, age = 20.7 ± 2.2 years) and OM (n = 15,
age = 71.6 ± 3.9 years) underwent ultrasound imaging to determine whole-muscle
cross-sectional area (CSA) of the vastus lateralis and rectus femoris as well as isometric
and isokinetic (60◦·s−1 and 180◦·s−1) peak torque testing of the knee extensors.
Microbiopsy samples of the vastus lateralis were collected from 13 YM and 11
OM, and immunofluorescence was used to calculate CSA and proportion of type I
and type II fibers.

Results: Peak torque was lower in OM at all velocities (p ≤ 0.001; d = 1.39–1.86) but
only lower at 180◦·s−1 (p = 0.003; d = 1.23) when normalized to whole-muscle CSA.
Whole-muscle CSA was smaller in OM (p = 0.001; d = 1.34), but atrophy was not
present at the single fiber level (p > 0.05). Per individual, ∼900 fibers were analyzed,
and type I fiber CSA was larger (p = 0.05; d = 0.94) in OM which resulted in a smaller
type II/I fiber CSA ratio (p = 0.015; d = 0.95). CAF levels were not sensitive to age
(p= 0.159; d = 0.53) nor associated with specific strength or whole-muscle CSA in OM.
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Hester et al. Microbiopsy of Aging Skeletal Muscle

Conclusion: The microbiopsy appears to be a viable alternative to the Bergström
biopsy for histological analyses of skeletal muscle in older adults. NMJ integrity
was not influential for age-related differences in specific strength in our healthy,
non-sarcopenic older sample.

Keywords: atrophy, muscle quality, microbiopsy, aging, myofiber, C-terminal agrin fragment (CAF), vastus
lateralis, immunofluorescence

INTRODUCTION

The proportion of older Americans is expected to continue
increasing, but the number of very old adults is projected to
dramatically increase. For example, the number of adults 65 years
and over is expected to nearly double from 49 million in 2018
to 95 million in 2060, whereas the number of adults 85 years
and over is expected to double by 2035 and nearly triple by 2060
(Vespa et al., 2020). Sarcopenia, the aging-related loss in muscle
mass and function, affects up to 40% of older adults making the
study of skeletal muscle health an increasingly important area
of research (Mayhew et al., 2019). Innovative methodological
approaches that increase the feasibility of studying skeletal
muscle in older adults, particularly the very old, are critical
in creating additional opportunities to address the etiology of
sarcopenia and effectiveness of interventions.

Introduced in the 1960s, the Bergström biopsy (Bergstrom,
1962) is the gold standard technique for sampling skeletal muscle
and has been widely used for decades in biochemical and
histological studies in young and older adults. The Bergström
biopsy relies on a 3–5 mm hollow needle that retrieves 25–
125 mg of muscle tissue depending on whether the suction-
modified approach is utilized (Bergstrom, 1975; Tarnopolsky
et al., 2011). The microbiopsy (or tiny percutaneous needle
biopsy) has only recently gained attention as an alternative to the
Bergström for histological analysis of skeletal muscle (Pietrangelo
et al., 2011; Townsend et al., 2016), despite reports of the
technique going back to the late 1990s (Vescovo et al., 1996).
The microbiopsy typically involves a 13- or 14-gauge (2.3 or
2 mm) needle that retrieves skeletal muscle samples via a spring-
loaded instrument without the need for the 4–5 mm incision
that precedes the Bergström biopsy (Pietrangelo et al., 2011;
Hughes et al., 2015; Townsend et al., 2016). The microbiopsy is
an appealing alternative to the Bergström given its smaller needle
diameter and decreased level of invasiveness. Indeed, subjects
report less pain and a preference for the microbiopsy technique
compared to the Bergström (Hayot et al., 2005; Bonafiglia et al.,
2020). Despite its increasing popularity, there is a paucity of
work using the microbiopsy for histological analyses, which is
at least partially owed to hesitation regarding the smaller tissue
sample reported to range from 14 to 22 mg (Hayot et al., 2005;
Hughes et al., 2015; Townsend et al., 2016). Demonstrating the
efficacy of microbiopsy sampling for examining muscle fiber
type morphology and composition is critical for determining the
utility of this technique in the field of skeletal muscle research.
Further, age-related differences in muscle fiber properties derived
from microbiopsy sampling are unclear as, to the best of
our knowledge, there are no reports comparing young and

older adults. Age-related comparisons will indicate whether the
effectiveness of the microbiopsy technique is dependent upon the
population and will offer preliminary, indirect comparisons with
findings derived from the Bergström biopsy.

It is expected the microbiopsy will be effective for examining
aging-related changes in single fiber properties, which is useful
for understanding how these alterations affect muscle health (e.g.,
atrophy). However, there are other important considerations
when aiming to investigate the influence of age on muscle
function. Older adults demonstrate reduced specific strength
(muscle strength relative to muscle size), particularly at higher
contraction velocities (Frontera et al., 1991; Overend et al.,
1992; Jubrias et al., 1997), indicating that physiological factors
other than muscle size contribute to aging-related weakness
(i.e., dynapenia). The various qualitative skeletal muscle and
nervous system factors and their potential role in dynapenia
have received increasingly more attention over the past decade
(see review, Clark and Manini, 2010) particularly due to the
divergent reductions in muscle size and strength with increasing
age (Goodpaster et al., 2006; Delmonico et al., 2009). Based
on rodent models, impaired action potential generation via
neuromuscular junction (NMJ) degradation has been suggested
to have a role in aging related weakness (Padilla et al., 2021)
and is believed to precede muscle fiber atrophy (Deschenes
et al., 2010). However, limited evidence exists on the NMJ
in humans due to inherent methodological challenges with
morphological analyses. Recently, the soluble 22 kDa C-terminal
agrin fragment (CAF) has been identified as an indicator of NMJ
deterioration (Bolliger et al., 2010) and shows promise as a blood
biomarker for sarcopenia (Hettwer et al., 2013; Pratt et al., 2021).
Despite building evidence toward the association between CAF
levels and muscle mass, surprisingly little work has examined
its association with muscle function. In the case that NMJ
deterioration augments action potential transmission to muscle
fibers, muscle function may be compromised prior to substantial
muscle fiber atrophy. Examining the association between NMJ
degradation (as indicated by circulating CAF levels) and specific
strength is critical for determining its role, if any, in maintaining
muscle quality.

The microbiopsy has the potential to increase skeletal muscle
research opportunities in older or fragile populations due to its
reduced degree of invasiveness. It is important to determine its
efficacy for analysis of muscle fiber properties in young and,
in particular, older adults. The purpose of this study was to
examine muscle fiber morphology and composition in young and
older males using the microbiopsy sampling technique, and a
secondary aim was to determine if specific strength is associated
serum CAF levels in older males. In line with previous research,
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TABLE 1 | Characteristics and CAF levels for young and older males.

Variable Young Older d

Age (years) 20.73 ± 2.22 71.60 ± 3.94 –

Height (cm) 175.50 ± 8.55 171.08 ± 9.91 0.47

Body mass (kg) 71.03 ± 8.98 86.65 ± 16.27* 1.18

BMI (kg·m−2) 23.05 ± 2.43 29.56 ± 4.99* 1.66

Body fat % 24.65 ± 6.24 33.83 ± 6.89* 1.39

ALM (kg/BMI) 1.06 ± 0.15 0.83 ± 0.15* 1.48

Whole-muscle CSA (cm2) 36.21 ± 5.78 29.07 ± 4.79* 1.34

CAF (pg/ml) 369.72 ± 86.25 448.83 ± 186.61 0.53

HG strength (kg) 47.23 ± 11.56 42.45 ± 10.85 0.02

BMI, body mass index; ALM, appendicular lean mass; CSA, cross-sectional area;
CAF, C-terminal agrin fragment; HG, handgrip.
*Indicates significant (p < 0.05) difference between groups.

we hypothesize that muscle fiber composition will be similar, but
type II muscle fiber size will be smaller in older males. In addition,
we believe CAF levels will not be associated with specific strength
in older males based on previous work indicating predominant
sensitivity of CAF levels to muscle atrophy (Drey et al., 2013; Pratt
et al., 2021).

MATERIALS AND METHODS

Subjects
Thirty healthy, young (YM; n = 15; range = 18–26 years) and
older (OM; n = 15; range = 66–78 years) males completed this
study. Characteristics for each group are displayed in Table 1.
As specified below, due to limited funds, microbiopsy samples
were obtained in a subset of each group. All subjects reported not
having performed structured endurance or resistance training
exercise in the past 5 years and were screened for the following
exclusion criteria: presence of unstable cardiovascular, metabolic
or renal disease, diagnosed myocardial infarction within the last
2-years, terminal illness, a history of cerebrovascular disease, any
condition affecting neuromuscular function, an artificial lower-
body joint, rheumatoid arthritis, a fracture within the past year,
reliance upon an assistive walking device, and Mini-mental State
Exam (Folstein et al., 1975) score less than 23. Subjects were
recruited from senior centers and the surrounding community
through word of mouth, email, and flyer advertisements. This
study was approved by the University’s Institutional Review
Board prior to data collection. All subjects provided oral and
written consent prior to beginning the study.

Experimental Design
Subjects visited the laboratory on two occasions separated
by at least 3 days but not more than 7. Body composition
assessment and familiarization with knee extensor (KE) testing
was completed during the first visit. The second visit began with
ultrasonography followed by KE testing and, after∼30 min of rest
(lying supine), a skeletal muscle microbiopsy. Leg dominance was
determined via inquiry of preferred kicking leg (van Melick et al.,
2017) and all testing was completed on the dominant leg. Subjects
were instructed to avoid alcohol and vigorous physical activity for
24 and 48 h, respectively, before each visit.

Torque and velocity were recorded for the KEs using a
calibrated Biodex 4 isokinetic dynamometer (Biodex Medical
Systems, Inc. Shirley, NY, United States). Electromyography
(EMG) of the vastus lateralis (VL) and rectus femoris (RF) was
recorded using a parallel bar, bipolar surface electrode (Delsys
Trigno, Delsys, Inc., Natick, MA, United States). The skin over
the muscle was shaved, abraded, and cleaned with alcohol, and
subsequently the electrode was placed over the muscle belly in
accordance with the recommendations of the SENIAM project
(Hermens et al., 1999). All signals were sampled at 2 kHz using
EMGworks software (Delsys, Inc., Natick, MA, United States).
Subjects were seated with hands across their chest, restraining
straps over their trunk, pelvis, and thigh, and the input axis
of the dynamometer aligned with the axis of rotation of the
knee. Knee joint position was set at 110◦ (180◦ = full extension)
for maximal voluntary isometric contractions (MVICs), while
isokinetic testing involved an 80◦ range of motion (90◦–170◦).

Blood Analysis
Venous blood was collected via venipuncture of an antecubital
vein during the morning of the first visit after a 12 h fast.
Serum concentrations of CAF were determined according
to manufacturer guidelines in duplicate via enzyme-linked
immunosorbent assay (Glory Science Co., Ltd., Shanghai, China)
and microplate reader (FilterMax F5 Multi-Mode Microplate
Reader, LLC, Molecular Devices, San Jose, CA, United States)
at a wavelength of 450 nm. The coefficient of variation (CV%)
was 5.5%. Due to the CAF value being out of the kit range
for one subject, a sample size for the YM group of 14 was
used for analysis.

Body Composition
Height (cm) and weight (kg) were measured using an electronic
scale (Tanita WB 3000, Arlington Heights, IL, United States).
Body fat % was obtained via dual-energy x-ray absorptiometry
in total body mode using a GE Lunar iDXA (GE Healthcare,
Madison, WI, United States). Subsequently, appendicular lean
mass (ALM) relative to body mass index was calculated using
the region of interest function as suggested by Heymsfield
et al. (1990). We have previously shown excellent reliability for
the calculation of ALM (ICC2,1, SEM and CV% were 0.999,
0.042 kg·m2, and 1.2%, respectively) (Olmos et al., 2019).

Panoramic images of the VL and RF were obtained using
a B-mode ultrasound (LOGIQ S7, General Electric Company,
Milwaukee, WI, United States). Subjects rested in the supine
position for 10 min prior to the images being captured.
Images were acquired with a multifrequency linear-array probe
(ML6-15 L; 5–13 MHz; 50mm field of view; General Electric
Company, Milwaukee, WI, United States) using the LogiqVIEW
function and following settings to ensure optimal image quality:
gain = 50 dB, depth = 5.0 cm, and frequency = 12 MHz
(Stratton et al., 2020). Three images of the VL and RF were
captured at 50% the distance from the greater trochanter to
lateral femoral epicondyle and 50% the distance from the
anterior superior iliac spine to the superior border of the patella,
respectively. The same investigator obtained all images while
subjects were in a supine position with the knee fully extended.
The investigator slowly moved the probe in the transverse plane
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while applying minimal and consistent pressure. Thick, double-
sided tape was placed over each muscle in the transverse plane
to ensure the probe was moved perpendicular to the skin.
Images were scaled from pixels to centimeters prior to analysis.
Cross-sectional area (CSA) of each muscle was determined
using the polygon function in ImageJ software1 (version 1.46r,
National Institutes of Health, Bethesda, MD, United States) to
select as much of the muscle as possible without including the
surrounding fascia. For statistical analysis, whole-muscle CSA
was calculated as the sum of the VL and RF. A subset of young
subjects (n = 11) returned for a third visit to assess test-retest
reliability. Excellent reliability was shown for whole-muscle CSA
(ICC2,1 = 0.957, SEM= 1.35 cm2, CV= 3.7%).

Maximal Isometric and Isokinetic Testing
Prior to KE testing, for the purpose of characterizing sarcopenia
status, handgrip strength was obtained using a dynamometer
(Jamar Plus Hand Dynamometer, Patterson Medical, Cedarburg,
WI, United States) while subjects were seated with the elbow joint
at∼90◦ and wrist in a neutral position. Subjects completed 3 trials
with each hand and the highest value was used for subsequent
analysis. Subjects began KE testing by performing 2 submaximal
isometric contractions at 50 and 75% of perceived maximal effort.
Subjects then performed 3-4 s MVICs separated by 2 min of
rest. Subsequently, maximal isokinetic testing at 60◦·s−1 and
180◦·s−1, separated by 1–2 min of rest, was performed in a
randomized order. Subjects were instructed to “kick out as hard
and fast as possible” prior to each trial. Subjects were instructed
to avoid pretension or a countermovement prior to each trial.
Further, the baseline signals were visually examined after each
trial to ensure adherence to instructions, and additional trials
were performed as needed. Strong verbal encouragement and
visual biofeedback was provided during testing.

The scaled, gravity corrected torque and velocity signals
were digitally filtered with a zero lag, low-pass (40 Hz)
Butterworth filter using custom written software (LabVIEW,
National Instruments, Austin, TX, United States). EMG signals
were processed using a 4th order Butterworth filter with a low-
and high-frequency cutoff of 10 and 500 Hz, respectively, which
was applied to the scaled zero means EMG signal. Peak torque
(PT) was considered the highest 500 ms during MVICs, whereas
it was defined as the highest 25 ms during isokinetic contractions.
Specific PT was calculated via dividing the MVIC, 60◦·s−1, and
180◦·s−1 PT by whole-muscle CSA. EMG amplitude (RMS) for
the VL and RF was obtained during the corresponding 500 ms
epoch as isometric peak torque during MVICs, and throughout
the entire load range for isokinetic trials at 60◦·s−1 and 180◦·s−1.
RMS from isokinetic trials was normalized to EMG amplitude
from the MVIC to serve as an indicator of muscle activation
(Jenkins et al., 2015). The trial with the highest PT for all
contraction types was used for subsequent analysis.

Skeletal Muscle Microbiopsy
Microbiopsy samples were obtained from 13 YM and 11 OM.
No systematic process was used for choosing the subsets that

1https://imagej.nih.gov

underwent a microbiopsy. Skeletal muscle samples were obtained
from the lateral aspect of the VL at 50% the distance from the
greater trochanter to the lateral femoral epicondyle (Hughes et al.,
2015; Townsend et al., 2016). The area over the predetermined
site was cleaned and disinfected with a topical antiseptic
(Betadine, Stamford, CT, United States). Approximately, 2–3 ml
of lidocaine (2%, without epinephrine) was injected around the
area. After the area was numb, an initial incision was made to
a depth of ∼2 cm via a 14-gauge pilot needle and subsequently
a muscle sample was collected at a depth of ∼3 cm with a 14-
gauge biopsy needle (Argon Medical, Athens, TX, United States)
using an automatic biopsy instrument (Pro-MagTM Ultra, Argon
Medical, Athens, TX, United States). The biopsy needle was
inserted at a 90◦ angle (perpendicular to the longitudinal axis
of the VL) and length markers present on the needle were
used to improve consistency of sampling depth. Muscle samples
were obtained by the activation of a trigger button on the
biopsy instrument, which unloaded the spring and engaged the
needle to collect a tissue sample. Up to 4 samples (punches)
were collected from the same location and stored on ice
for ∼30 min. After weighing, the samples were rinsed with
phosphate buffer saline (PBS) and cleaned of skin and fat tissue
under a dissecting microscope, embedded in Tissue-Tek OCT
compound (Sakura Finetek), flash-frozen in liquid nitrogen, and
stored at –80◦C. There were no complications associated with the
microbiopsy for YM or OM.

Immunofluorescence Staining
Serial 10-um transverse sections were produced with a cryostat
(CryoStar NX50, Thermo Fisher Scientific) and then attached
to a microscope slide (SuperFrostTM Plus, Fisher). For some
subjects, 2–3 punches (separate clumps of muscle tissue) needed
to be sectioned and stained to optimize fiber yield. Sections
were air-dried, fixed with 3.7% formaldehyde for 10 min at
room temperature (RT), permeabilized for 30 min in phosphate-
buffered saline (PBS) containing 1% Triton X-100, blocked with
1% bovine serum albumin (BSA), and stained according to
the multiplex staining scheme in Table 2. We used a mixture
of two antibodies to invariably detect all subtypes of type
II fibers, including hybrids. Fab immunoglobulin fragments
were used as secondary antibodies to eliminate any possibility
of non-specific cross-reactivity. Separate staining trials with
each primary antibody alone were performed to confirm the
specificity of the multiplex staining. All incubations were done
at RT in a humidified chamber with a coverslip placed on
top of staining solutions; a brief rinse in PBTx (PBS, 0.1%
Triton X-100) was used between incubations. Stained slides
were permanently mounted with Mowiol medium, according
to previously published procedures (i.e., Rodig, 2019) and
stored at 4◦C.

Laser Confocal Microscopy
Stained tissue sections were imaged using Zeiss LSM 900 system
(Carl Zeiss Microscopy, LLC, White Plains, NY, United States),
equipped with a 10X Plan-Neofluar objective and Zen Black
software. Tiling with digital stitching was enabled to seamlessly
image the entire area of each section. Stacks of optical
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TABLE 2 | Immunofluorescence staining protocol.

Staining stages
(incubation parameters)

Staining mix, (source), [titer]

Step 1 (overnight at RT) Mouse anti-slow myosin type I IgG [clone BA-F8,
Developmental Studies Hybridoma Bank (DSHB),
University of Iowa, IA 52242], [1:100]

Step 2 (1 h at RT) Goat anti-mouse IgG, Fab fragments, Alexa
488-labeled (115-547-003, Jackson
ImmunoResearch), [1:400]

Step 3 (overnight at RT) Mouse anti-fast myosin type IIA IgG (clone
SC-71, DSHB) [1:100]
Rabbit anti-fast myosin type II (ab91506, Abcam),
[1:200]

Step 4 (1 h at RT) Goat anti-Mouse, Cy3-labeled (115-167-003,
Jackson ImmunoResearch) [1:400]
Goat anti-Rabbit, Fab fragments, Alexa
647-labeled (111-607-003, Jackson
ImmunoResearch) [1:400]
DAPI, (D9542, Sigma) [1 ug/ml]

RT, room temperature.

sections spanning the entire depth of the section were flattened
with the maximum intensity projections algorithm to produce
the final image.

Fiber Composition and Morphology
Analysis
Boundaries of individual fibers from confocal images were
manually traced using Zen software using the spline contour
tool. Further analysis was conducted using ImageJ software1.
Data for each muscle fiber was catalogued in a spreadsheet file
with identification number, CSA, and the assigned fiber type.
Fiber typing was conducted by a team of 3–5 operators not
aware of the subject’s age and only considering the intensity
of each fiber for fiber-specific myosin. Fiber type composition
was calculated as the ratio of counts obtained for each fiber
type to the total number of analyzed fibers from each subject.
Mean CSA and CSA heterogeneity (coefficient of variation, CV)
was calculated for each fiber type. Finally, as an indicator of
aging-related muscle fiber remodeling (Sonjak et al., 2019), the
ratio between type II and type I muscle fiber CSA for each
subject was determined.

Statistical Analyses
Normality of data was assessed via the Kolmogorov-Smirnov
test. Independent samples t-tests were used for age-related
comparisons of normally distributed variables, whereas Mann-
Whitney tests were conducted for non-normally distributed
variables. Levene’s test was used to test equality of variance.
Associations between CAF levels, specific strength, whole-muscle
CSA, and ALM were examined using Pearson product-moment
correlation coefficients. Associations were only assessed in the
OM group since CAF is suggested to be a biomarker of muscle
health in this population. Relationships were categorized as
weak, moderate, or strong relationships for correlation coefficient
values of 0.35 or less, 0.36 to 0.67, and 0.68 or more (Taylor,
1990). Statistical analyses were performed using PASW software

version 27.0 (SPSS Inc, Chicago, IL, United States) and an alpha
level of p ≤ 0.05 was used to determine statistical significance.
Effect size was reported using Cohen’s d and 0.30, 0.50, and 0.80
were used to indicate small, medium, and large effects (Cohen,
1988). All data in text and table are reported as mean ± SD, and
as described below for box plots. Box plots were generated with
an online resource at http://shiny.chemgrid.org/boxplotr (Spitzer
et al., 2014).

RESULTS

Group Characteristics and C-Terminal
Agrin Fragment Levels
Characteristics and CAF levels for both groups are displayed in
Table 1. OM were heavier (p = 0.004) and had a higher body
mass index (BMI) (p < 0.001) as well as body fat % (p = 0.001).
ALM (p < 0.001) and whole-muscle CSA (p = 0.001) were
lower in OM, whereas CAF levels (p = 0.159) and handgrip
strength (p= 0.253) were similar between groups. When VL and
RF CSA were analyzed separately, VL (YM: 24.09 ± 3.52 cm2,
OM: 18.40 ± 3.68 cm2; p < 0.001; d = 1.57) but not RF (YM:
12.11 ± 2.68 cm2, OM: 10.67 ± 2.23 cm2; p = 0.121; d = 0.58)
CSA was lower in OM.

Absolute and Specific Peak Torque
Absolute and specific PT data is displayed in Figure 1. Absolute
PT (Figure 1A) was lower for 0◦·s−1 (isometric) (p < 0.001;
d= 1.68), 60◦·s−1 (p= 0.001; d= 1.39) and 180◦·s−1 (p < 0.001;
d = 1.86) in OM, whereas specific PT (Figure 1B) was lower
at 180◦·s−1 (p = 0.003; d = 1.23) but not 0◦·s−1 (p = 0.066;
d = 0.69) or 60◦·s−1 (p = 0.170; d = 0.51). Findings were
similar when specific PT was calculated using only VL CSA.
VL activation was similar between groups at 60◦·s−1 (YM:
0.82 ± 0.20 % MVIC, OM: 0.95 ± 0.10 % MVIC; p = 0.060;
d = 0.79) and 180◦·s−1 (YM: 0.91 ± 0.23 % MVIC, OM:
0.99 ± 0.26 % MVIC; p = 0.400; d = 0.32) and the same was
found for RF activation at 60◦·s−1 (YM: 0.98 ± 0.16 % MVIC,
OM: 0.90 ± 0.11 % MVIC; p = 0.130; d = 0.59) and 180◦·s−1

(YM: 0.93± 0.15 % MVIC, OM: 0.90± 0.22 % MVIC; p= 0.670;
d = 0.16).

Composition and Morphology of Muscle
Fibers
Average wet weight per microbiopsy punch was 14.39 ± 3.84 mg
and 15.84 ± 4.12 mg for YM and OM (p > 0.05), respectively
(Figure 2A). The number of fibers per cross-section was
similar between YM (587.75 ± 216.58 fibers) and OM
(543.27 ± 273.47 fibers) and overall, utilizing a quarter to
half of the biopsied tissue, we analyzed 904.23 ± 436.31 fibers
per sample and 889.15 ± 319.91 fibers per sample for YM
and OM, respectively (Figure 2B). More detailed analysis of
fiber type composition was performed via immunofluorescence
(Figure 3A). Composition was similar for type I (p = 0.331;
d = 0.39) and type II (p = 0.332; d = 0.39) fibers between
YM and OM (Figure 3B). Hybrids between type I and type
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FIGURE 1 | Isometric and isokinetic muscle function of the knee extensors. Absolute (A) and specific (B) peak torque (PT) in young (YM) and older (OM) males.
Means and medians are represented by “+” and midlines in boxes, respectively; whiskers calculated by Tukey test. n.s., non-significant.
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II fibers were extremely rare and could not be analyzed
statistically. CSA was similar for type II fibers (p = 0.467;
d = 0.18) between groups, however, type I fibers were
larger in OM (p = 0.05; d = 0.094) (Figure 3C). OM
demonstrated a smaller type II to I fiber CSA ratio (YM:
1.22 ± 0.21, OM: 0.97 ± 0.31; p = 0.015; d = 0.95).
Finally, CSA was more heterogenous in OM for type II fibers
(p < 0.001; d = 1.84) fibers, but not type I fibers (p = 0.343;
d = 0.38) (Figure 3D).

Associations
C-terminal agrin fragment levels were not correlated with ALM
(Figure 4A), whole-muscle CSA (Figure 4B), isometric specific
PT (Figure 4C), specific PT at 180◦·s−1 (Figure 4D), or specific
PT at 60◦·s−1 in OM. These findings remained the same when
specific PT was calculated using only VL CSA. Similarly, CAF
levels were not associated with absolute PT at any testing velocity
(r = 0.213–0.379; p= 0.163–0.446), nor any single fiber variables
(p > 0.05).

DISCUSSION

The purpose of this study was to examine muscle fiber
morphology and composition in young and older males using
the microbiopsy sampling technique, and a secondary aim was
to determine if specific strength is associated with serum CAF
levels in older males. To the best of our knowledge, this is the first
study to (1) investigate the effect of age on muscle fiber properties
using the microbiopsy technique and (2) assess associations
between muscle quality (i.e., specific strength) and CAF levels.
We demonstrated the ability to analyze hundreds of muscle fibers
per subject, on par with the gold standard Bergström technique,
with a relatively high proportion of type II fibers compared to
previous reports using the Bergström. Our findings indicated
whole-muscle atrophy in older males, but no decrements at the
single fiber level. Rather, evidence of age-related remodeling was
found via enlarged type I fibers and a decreased type II to I muscle
fiber CSA ratio in older males. Finally, correlational evidence
indicated no association between NMJ deterioration and specific
strength, which was at least partially due to there being no
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FIGURE 3 | Fiber type-specific composition and morphology. (A) Visualization of type I and type II muscle fibers from the same area of a transversely sectioned
biopsied material via multi-colored immunofluorescence and type-specific antibodies (indicated in parentheses). (B) Fiber type composition, expressed as the
percentage of each fiber type relative to the total number of analyzed fibers. (C) Average cross-sectional area (CSA) of individual muscle fibers in each sample.
(D) Heterogeneity of fiber sizes expressed as coefficient of variance (CV) for all fibers of the same type measured within each sample. YM, young males; OM, old
males; Means and medians are represented by “+” and midlines in boxes, respectively; whiskers calculated by Tukey test. n.s., non-significant.

age-related difference in CAF levels suggesting maintenance of
neuromuscular integrity in our older cohort.

The capability of the microbiopsy to yield a high number
of fibers, comparable to the Bergström biopsy, for histological
analyses is significant. The average number of fibers analyzed
across studies varies widely from 10 to 20 (Tesch et al., 1984) to a
thousand (Roberts et al., 2018) per sample using the Bergström
biopsy. It has been suggested that as few as 50 fibers (McCall
et al., 1998) is necessary to accurately characterize the sample
collected, but depending on the specific fiber type, the need to
harvest up to 200 fibers has been reported (McGuigan et al.,
2002). Townsend et al. (2016) analyzed ∼150 fibers on average
in young males using the microbiopsy in a pilot study, but fiber
yield is unclear for other studies using this technique (Hughes
et al., 2015; Bonafiglia et al., 2020). We were able to analyze a
few hundred fibers (>500) per microbiopsy sample in a young
and older cohort, and a yield of several hundred fibers was
possible by combining data from multiple cross-sections of tissue.
Though combining multiple-cross sections of tissue was useful
for optimizing the number of analyzed fibers, it is worth noting
that a single cross-section afforded a high number of fibers (range:

188–1,059 fibers). This was despite the relatively small tissue yield
compared to the Bergström, which has been the primary reason
for hesitation toward microbiopsy technique. The finding that a
sufficient number of fibers can be harvested for myosin heavy
chain composition and histological analysis via microbiopsy
presents a unique opportunity for skeletal muscle researchers.
The microbiopsy has the potential to advance the study of
skeletal muscle, particularly in older or fragile (e.g., sarcopenic
and diseased) populations in which the increased discomfort and
tissue sample size (Hughes et al., 2015; Bonafiglia et al., 2020)
associated with the Bergström biopsy are a limiting factor. Future
work that examines the validity of the microbiopsy technique
in these population is a worthwhile endeavor. Tissue yield may
even be sufficient via microbiopsy for researchers conducting
multiple cellular and molecular analyses, but this is dependent
on the analyses of interest and microbiopsy procedures. For
example, we extracted ∼45 mg of tissue from three microbiopsy
punches, whereas Hughes et al. (2015) retrieved∼80 mg (and up
to 120 mg) after 5 punches. Further, due to the well documented
heterogeneity of muscle fiber types (Lexell and Taylor, 1989a,b;
Horwath et al., 2021), it is recommended that more than one
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biopsy be conducted per visit (Lexell and Taylor, 1989b; Horwath
et al., 2021) which is more feasible with the microbiopsy given it
is minimally invasive.

Muscle fiber CSA values were similar to several Bergström
studies (Verdijk et al., 2007; Nilwik et al., 2013; Horwath et al.,
2021). The present study found no evidence of age-related muscle
fiber atrophy, and while similar findings have been reported
for type II muscle fibers in males (Trappe et al., 2003; Roberts
et al., 2018), this is in disagreement with consistent reports of
preferential type II muscle fiber atrophy (Lexell et al., 1988;
Walker et al., 2012; Nilwik et al., 2013). This finding is at
least partially due to our older sample being healthy and non-
sarcopenic as indicated by ALM (kg/m2) and handgrip strength
values (Cruz-Jentoft et al., 2019). More specifically, only two older
males had an ALM less than 7.0 kg/m2 while none were below
the threshold for handgrip strength (27 kg), thus sarcopenia
was not present in our older sample. The increased type II to
I muscle fiber CSA ratio was driven by enlarged type I muscle
fibers, and not atrophied type II fibers, in older males. These
findings likely characterize compensatory changes at the cellular
level (Aniansson et al., 1992; Frontera et al., 2008) that contribute
to the healthy, non-sarcopenic status of the older males. As
suggested by Roberts et al. (2018), the greater heterogeneity
in CSA for type II fibers may indicate both, hypertrophic and
atrophic responses in individuals from the older male group.

Whole-muscle atrophy, of the VL in particular, was present
in older males, which given the lack of muscle fiber atrophy,
suggests that the loss of muscle fibers was influential for this
finding (Lexell et al., 1988; Frontera et al., 2000). Composition
of muscle fiber type was similar between age groups, which
is in line with previous studies (Lexell et al., 1988; Snijders
et al., 2014; Sonjak et al., 2019). Generally, most studies using
the Bergström biopsy report proportions of 40–50% for type I
and type II fibers, but we found type II fiber composition to
be 69% and 65% in young and older males, respectively. Our
type II fiber composition data is similar to two other studies
using the microbiopsy (Hayot et al., 2005; Hughes et al., 2015).
Hughes et al. (2015) directly compared the microbiopsy and
Bergström technique and found a higher proportion of type
IIx fibers with the microbiopsy. The relatively large proportion
of type II fibers is noteworthy and may be attributed to more
superficial sampling using the microbiopsy (Lexell et al., 1983).
Indeed, in consideration of the smaller tissue sample yield from
the microbiopsy, the use of ultrasonography for needle guidance
(Jandova et al., 2020) should be considered for future work to
ensure consistent depth of muscle sampling in young and older
subjects as age-related changes in subcutaneous fat are expected.
Importantly, the novel data in the present work provides a
descriptive age-related comparison using the microbiopsy, but
more work is needed to further elucidate if age-related differences
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in fiber type composition and histology are dependent up
sampling technique. Follow-up work directly comparing muscle
fiber properties using the Bergström and microbiopsy (with
special attention to sampling depth) in young and older adults is
required to verify the level of agreement between the techniques.

Similar to previous research, we showed that specific strength
was only decreased at a higher contraction velocity (180◦ s−1)
(Frontera et al., 1991; Overend et al., 1992; Jubrias et al., 1997)
in older males. This suggest that qualitative factors are influential
for the age-related loss of strength, particularly during a higher
contraction velocity. Atrophy or preferential loss of type II fibers
were not responsible as neither were present in our older sample.
Decreased tendon stiffness in older males (Quinlan et al., 2017)
cannot be ruled out and could be expected to diminish force
transmission at higher contraction velocities (Hauraix et al.,
2013). We conducted an inquiry on the association between NMJ
degradation (as indicated by CAF levels) and specific strength.
CAF levels were not associated with specific strength at any
velocity, nor whole-muscle CSA or ALM in older males. It is
unclear what contributed to the age-related decrease in specific
strength at 180◦ s−1 but changes at the molecular level such as
slowed cross-bridge kinetics could be responsible (Höök et al.,
2001; Miller et al., 2013). These findings are in contrast with
recent studies demonstrating a negative relationship between
CAF levels and lean mass (Drey et al., 2013; Pratt et al., 2021).
The size and composition of our sample were likely influential
for these findings as previous studies were conducted in larger,
more heterogenous populations (e.g., greater age range). Indeed,
given the non-sarcopenic phenotype of our older sample, the
moderate effect size though non-significant result for CAF levels
between age groups is not overly surprising. This is because
CAF levels appear to be influenced by sarcopenia status and
not aging per se (Hettwer et al., 2013; Olmos et al., 2019).
Accordingly, the finding that CAF levels were not associated
with specific strength supports the concept that this biomarker
is particularly sensitive to muscle wasting (Pratt et al., 2021)
and less so to other physiological factors influencing strength.
Nevertheless, evidence on CAF levels as an indicator of NMJ
degradation and the role this plays in distinguishing sarcopenia
severity is still in its infancy, thus these findings contribute to
the understanding of this biomarker as an emerging biomarker
for sarcopenia.

There were a few limitations associated with the current study.
Our findings only characterize males, which is an important
consideration since there are sex differences associated with
aging-related changes in whole-muscle and single fiber size (Reid
et al., 2014; Roberts et al., 2018). Particularly for findings derived
from the microbiopsy, our sample size was limited and may not
have possessed the necessary statistical power for between groups
analyses. Despite our muscle fiber CSA values being similar to
previous data obtained from the Bergström biopsy (Verdijk et al.,
2007; Nilwik et al., 2013; Horwath et al., 2021), it is possible
the 30-min delay in freezing samples affected muscle fiber size.
Given the post-biopsy procedures were identical for all subjects
and sample wet weight was similar between young and older
males, it is unlikely any influence of the 30-min delay was age
dependent. While isopentane is often used as an intermediate

coolant, a potential advantage of the microbiopsy method is
its compatibility with a simple flash-freezing technique. Upon
analyzing hundreds of cryosections, we did not detect systemic
presence of freezing artifacts, which suggests that smaller-than-
typical muscle tissue volume receives adequate cooling rates
when plunged directly into liquid nitrogen (Lee et al., 2020).
Finally, while it was not the purpose of this study to directly
compare the microbiopsy and Bergström techniques, the lack
of a comparison could be considered a limitation. Indirect
comparisons based on previous studies using the Bergström
technique were emphasized with the intention to provide a
preliminary perspective and bring attention to the need for
comparing the techniques for examining aging-related changes
in muscle fiber properties.

The present study demonstrated, for the first time, the efficacy
of the microbiopsy sampling technique to be used for analysis of
muscle fiber morphology and composition in older adults. We
showed that the microbiopsy can yield more than a sufficient
number of fibers for histological analyses, which suggest the
microbiopsy is a viable muscle sampling alternative to the
Bergström for researchers wanting to minimize the challenges
associated with the more invasive Bergström technique. Further,
as human lifespan continues to increase and the study of skeletal
muscle health in advanced age (i.e., ≥ 8th decade) becomes
increasingly relevant, we posit that the microbiopsy technique
will be critical in the advancement of therapies for improving
quality of life. With regard to our age-related findings, no
muscle fiber atrophy or changes in composition were found
but enlarged type I fibers were present in older males. These
findings were at least partially due to our high-functioning older
sample and indicate healthy aging. No association was found
between a relatively new biomarker of neuromuscular junction
degradation (circulating C-terminal agrin fragment levels) and
whole-muscle CSA, appendicular lean mass, or specific strength.
These findings in conjunction with those from others suggest
that aging-related deterioration of the neuromuscular junction
may primarily contribute to muscle wasting and not necessarily
muscle function.
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Background: Cardiomyocyte contraction requires a constant supply of ATP, which
varies depending on work rate. Maintaining ATP supply is particularly important during
excitation-contraction coupling, where cytosolic Ca2+ fluxes drive repeated cycles of
contraction and relaxation. Ca2+ is one of the key regulators of ATP production,
and its uptake into the mitochondrial matrix occurs via the mitochondrial calcium
uniporter. Fluorescent indicators are commonly used for detecting cytosolic Ca2+

changes. However, visualizing mitochondrial Ca2+ fluxes using similar methods is more
difficult, as the fluorophore must be permeable to both the sarcolemma and the inner
mitochondrial membrane. Our aim was therefore to optimize a method using the
fluorescent Ca2+ indicator Rhod-2 to visualize beat-to-beat mitochondrial calcium fluxes
in rat cardiomyocytes.

Methods: Healthy, adult male Wistar rat hearts were isolated and enzymatically
digested to yield rod-shaped, quiescent ventricular cardiomyocytes. The fluorescent
Ca2+ indicator Rhod-2 was reduced to di-hydroRhod-2 and confocal microscopy
was used to validate mitochondrial compartmentalization. Cardiomyocytes were
subjected to various pharmacological interventions, including caffeine and β-adrenergic
stimulation. Upon confirmation of mitochondrial Rhod-2 localization, loaded myocytes
were then super-fused with 1.5 mM Ca2+ Tyrodes containing 1 µM isoproterenol and
150 µM spermine. Myocytes were externally stimulated at 0.1, 0.5 and 1 Hz and whole
cell recordings of both cytosolic ([Ca2+]cyto) and mitochondrial calcium ([Ca2+]mito)
transients were made.

Results: Myocytes loaded with di-hydroRhod-2 revealed a distinct mitochondrial
pattern when visualized by confocal microscopy. Application of 20 mM caffeine revealed
no change in fluorescence, confirming no sarcoplasmic reticulum compartmentalization.
Myocytes loaded with di-hydroRhod-2 also showed a large increase in fluorescence
within the mitochondria in response to β-adrenergic stimulation (P < 0.05). Beat-to-
beat mitochondrial Ca2+ transients were smaller in amplitude and had a slower time to
peak and maximum rate of rise relative to cytosolic calcium transients at all stimulation
frequencies (P < 0.001).
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Conclusion: Myocytes loaded with di-hydroRhod-2 revealed mitochondrial specific
compartmentalization. Mitochondrial Ca2+ transients recorded from di-hydroRhod-2
loaded myocytes were distinct in comparison to the large and rapid Rhod-2 cytosolic
transients, indicating different kinetics between [Ca2+]cyto and [Ca2+]mito transients.
Overall, our results showed that di-hydroRhod-2 loading is a quick and suitable method
for measuring beat-to-beat [Ca2+]mito transients in intact myocytes.

Keywords: calcium, cardiomyocytes, di-hydroRhod-2AM, excitation-contraction coupling, fluxes, mitochondria

INTRODUCTION

Cardiomyocytes are the working cells of the heart, and
consequently are large consumers of ATP. In cardiac
muscle, approximately 90–95% of ATP production occurs
by mitochondrial oxidative phosphorylation (OXPHOS).
Cardiomyocyte excitation-contraction (EC) coupling is driven
by cytosolic Ca2+ fluxes, which lead to repeated cycles of
contraction and relaxation (Bers, 2000). This process requires a
constant supply of ATP to fuel key ATP-dependent transporters
(i.e., the sarcoplasmic reticulum Ca2+ ATPase, sarcolemmal
Na+/K+ ATPases and for contractile protein force production,
the myosin ATPase). Therefore, supply must be closely regulated
to match the ATP demands of different work rates. When the
heart is subjected to greater workloads, the rate of OXPHOS
must increase to keep up with the high metabolic demands.
There are two important processes that match ATP production
to metabolic demand in cardiomyocytes: (i) mitochondrial
ADP reuptake upon hydrolysis in the cytosol or (ii) an increase
in cytosolic Ca2+ concentration (for review see: Maack and
O’Rourke, 2007). It is unknown whether these mechanisms work
independently or in parallel, however, it is well understood that
both are involved in synchronizing energy supply to enable the
heart to meet the body’s ever changing metabolic demands.

Synchronized contraction of the whole heart is achieved
through tightly regulated EC coupling, which is a process
that occurs in every cardiomyocyte of the heart. The spread
of electrical activity is initiated by depolarization of the
cardiomyocytes from the cardiac pacemaker cells in the sinoatrial
node (Keith and Flack, 1907), which is then conducted in a
synchronized manner throughout the myocardium. Within each
cardiomyocyte, depolarization leads to Ca2+ entry via voltage
gated L-type Ca2+ channels. In turn, the L-type Ca2+ current
rapidly induces release of Ca2+ from the sarcoplasmic reticulum
(SR) during the “Ca2+ transient,” whereby cytosolic Ca2+

concentration ([Ca2+]cyto) reaches levels of up to 1 µM (Bers,
2000). Ca2+ then diffuses to the contractile proteins initiating
cross-bridge cycling and subsequent force development. In order
for the heart to relax, cardiomyocyte [Ca2+]cyto returns to
resting levels by either: (i) reuptake back into the SR via the
SR ATPase, (ii) extrusion through the sarcolemmal Na+/Ca2+

exchanger, or (iii) reuptake into the mitochondria (Bers, 2001).

Abbreviations: [Ca2+]cyto, Cytosolic calcium concentration; DhRhod-2, Di-
hydroRhod-2; Kd, Dissociation constant; EC coupling, Excitation-contraction
coupling; ISO, Isoproterenol; [Ca2+]mito, Mitochondrial calcium concentration;
MCU, Mitochondrial calcium uniporter; OXPHOS, Oxidative phosphorylation;
SR, Sarcoplasmic reticulum.

Both the frequency of contraction (heart rate) and the size of the
[Ca2+]cyto transient can influence the amount of force developed,
which consequently affects the energetic demands of the heart.
The mitochondria play a key role in meeting these demands by
maintaining ATP supply, which is regulated by mitochondrial
Ca2+ reuptake.

Ca2+ ions are taken up into the mitochondria through the
electrogenic mitochondrial Ca2+ uniporter (MCU), which is
a low affinity transporter located on the inner mitochondrial
membrane. The MCU complex is gated by Ca2+, and is regulated
by its two subunits MICU1 and MICU2 (Plovanich et al.,
2013). The MCU drives Ca2+ ions from the cytosol down
its large electrochemical gradient and into the mitochondrial
matrix, where OXPHOS takes place. Mitochondrial Ca2+ uptake
enhances ATP synthesis by activating Ca2+ sensitive Krebs
cycle dehydrogenases, which ultimately increases [NADH] and
the “push” of electrons through the electron transport chain
(Brandes and Bers, 1997). This “push” of electrons enhances
proton pumping across the inner mitochondrial membrane,
which ultimately increases ATP phosphorylation at the final
complex of the electron transport chain (F1F0ATPase), resulting
in greater energy supply. Uptake of Ca2+ can occur either
gradually or on a beat-to-beat basis, as cytosolic Ca2+ increases
during EC coupling (Isenberg et al., 1993; Hajnóczky et al., 1995).
Since the MCU has a low affinity for Ca2+, this limits the amount
of Ca2+ uptake during diastole and/or Ca2+ transients when at
rest (Andrienko et al., 2009). It is estimated that about 1% of
cytosolic Ca2+ released during the Ca2+ transient is taken up by
the MCU (Bassani et al., 1992).

Mitochondria make up ∼30–40% of total cardiomyocyte
volume (Else and Hulbert, 1985), and are in close association
with the SR and the sarcomeres, which are areas of high
energy consumption (Figure 1). Local Ca2+ microdomains are
situated in close proximity to both the mitochondria and the SR,
where [Ca2+]cyto can reach up to 10 µM (Rizzuto et al., 1993).
Ca2+ microdomains enable adjacent mitochondria to rapidly
sense the amount of Ca2+ released and match ATP production
accordingly. This is particularly important when energy demand
is high during increased work rates, and ATP supply needs to
be met. Furthermore, the release of mitochondrial Ca2+ is of
equal importance to its uptake, in order to avoid Ca2+ overload
and consequential opening of the mitochondrial permeability
transition pore. Ca2+ ions are extruded from the mitochondrial
matrix by either (i) the mitochondrial Na+/Ca2+ exchanger
(3Na+:1Ca2+), (ii) the mitochondrial H+/Ca2+ exchanger
(using the large pH gradient), or (iii) the mitochondrial
permeability transition pore, which largely becomes active at
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FIGURE 1 | Electron micrograph of a longitudinal section of rat ventricular tissue. Scale bar = 1 µm. Mitochondria are labeled “M” and a sarcomere is indicated by
the white arrows. Sarcomeres are the key contractile units of the myocyte. This image depicts the way mitochondria are closely associated with the sarcomeres,
which is where cross-bridge cycling takes place. Sarcomeres are sites of high energy consumption, therefore close localization with mitochondria is important for
optimal cardiomyocyte function.

high mitochondrial Ca2+ concentration and/or in the presence
of increased oxidative stress (Halestrap and Pasdois, 2009).

The importance of cytosolic Ca2+ in driving ATP synthesis
is becoming more recognized in the Literature (Maack and
O’Rourke, 2007), yet the kinetics of the mitochondrial Ca2+

fluxes, and how they are altered by disease are poorly understood.
Failing hearts have been classified as an “engine out of fuel”
(Neubauer, 2007), as there have been several associations between
heart failure and impaired energy supply. Therefore, there is
undeniable utility for a suitable method which allows us to
study the links between mitochondrial Ca2+ fluxes and ATP
production in health and disease. A significant number of
findings related to myocardial OXPHOS were determined from
studies using isolated mitochondria. Although this technique
is commonly used, it can be problematic as damage to the
mitochondria can occur during the isolation process, ultimately
resulting in misleading interpretation of results (Wilson, 2017).
Isolated mitochondria also remove the influence of sarcolemmal
Ca2+ fluxes on MCU Ca2+ uptake. We therefore saw a need
for a method that allowed investigation of mitochondrial Ca2+

fluxes that could be performed in intact cells. Previously,
different methods have been implemented for studying real time
changes in mitochondrial Ca2+ uptake in cardiomyocytes, but
these have been accompanied by many technical challenges.
These challenges were mainly associated with the need to
obtain a measure of mitochondrial Ca2+ without contamination
with cytosolic or SR Ca2+, or in obtaining measurements
that were of sufficient spatiotemporal resolution. One of the
current methods for measuring mitochondrial Ca2+ uptake in
cardiomyocytes includes injection of adenoviral probes (e.g.,
mitoCam) that target the inner mitochondria in cultured

myocytes (Wüst et al., 2017; Hamilton et al., 2018; Miranda-Silva
et al., 2020). MitoCam measurements have shown promising
results for beat-to-beat changes in [Ca2+]mito in intact myocytes,
particularly because of its loading specificity. Although the use
of adenoviral probes is beneficial for this reason, myocytes
must be cultured for transfection of the probes. This process
can change cardiomyocyte physiology and sub-cellular structural
architecture, which is important for mitochondrial Ca2+ uptake
(Bell et al., 2006; Hamilton et al., 2021). In addition, these
methods are not well-suited to all lab groups, as it requires
specialized equipment and skills for construction of adenoviral
probes and introduction into cultured cardiomyocytes. Another
method for measuring mitochondrial [Ca2+] includes loading
either intact (Trollinger et al., 1997; Bowser et al., 1998;
Maack et al., 2006; Fazal et al., 2017) or permeabilized
myocytes (Andrienko et al., 2009; Oropeza-Almazán and Blatter,
2020) with Ca2+ specific fluorescent indicators. Some of these
studies used ratiometric Ca2+ indicators (i.e., Indo-1AM) with
quenchers such as Mn2+ to minimize cytosolic contamination,
based on the idea that Mn2+ would remain in the cytosol
and not enter the mitochondria (Miyata et al., 1991; Zhou
et al., 1998). Other studies used a low affinity Ca2+ indicator
such as Rhod-2 (Trollinger et al., 1997; Bowser et al., 1998;
Maack et al., 2006). Rhod-2 has an in vitro dissociation
constant (Kd) of 570 nM, which is probably higher once loaded
into a cell. The positively charged Rhod-2 makes it suitable
for mitochondrial compartmentalization, as the mitochondrial
membrane is highly polarized. Using confocal microscopy,
studies by Trollinger et al. (1997) and Bowser et al. (1998) showed
selective mitochondrial loading of Rhod-2, but were unable to
detect [Ca2+]mito transient kinetics due to temporal limitations
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during acquisition. Therefore, limitations in both aspects (i.e.,
mitochondrial compartmentalization and modes of acquisition)
have led to the uncertainty of how the [Ca2+]mito fluxes might
differ from the [Ca2+]cyto kinetics.

Our group has employed a method that takes advantage
of the low affinity/cationic nature of the fluorescent Ca2+

indicator Rhod-2. We then enhanced mitochondrial specific
loading of Rhod-2 by combining the indicator with a reducing
agent (i.e., Na+ borohydride) dissolved in a small amount of
methanol (Bowser et al., 1998). The combination of Rhod-2
with Na+ borohydride reduced the indicator to non-fluorescent
di-hydroRhod-2 (dhRhod-2), which was not only permeable to
the sarcolemma, but also the mitochondrial membrane. Within
the mitochondria, dhRhod-2 is oxidized back to Rhod-2, due
to the presence of mitochondrial reactive oxidative species.
This improves detection of mitochondrial Ca2+ signals. Any
remaining dhRhod-2 in the cytosol is not oxidized and therefore
would not respond to changes in [Ca2+]. Hajnóczky et al.
(1995) were the first to describe the method of reducing Rhod-
2 to dhRhod-2 in isolated hepatocytes. Their study investigated
the control of Ca2+ sensitive mitochondrial dehydrogenases
by monitoring [Ca2+]mito and [Ca2+]cyto over a long time
scale (i.e., 0–1,000 s). The purpose of our study was to
measure mitochondrial Ca2+ changes in cardiomyocytes on
a millisecond time scale to show beat-to-beat changes. This
was done by loading cardiomyocytes with 5 µM dhRhod-2
for 1 h at 37◦C. Loaded cells were excited at 542 nm and
emission was collected at 581 nm. This allowed us to make
dynamic measurements of mitochondrial Ca2+ fluxes in live,
field stimulated cardiomyocytes. The aims of our study were
therefore: (i) to confirm dhRhod-2 is giving a mitochondrial
signal that is uncontaminated with cytosolic Ca2+, (ii) to
test mitochondrial Ca2+ signals in isolated cardiomyocytes
by exposing them to pharmacological interventions known to
modulate energy demand and/or mitochondrial Ca2+ levels and
(iii) to develop a technique that can be used for fluorometric
mitochondrial Ca2+ measurements.

MATERIALS AND EQUIPMENT

For Cell Isolation
Ca2+ Free Tyrodes buffer1

Type 2 Collagenase (275 U/mL, Worthington Biochemical)
Protease (1.8 U/mL, Sigma Aldrich)
Trypsin inhibitor (0.05%, Worthington Biochemical)
Bovine Serum Albumin (0.1%, Thermo Fisher Scientific; IgG
free)
Constant pressure Langendorff Perfusion System
1 M CaCl2 stock solution

For Di-HydroRhod-2 Loading
50 µg vial Rhod-2 (Invitrogen, Thermo Fisher Scientific, Life
Technologies NZ, cat. no. R-1244)2

DMSO anhydrous (Invitrogen, Thermo Fisher Scientific, Life
Technologies NZ, cat. no. D12345)2

20% Pluronic (Invitrogen, Thermo Fisher Scientific, Life
Technologies NZ, cat. no. P6867)2

Na+ Borohydride (Sigma Aldrich, cat no. 452882)2

50 µg vial Mitotracker Deep Red (Invitrogen, Thermo Fisher
Scientific, Life Technologies NZ, cat. no. M22426)
1.5 mM Ca2+ Tyrodes

1Ca2+ Free Tyrodes solution contains (in mM): 140 NaCl,
4 KCl, 10 Hepes, 1 MgCl2.6H2O, 10 Glucose. Adjusted to pH
7.4 with 5 M NaOH.

2To make 1 mM di-hydroRhod-2 solution: Dissolve 1 µg vial
of Rhod-2 with 22.25 µL DMSO. Add 22.25 µL of 20% Pluronic
in DMSO. Once dissolved, add 10 µL of Na+ borohydride
dissolved in 20 µL methanol. Wait until solution becomes
colorless, add 5 µL to 1 mL of cell suspension for 5 µM
working concentration.

3100 nM mitotracker deep red: Dissolve 50 µg vial of
mitotracker with 90 µL DMSO (brings stock concentration to
1 mM). Dilute further to 0.1 mM using DMSO then load 1 mL
cells with 1 µL for 100 nM working concentration.

METHODS

Harvesting of Tissue
Healthy, Wistar rats (male, 300–350 g) were anesthetized using
2% isoflurane in 100% O2 as a carrier gas. Once unconscious,
the rat was euthanized by decapitation, hearts excised at the aorta
and placed in ice cold Ca2+ free Tyrode’s buffer (refer to section
“For Cell Isolation”). Approval for this research was provided
by the University of Auckland Animal Ethics Committee (AEC:
001929), in accordance with the Code of Ethical Conduct of
The University of Auckland, and the New Zealand Animal
Welfare Act 1999.

Cell Isolation
Within 30 s after dissection, hearts were cannulated by the aorta,
secured with suture, and Langendorff-perfused with oxygenated
Ca2+ free Tyrode’s buffer for 5 min at 37◦C using a gravity
fed system. During this time blood should be cleared from the
coronary circulation and effluent should run clear demonstrating
adequate perfusion of the coronary circulation. Perfusion was
then switched to 0.2 mM Ca2+ Tyrode’s containing enzymes:
275 U/mL Type 2 Collagenase (Worthington Biochemical
Corp, United States) and 1.8 U/mL Protease (Sigma Aldrich,
United States). After 9–12 min of enzymatic digestion, ventricles
were cut off and immersed in 0.15 mM Ca2+ Tyrode’s
containing 0.1% BSA (Sigma Aldrich, United States) and 0.05%
Trypsin inhibitor (Worthington Biochemical, United States). The
ventricles were minced to yield isolated, quiescent myocytes and
extracellular Ca2+ was gradually increased to 1.5 mM.

Loading of Rhod-2 and Di-HydroRhod-2
As previously mentioned, Rhod-2 is a positively charged
fluorescent Ca2+ indicator which results in electrical potential-
driven uptake into the mitochondria (Hajnóczky et al., 1995).
The acetoxymethyl (AM) form of Ca2+ indicators can readily
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cross the sarcolemma and enter the cytosol, where it becomes
de-esterified. However, we used a method that exploited the
activity of the mitochondrial reactive oxidative species, in
order to enhance mitochondrial Ca2+ signal specificity. This
was done by reducing Rhod-2 to di-hydroRhod-2 (dhRhod-
2) prior to introducing it into the cardiomyocytes (Bowser
et al., 1998). The reduction of Rhod-2 to dhRhod-2 improves
the selectivity for mitochondrial loading as the reduced dye
does not display Ca2+ dependent fluorescence (Hajnóczky
et al., 1995). DhRhod-2 then re-oxidizes to Rhod-2 in the
mitochondria, resulting in mitochondrial-specific Ca2+ signals
(refer to Supplementary Figure 1). To make a 1 mM stock of
Rhod-2, one 50 µg vial of Rhod-2 indicator (Invitrogen, Thermo
Fisher Scientific, Life Technologies NZ, catalog no. R-1244) was
dissolved in 22.25 µL dimethyl sulphoxide anhydrous (DMSO)
and 22.25 µL 20% Pluronic in DMSO (Invitrogen, Thermo Fisher
Scientific, Life Technologies NZ, cat no. D12345 and P6867). The
smallest possible amount of Na+ borohydride was dissolved in
20 µL methanol, then 10 µL was added as the reducing agent
to the Rhod-2 vial. The indicator then transitioned from a pink
color to a clear, colorless solution after 5–10 min. Cardiomyocytes
were then loaded with 5 µM dhRhod-2 solution for 1 h, carried
out at 37◦C to further increase compartmentalization of the
indicator into the mitochondria. To allow for de-esterification,
cardiomyocytes were washed in 1.5 mM Ca2+ Tyrode’s for at
least 30 min prior to imaging. Loading of Rhod-2 for cytosolic
measurements was completed using the steps above but excluding
the addition of Na+ borohydride in methanol. A group of
myocytes were also loaded with a ratiometric cytosolic Ca2+

indicator Fura-2AM, to compare its kinetics to Rhod-2 cytosolic
transients. A single 50 µg vial of Fura-2AM (Invitrogen, Thermo
Fisher Scientific, Life Technologies NZ, catalog no. F1221) was
diluted to a 1 mM stock solution with DMSO and 20% Pluronic.
For a working concentration of 10 µM, 10 µL of 1 mM Fura-
2AM solution was added to 1 mL of cells. Cells were subsequently
loaded for 20 min at room temperature then washed with 1.5 mM
Ca2+ Tyrode’s for 10 min to allow de-esterification.

Live Cell Confocal Imaging
In order to validate Rhod-2 localization in the mitochondria,
cardiomyocytes were simultaneously loaded with 100 nM
mitotracker deep red (refer to section “For Di-HydroRhod-2
Loading” subscript 3) and 5 µM Rhod-2 or dhRhod-2 (Thermo
Fisher Scientific, Life Technologies NZ). A perspex cell bath
was fixed to the stage of an inverted laser scanning confocal
microscope (LSM 710, Zeiss, Oberkochen, Germany). Using
a Zeiss 63x oil-immersion objective lens (NA 1.40), images
with a 0.1 µm pixel resolution were captured using two lasers
sequentially: 561 nm (Rhod-2) and 633 nm (Mitotracker) at
2% laser power. Images obtained for the validation experiments
were a single-framed snapshot of the whole myocyte with
2 channels (dhRhod-2/Rhod-2 and Mitotracker), which were
subsequently merged for analysis (see section “Data Analysis”).
Furthermore, cardiomyocytes loaded with dhRhod-2 (and Rhod-
2) were electrically stimulated (D100, Digitimer, Welwyn,
United Kingdom) with 5 ms pulses at 1 Hz (room temperature)
before (baseline) addition of 20 mM caffeine (Sigma Aldrich,

cat. no C0750). The response to caffeine was also measured by
delivering a 20 mM bolus to the cardiomyocyte in the absence of
electrical stimulation. This technique was used to detect potential
loading of dhRhod-2 into the SR. The response to caffeine
was then compared between myocytes loaded with dhRhod-
2 and those loaded with Rhod-2. Using a similar method, the
response to 1 µM isoproterenol (Sigma Aldrich, cat. no I6379)
was recorded by collecting the emitted fluorescence from the
whole cell over 2–3 min (1 frame/s). Cardiomyocytes loaded
with dhRhod-2 were electrically stimulated with 5 ms pulses at
1 Hz (room temperature) before (baseline) and during addition
of isoproterenol. This method was employed to determine
whether dhRhod-2 signals were enhanced during beta-adrenergic
stimulation. The response to 1 µM isoproterenol was also tested
in cells that were pre-treated with 50 µM MCU inhibitor Ru265
for 30–60 min. Further evidence against cytosolic contamination
was obtained by imaging permeabilized cardiomyocytes loaded
with dhRhod-2. For cell permeabilization, cardiomyocytes were
loaded with dhRhod-2 (as stated in section “Loading of Rhod-
2 and Di-HydroRhod-2”), then washed in intracellular buffer
containing (in mM); 2 CaCl2 (for 100 nM free [Ca2+]i), 5 NaCl,
140 KCl, 1 MgCl.6H2O, 5 Glucose, 10 Hepes, 15 butanedione
monoxime and 5 EGTA. Myocytes were imaged as above, at
baseline and after bolus application of 0.05% saponin, which was
used for cell permeabilization.

Fluorometric Measurements in Live
Myocytes
Fluorometric measurements were made from cardiomyocytes
loaded with di-hydroRhod-2 to determine beat-to-beat changes
in mitochondrial Ca2+ fluxes. Loaded cardiomyocytes were
transferred into a perspex cell bath, which was fixed to the stage of
an inverted fluorescence microscope. Cells were then externally
field stimulated between 0.1 and 1 Hz (room temperature)
and continuously super-fused with 1.5 mM Ca2+ Tyrodes
containing 1 µM isoproterenol and 150 µM spermine (Cayman
Chemical United States, cat no. 136587-13-8). Spermine is an
allosteric MCU agonist, which increases MCU affinity to Ca2+,
enhancing its uptake into the mitochondria (Nicchitta and
Williamson, 1984). Therefore, its addition with isoproterenol
is useful in enhancing the total dhRhod-2 signal. Myocytes
were imaged using a 20x objective lens, 0.75 NA, and
illuminated with a 542 ± 10 nm excitation wavelength using
an Optoscan monochromator and spectrofluorometric, PMT
based system (Cairn, Faversham, United Kingdom). Recordings
were acquired at a rate of 400 Hz and sampled in 10 ms
intervals using Acquisition Engine software (Cairn, Faversham,
United Kingdom). Emitted fluorescence was collected at 581 nm
(± 10 nm) from the whole cell (approx. 100–150 × 10–30 µm
collection window). The total emitted fluorescence was used as a
measure of mitochondrial Ca2+. The mitochondrial Ca2+ fluxes
were then compared with cytosolic Ca2+ transients recorded
in Rhod-2-loaded myocytes. Cytosolic Ca2+ transients were
also recorded in myocytes loaded with Fura-2. Using the same
spectrofluorometric system, cardiomyocytes loaded with Fura-
2 were illuminated with alternating 340 and 380 nm excitation
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wavelengths every 5 ms. Emitted 510 ± 15 nm fluorescence was
acquired at 400 Hz using Acquisition Engine software (Cairn,
Faversham, United Kingdom) from the whole cell.

Data Analysis
Confocal data was acquired using Zen Blue software (Zeiss,
Germany) and analyzed using FIJI (ImageJ analysis). The
relationship in fluorescence intensity was measured by
calculating the correlation index from a specific region of
each cardiomyocyte co-labeled with Rhod-2/mitotracker and
dhRhod-2/mitotracker. The correlation index, also known
as Pearson’s coefficient, measures the overlap of pixels from
two-channel images. The ImageJ Analysis Software Plugin
“Just Another Co-localization Program” or “JACoP” (Bolte
and Cordelieres, 2006), was used to determine the correlation
index between Rhod-2/mitotracker and dhRhod-2/mitotracker.
The mean correlation index between Rhod-2/mitotracker and
dhRhod-2/mitotracker was then analyzed by unpaired, two-
tailed t-tests to compare the overlap between the two indicators.
The correlation index indicated the degree of mitochondrial
localization, with a value of 1 representing mitochondrial
compartmentalization and a value of 0 representing no
compartmentalization (Bolte and Cordelieres, 2006). In addition,
the intensity plots from myocytes exposed to pharmacological
interventions were statistically analyzed by unpaired, two-tailed
t-tests to compare the amplitudes at the peaks of dhRhod-2
fluorescence at baseline vs. during maximum drug response.

In separate experiments, fluorometric measurements of
cytosolic and mitochondrial Rhod-2 fluorescence were carried
out using an Optoscan monochromator (Cairn Research Ltd.,
Faversham, United Kingdom). Comparison of the following
parameters were made from both the mitochondrial and cytosolic
Ca2+ transients: 1F/F0, where 1F is the transient amplitude
and F0 the baseline fluorescence, maximum rate of fluorescence
rise, time to peak fluorescence following stimulation, and
time constant of fluorescence decay. Ca2+ transients were
acquired once steady state was obtained for all stimulation
frequencies measured, and the parameters from an average
of three sequential transients were analyzed. Mean data from
fluorometric measurements of Rhod-2 cytosolic Ca2+ transients
and dhRhod-2 mitochondrial Ca2+ transients were analyzed
using two-way ANOVA for multiple comparisons between
groups and stimulation frequencies. Statistical significance was
indicated by a P-value of < 0.05 for all data sets. All mean
data (including confocal) was statistically analyzed using Prism
9 Analysis software.

RESULTS

Validation of Mitochondrial Localization
Rhod-2 Localization
The localization of the non-reduced indicator Rhod-2 was
first investigated in isolated cardiomyocytes. Figure 2 shows
a representative isolated ventricular myocyte co-loaded with
Mitotracker (red) and Rhod-2 (green). Figure 2A displays the
separate channels for each indicator alongside an overlay of

FIGURE 2 | Confocal analysis of a representative isolated rat ventricular
myocyte loaded with Mitotracker Deep Red and non-reduced Rhod-2 (Scale
bar = 10 µm). (A) Shows a representative myocyte loaded with Mitotracker
(red) and Rhod-2 (non-reduced form, green). The third image in (A) shows
both indicators when merged. (B) Shows the intensity plot profile of both
Mitotracker (red) and Rhod-2 (green) fluorescence intensity, which was
analyzed at the transverse section of the myocyte represented by the white
lines in (A).

both channels when “merged.” The Mitotracker label (red)
displays a distinct longitudinal mitochondrial pattern with visible
striations, whereas Rhod-2 (green) is present globally across the
myocyte, also revealing faint striations. When merged, there is
minimal overlap between the two indicators. Figure 2B shows
the intensity plot profile of Mitotracker and Rhod-2 fluorescence
intensity, which was analyzed across the transverse section of the
myocyte labeled with a white line in Figure 2A. The Mitotracker
label displayed prominent peaks and troughs in intensity, which
is indicative of the distribution of mitochondria across the
myocyte, whereas the Rhod-2 intensity peaks did not match the
mitotracker label distribution.

Di-HydroRhod-2 Localization
The localization of the di-hydroRhod-2 (dhRhod-2) loaded
cells was then investigated and compared to that of Rhod-
2. Myocytes were co-loaded with dhRhod-2 (green) and
Mitotracker (red) as shown in Figure 3. Both Mitotracker
and dhRhod-2 showed a typical longitudinal pattern consistent
with mitochondrial distribution between the myofibrils, along
with visible striations. There was also a distinct overlap
between the two indicators when merged and the mitochondria
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FIGURE 3 | Confocal analysis of a representative isolated rat ventricular myocyte loaded with Mitotracker Deep Red and di-hydroRhod-2 (Scale bar = 8 µm).
(A) Shows a representative myocyte loaded with Mitotracker (red) and di-hydroRhod-2 (dhRhod-2, green). The third myocyte in (A) shows both indicators when
merged. (B) Shows the plot profile of both Mitotracker (red) and dhRhod-2 (green) fluorescence intensity, which was analyzed across a transverse section of the
myocyte represented by the white lines in (A). (C) Displays the Pearson’s coefficient value, which represents the correlation index between Rhod-2/mitotracker (n = 6
cardiomyocytes) and dhRhod-2/mitotracker (n = 7 cardiomyocytes). Results are presented as mean ± SEM, ∗∗∗P < 0.001.

appear yellow. This was evident in the intensity plot profile
in Figure 3B, which showed equal distribution of both
indicators, where most peaks and troughs aligned at the
same point across the transverse section of the myocyte.
Furthermore, Figure 3C shows the correlation index between
dhRhod-2/mitotracker labeling (mean ± SEM, 0.76 ± 0.02
a.u. n = 7 cells) was greater relative to the correlation
index between Rhod-2/mitotracker labeling (0.02 ± 0.06
a.u. n = 6 cells, P < 0.001), further revealing dhRhod-2
mitochondrial localization.

Response of [Ca2+]mito to
Pharmacological Interventions
Response to High Dose of Caffeine
The first pharmacological intervention was used to determine
potential loading of dhRhod-2 in the SR. Figure 4 shows two

representative isolated myocytes loaded with either Rhod-2 or
dhRhod-2. Myocytes were bathed in 1 mM Ca2+ Tyrodes and
were imaged across a time series in the absence of stimulation.
Figures 4A,B captured the myocytes at the start of the time series
while in baseline conditions (pre-caffeine), while Figures 4C,D
show the myocytes during exposure to 20 mM caffeine to
release compartmentalized Ca2+ into the cytosol from the SR
(Bassani et al., 1992). In baseline conditions, myocytes showed
distinct differences in the distribution of fluorescence with Rhod-
2 (Figure 4A) relative to dhRhod-2 (Figure 4B). There was
an overall global increase in Rhod-2 fluorescence throughout
the myocyte during the peak response to caffeine (Figure 4C).
The plot profile in Figure 4E shows increased caffeine-induced
Rhod-2 fluorescence (green) relative to baseline (black), which
was analyzed across the transverse portion of the myocyte
as indicated by the white lines in Figures 4A,C. In contrast,
myocytes loaded with the reduced form dhRhod-2, showed
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FIGURE 4 | Confocal analysis of representative isolated rat ventricular myocytes loaded with non-reduced Rhod-2 (A,C,E) and di-hydroRhod-2 (B,D,F) at baseline
and during the response to a 20 mM caffeine bolus (scale bar = 10 µm). Myocytes in (A,B) were captured during baseline conditions prior to caffeine application,
while myocytes in (C,D) were taken during the peak response to a 20 mM bolus of caffeine. The intensity plot profile of Rhod-2 fluorescence (E) and di-hydroRhod-2
(dhRhod-2) fluorescence (F) shows fluorescence intensity before and during the response to caffeine. The plot profiles were analyzed across the transverse portion
of the myocyte indicated by the white lines in (A–D). (G) Shows Rhod-2 and dhRhod-2 fluorescence at baseline vs. post caffeine application. Results are presented
as mean ± SEM, n = 4 cardiomyocytes, ∗∗P < 0.01.

little change in fluorescence intensity upon caffeine application
relative to baseline (4B & 4D), and illustrated in the intensity
plot profile (4F). Figure 4F shows similar magnitudes and
distribution of peaks and troughs of dhRhod-2 fluorescence at
baseline (black) and post caffeine application (green). Figure 4G
shows Rhod-2 fluorescence increased from 31.9 ± 0.9 a.u.
(mean ± SEM) at baseline to 121.0 ± 16.5 a.u. (n = 4 cells,
P = 0.01) at maximum response to caffeine. However, dhRhod-
2 fluorescence did not change in response to caffeine (baseline,
60.0 ± 11.8 a.u. vs. maximum caffeine response, 87.1 ± 18.5 a.u.
n = 4 cells).

Response to β-Adrenergic Stimulation
In order to increase mitochondrial Ca2+ uptake, myocytes
loaded with dhRhod-2 were also subjected to the non-selective
β-adrenergic agonist, isoproterenol (ISO, 1 µM). Myocytes were
continuously stimulated at 1 Hz and imaged across a time series
as stated in section “Live Cell Confocal Imaging.” Images were
captured across three different time points during the response
to ISO. Figure 5A shows the change in dhRhod-2 fluorescence at
0 s (baseline), 60 and 120 s, the latter considered as the maximum
ISO effect. The myocyte shows distinctive dhRhod-2 distribution
at baseline, which is retained throughout the response to ISO.
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FIGURE 5 | Confocal analysis of a representative isolated rat ventricular
myocyte loaded with di-hydroRhod-2 during the response to 1 µM
isoproterenol (scale bar = 10 µm). (A) Shows a loaded myocyte at baseline
(0 s), then 60 and 120 s post 1 µM isoproterenol (ISO) application. (B,C)
Show intensity plot profiles of di-hydroRhod-2 (dhRhod-2) fluorescence at
baseline and during maximum ISO response in control (B) and Ru-265
pre-treated cardiomyocytes (C). Mean intensity values in (B) were analyzed
across a transverse section of the myocyte represented by the white lines in
(A). (D) Shows dhRhod-2 fluorescence at baseline (0 s) and during maximum
ISO response (120 s) with and without pre-treatment of 50 µM Ru265 in n = 6
cardiomyocytes. Results are presented as mean ± SEM, ∗P < 0.05.

The intensity plot profile (Figure 5B) shows an increase in
the magnitude of dhRhod-2 fluorescence during ISO relative
to baseline, while the distribution of the peaks and troughs
remain unchanged. Meanwhile, the intensity plot profile of the
response to ISO in Ru-265 pre-treated cells (Figure 5C), shows no
change in dhRhod-2 fluorescence from baseline to maximum ISO
response. The mean fluorescence intensity values (Figure 5D)
also showed an approximately twofold increase in dhRhod-2
intensity with ISO (mean ± SEM, 88.2 ± 17.6 a.u.) relative to

baseline (45.0± 8.7 a.u. in n = 6 cells, P < 0.05). Pre-treatment of
cells with MCU inhibitor Ru265, prevented the ISO-stimulated
increase in dhRhod-2 fluorescence (baseline, 24.4 ± 3.6 a.u. vs.
ISO, 32.2 ± 4.3 a.u. in n = 7 cells), however, there was no change
in baseline fluorescence in the presence of Ru265 (P = 0.08).

Fluorometric Measurements of
[Ca2+]mito vs. [Ca2+]cyto
Fluorometric measurements were optimized and made following
the protocols stated in section “Fluorometric Measurements in
Live Myocytes” in order to: (i) determine the characteristics of
the mitochondrial Ca2+ transient relative to the cytosolic Ca2+

transient and (ii) to record beat-to-beat mitochondrial Ca2+

fluxes at different stimulation frequencies. Figure 6A shows two
single transients recorded from representative myocytes loaded
with Rhod-2 (black) and dhRhod-2 (red). When comparing a
Rhod-2 cytosolic Ca2+ transient superimposed with a dhRhod-2
mitochondrial Ca2+ transient, visually there are clear differences
in both the transient amplitude and kinetics. Figure 6B shows
the Rhod-2 transient resembles a cytosolic Ca2+ transient
with similar characteristics to a transient recorded from a
representative myocyte loaded with the commonly used cytosolic
Ca2+ indicator, Fura-2 (green).

Mitochondrial Ca2+ Transients and Stimulation
Frequency
Mitochondrial and cytosolic Ca2+ transients were recorded
from cells subjected to stimulation frequencies of 0.1, 0.5, and
1 Hz. Figure 7A shows steady-state [Ca2+]cyto transients
(black) and [Ca2+]mito transients (red) recorded from
representative myocytes loaded with Rhod-2 and dhRhod-
2, respectively. Figure 7B displays mean transient amplitude data
(1F/F0, refer to section “Data Analysis”) comparing cytosolic
and mitochondrial Ca2+ transients at different stimulation
frequencies. While there was no change in either group between
frequencies, the Rhod-2 loaded myocytes had larger [Ca2+]cyto
transient amplitudes relative to [Ca2+]mito transient amplitude
at all stimulation frequencies (P < 0.001). Figures 7C,D shows
a clear difference in Ca2+ transient kinetics, whereby Rhod-2
[Ca2+]cyto transients had faster maximum rates of rise and time
to peak fluorescence relative to dhRhod-2 [Ca2+]mito transients
at all stimulation frequencies (P < 0.001). The time constant
of decay was not different between [Ca2+]cyto and [Ca2+]mito
transients at any stimulation frequency (Figure 7E). Overall,
there were no differences within groups in any of the measured
transient parameters between frequencies.

DISCUSSION

Validation of Mitochondrial Localization
Loading myocytes with Rhod-2 resulted in widespread, non-
localized fluorescence (Figures 2A,B). However, there was
apparently some Rhod-2 mitochondrial compartmentalization,
as several peaks visible in the intensity plot profile (Figure 2B)
coincided with smaller amplitude peaks observed with the
mitotracker label. This differed to the punctate mitochondrial
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FIGURE 6 | Comparison between single Rhod-2, di-hydroRhod-2 and Fura-2
Ca2+ transients. (A) displays a single cytosolic Ca2+ transient (Rhod-2, black)
superimposed with a single mitochondrial Ca2+ transient (di-hydroRhod-2,
red). The transient amplitude is a represented as a ratio of the change in
fluorescence/diastolic fluorescence (1F/F0). The blue arrows indicate the time
to peak fluorescence after the stimulus. (B) Shows a comparison of the time
courses of single cytosolic transients obtained in separate cells loaded with
different Ca2+ indicators, Rhod-2 (black, as above) and ratiometric Ca2+

indicator Fura-2 (green).

pattern displayed in di-hydroRhod-2 (dhRhod-2) loaded
myocytes (Figure 3A). DhRhod-2 substantially overlapped
with the mitotracker indicator as shown in the intensity plot
profile (Figure 3B). As mentioned in section “Data Analysis,”
the correlation index between Rhod-2/mitotracker and dhRhod-
2/mitotracker indicated the degree of mitochondrial localization.
DhRhod-2/mitotracker had a correlation index closer to 1
(Figure 3C), which confirmed mitochondrial specific loading
of dhRhod-2. This was opposite to Rhod-2/mitotracker, which
had a correlation index closer to 0, indicating only partial
mitochondrial localization but mostly spread throughout the
cytosol. As previously stated, Rhod-2 is a low affinity Ca2+

indicator, and increased mitochondrial specificity is achieved
when reducing Rhod-2 to dhRhod-2. The reduced dhRhod-2
form of the indicator is reactive to mitochondrial reactive
oxidative species (Supplementary Figure 1), which allows it
to be re-oxidized to Rhod-2 specifically in the mitochondria
(Bowser et al., 1998). This means that any un-oxidized dhRhod-2
in the cytosol, cannot respond to changes in [Ca2+], making
it a useful indicator for specifically measuring mitochondrial
Ca2+. Trollinger et al. (1997) was the first group to show “cold
loading” of Rhod-2 resulted in mitochondrial localization in
adult rabbit cardiomyocytes. They also reported warm loading
favors cytosolic dye retention, which can ultimately contaminate
mitochondrial Ca2+ signals. This is contrary to the present study,
where myocytes were loaded with dhRhod-2 at 37◦C and imaged
within 2 h. Our data showed strong mitochondrial localization
whereby cytosolic contamination was negligible. This was also
supported by our findings in permeabilized myocytes loaded
with dhRhod-2 (Supplementary Figure 2), which still retain
mitochondrial distribution in the absence of an intact cell
membrane and subsequent removal of cytosolic contents.

Response of [Ca2+]mito to
Pharmacological Interventions
Response to High Dose of Caffeine
Upon validation of mitochondrial specific Ca2+ signals,
myocytes were loaded with dhRhod-2 following the protocol in
section “Loading of Rhod-2 and Di-HydroRhod-2.” Myocytes
were bathed in 1 mM Ca2+ Tyrode’s, then imaged as stated in
section “Live Cell Confocal Imaging.” Images of myocytes were
captured at baseline and during exposure to two pharmacological
interventions. The response to caffeine was tested to further
validate mitochondrial loading. Rhod-2 has a Ca2+ dissociation
constant (Kd) of 570 nM as opposed to cytosolic Ca2+

indicators (i.e., Fura-2), which has a Kd of 140 nM, therefore,
Rhod-2 has a lower the affinity for Ca2+. This makes it
useful for compartmentalization into areas with higher Ca2+

concentrations relative to the cytosol. The cytosol has a low
diastolic [Ca2+] of 100 nM, which can increase up to 1 µM at
the peak of the [Ca2+]cyto transient (Bers, 2000). These values
are similar to that of the mitochondrial matrix, where reported
measurements of free [Ca2+] were in the range of 100–200 nM
at lower stimulation frequencies, and around 500–800 nM with
β-adrenergic stimulation (Finkel et al., 2015). However, intra-SR
free [Ca2+] can reach up to concentrations of 1–1.5 mM at the
end of diastole (Shannon et al., 2003). Therefore, to test whether
Rhod-2 was compartmentalizing in areas of high [Ca2+], it was
important to acknowledge potential loading of dhRhod-2 in SR.
In order to test whether dhRhod-2 was loading in the SR, loaded
myocytes were subjected to 20 mM caffeine (Figure 4). Caffeine
increases the opening probability of the ryanodine (RyR2)
receptors on the SR membrane, and at high concentrations it
completely releases SR Ca2+ contents into the cytosol and in
its continued presence, prevents further SR Ca2+ accumulation
(Bassani et al., 1992). This was evident in Figures 4A–G, as
Rhod-2 loading resulted in an approximately fourfold increase
in fluorescence upon exposure to 20 mM caffeine. The Rhod-2
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FIGURE 7 | Comparison of amplitudes and time courses between Rhod-2 and di-hydroRhod-2 calcium transients recorded at different stimulation frequencies.
(A) Shows recordings from two representative myocytes loaded with Rhod-2 (black, [Ca2+]cyto transients) and di-hydroRhod-2 (dhRhod-2, red, [Ca2+]mito

transients). Myocytes were super-perfused with 1.5 mM Ca2+ Tyrode’s containing 150 µM spermine and 1 µM isoproterenol and externally stimulated at 0.1, 0.5,
and 1 Hz. The transient amplitude is a represented as a ratio of the change in fluorescence/diastolic fluorescence (1F/F0). (B) Shows the mean Rhod-2 (black,
[Ca2+]cyto) and dhRhod-2 (red, [Ca2+]mito) transient amplitude expressed as 1F/F0 at various stimulation frequencies. (C,D) Show the mean maximum rate of rise
and time to peak fluorescence, respectively, while (E) displays the mean time constant of decay (tau) between groups and stimulation frequencies. Data from (B–E)
were collected from N = 3 healthy rat hearts (n = 7 Rhod-2 and n = 11 dhRhod-2 loaded myocytes). Results are expressed as mean ± SEM, ∗∗∗P < 0.001.

loaded myocyte in Figure 4A also displayed Ca2+ sparks
at baseline, which were not present in the dhRhod-2 loaded
myocyte (Figure 4B). This is further evidence of Rhod-2 cytosolic
loading, and absence of cytosolic dhRhod-2. Furthermore, the
distinct peaks and troughs that are evident in the intensity plot
profile of Rhod-2 in response to caffeine (Figure 4E) could
also be a result of mitochondrial Ca2+ release superimposed
with SR Ca2+ release. This confirms Rhod-2 was present in
both the mitochondria and cytosol. Contrary to these findings,
there was no change in dhRhod-2 fluorescence in response
to caffeine (Figures 4B–G), which suggests that dhRhod-2 is
not loading in the SR. Andrienko et al. (2009) also found SR
depletion by caffeine terminated [Ca2+]mito uptake. However,

rapid emptying of the SR is still able to cause a small increase
in mitochondrial Ca2+ reuptake as cytosolic Ca2+ reaches
saturating concentrations, which activates the MCU and brings
in Ca2+ in an attempt to reduce [Ca2+]cyto (Sharma et al., 2000).

Response to β-Adrenergic Stimulation
The second intervention that was tested was the non-selective
β-adrenergic agonist isoproterenol (ISO, 1 µM). The response to
ISO was tested in order to determine whether MCU uptake was
enhanced with β-adrenergic stimulation. Figures 5A,B,D shows
application of ISO increased dhRhod-2 fluorescence intensity
(mean ± SEM, 88.2 ± 17.6 a.u.) in comparison to baseline
(45.0± 8.6 a.u.), confirming ISO augmented MCU Ca2+ uptake.
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These findings are supported by Robert et al. (2001) who
found that ISO increased [Ca2+]mito transient amplitudes and
frequencies in neonatal cultured myocytes, and (Finkel et al.,
2015), who reported a fourfold increase in free matrix [Ca2+]
in response to β-adrenergic stimulation in situ. Furthermore, the
ISO-stimulated increase in dhRhod-2 fluorescence was abolished
in Ru265 pre-treated cells (Figures 5C,D). Ru265 is a newly
reported ruthenium based selective MCU inhibitor (Woods et al.,
2019; Novorolsky et al., 2020), which is a structural analog of the
commonly used MCU inhibitor Ru360 (Novorolsky et al., 2020).
Figure 5D shows baseline fluorescence was unchanged in Ru265
pre-treated cardiomyocytes, which was expected as dhRhod-
2 baseline signals were generally low, and cells were loaded
with dhRhod-2 prior to pre-treatment with Ru265 (refer to
section “Loading of Rhod-2 and Di-HydroRhod-2” and “Live Cell
Confocal Imaging”). However, Ru265 inhibited MCU activity
in the presence of ISO, as MCU activity normally becomes
upregulated and [Ca2+]mito uptake increases when [Ca2+]cyto is
high (i.e., with ISO exposure, as seen in Figures 5A,B). Similar
findings were described in studies investigating cardiomyocytes
subjected to the ruthenium based MCU blocker Ru360 (Maack
et al., 2006; Liu and O’Rourke, 2008). However, Ru360 has
reportedly been found to be impermeable to the cell membrane
(Robert et al., 2001), therefore they are best suited when applied
directly into the myocyte or exposed to isolated mitochondria
and cells with permeabilized membranes. Ru265 is cell permeable
and non-disruptive to cytosolic Ca2+ dynamics (Novorolsky
et al., 2020), which makes it suitable for MCU inhibition upon
incubation in intact cardiomyocytes. Overall, enhanced dhRhod-
2 fluorescence during exposure to β-adrenergic highlights the
importance of MCU Ca2+ uptake during increased workloads,
which plays a key role in enhancing the rate of ATP production
to fuel ATP transporters during faster rates of EC coupling.

Fluorometric Measurements of
[Ca2+]mito vs. [Ca2+]cyto
Using confocal microscopy, we were able to confirm localized
dhRhod-2 loading (Figure 3). We were also able to confirm
gradual enhancement of mitochondrial Ca2+ uptake with
β-adrenergic stimulation (Figure 5). Next, we: (i) determined
the characteristics of the mitochondrial Ca2+ transient relative
to the cytosolic Ca2+ transient, and (ii) recorded beat-to-beat
mitochondrial Ca2+ fluxes at different stimulation frequencies.
Fluorometric measurements were made from cardiac myocytes
loaded with dhRhod-2 to determine beat-to-beat changes in
mitochondrial Ca2+ fluxes. This could not be achieved using
confocal microscopy as these events occur at a timescale beyond
the temporal acquisition rate. Faster changes in signal can be
obtained in a smaller region of the myocyte using line scans.
However, line scanning only captures a single region of the
myocyte, which is insufficient when measuring a small change
in mitochondrial Ca2+ flux. Imaging of the whole myocyte can
be done (as discussed in section “Live Cell Confocal Imaging”),
but only with a slower acquisition rate. Any changes that
might occur < 300 ms apart cannot be detected due to limited
temporal resolution. Therefore, we have developed a technique

for fluorometric measurements of [Ca2+]mito transients, which
can capture changes that occur on a faster time scale (i.e., between
50 and 300 ms). Using a spectrofluorometric system, we acquired
rapid changes in mitochondrial Ca2+ on a beat-to-beat basis
(see section “Fluorometric Measurements in Live Myocytes”).
A window was fitted around the perimeter of a single cell, which
allowed for [Ca2+]mito measurements across the whole cell (i.e.,
a “global” change).

Figure 6A shows a single [Ca2+]mito transient superimposed
with a single [Ca2+]cyto transient. The [Ca2+]mito transient
had a smaller amplitude relative to the [Ca2+]cyto transient.
Interestingly, the [Ca2+]mito also showed a slower time to peak
fluorescence. When considering the kinetics of a [Ca2+]cyto
transient, the time to peak fluorescence occurs approximately
30–60 ms after the stimulus (Shannon et al., 2000; Dibb et al.,
2007). This was evident in Figure 6B, which shows a single Fura-
2 (ratiometric) [Ca2+]cyto transient superimposed with a single
Rhod-2 (non-ratiometric) [Ca2+]cyto transient. The kinetics
between Rhod-2 and Fura-2 transients were almost identical,
which suggested that Rhod-2 was a suitable measure of cytosolic
[Ca2+] for comparison to dhRhod-2 [Ca2+]mito transients.
Figure 6A shows MCU uptake begins to rise once the [Ca2+]cyto
transient has peaked, then it begins to decline at approximately
70–80% of the [Ca2+]cyto transient decay. This is evidence that
MCU uptake begins when intracellular [Ca2+] is highest (i.e., at
the peak of the [Ca2+]cyto transient) and then begins to decline as
cytosolic Ca2+ approaches diastolic levels. This supports original
findings from Isenberg et al. (1993), who showed peak [Ca2+]mito
occurred 40 ms after the start of systole and a subsequent decline
in [Ca2+]mito 95 ms after the start of systole. Studies using
adenoviral probes targeted to the mitochondria also reported
similar findings. For example, Robert et al. (2001) found beat-
to-beat oscillations in cultured neonatal rat myocytes, whereby
[Ca2+]cyto peaked at 50–100 ms and [Ca2+]mito peaked 100–
150 ms after. Furthermore, in cultured rat adult myocytes, Bell
et al. (2006) also observed [Ca2+]mito transients at a cytosolic
[Ca2+] of 0.9 µM, which is equivalent to the peak [Ca2+]cyto
transient at systole. These data are in contrast to a study by Maack
et al. (2006) showing peak [Ca2+]mito preceded peak [Ca2+]cyto
in isolated guinea pig myocytes. However, Maack et al. (2006)
made measurements at 37◦C as opposed to the present study
where experiments were performed at 23◦C, but it is not clear
how a difference in temperature could account for the difference
in transient kinetics. Unlike Maack et al. (2006), we could not
record simultaneous Ca2+ transient events. However, we were
able to compare the kinetics of Rhod-2 [Ca2+]mito to [Ca2+]cyto
transients in separate myocytes as we used the same indicator,
which allowed direct comparison without variability in the
fluorophore binding kinetics. Collectively, our findings provide
further evidence that mitochondrial Ca2+ fluxes occur during
EC coupling, and are therefore able to regulate mitochondrial
metabolism on a beat-to-beat basis.

Mitochondrial Ca2+ Transients and Stimulation
Frequency
Once we were able to determine the characteristics of a single
mitochondrial Ca2+ transient, the next aim was to record
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beat-to-beat mitochondrial Ca2+ fluxes at different stimulation
frequencies. As mentioned above, we were able to do this
using a spectrofluorometric system (see section “Fluorometric
Measurements in Live Myocytes”). Cells were super-fused with
1.5 mM Ca2+ Tyrodes containing 1 µM ISO and 150 µM
spermine (MCU agonist) and externally stimulated at frequencies
of 0.1, 0.5, and 1 Hz until steady state was achieved. Fluorescence
traces from representative myocytes in Figure 7A shows both
[Ca2+]mito and [Ca2+]cyto transients occurred in response to
each applied stimulus. Cytosolic Ca2+ transient amplitudes were
larger, with faster maximum rates of rise and time to peak
fluorescence (Figures 7B–D) relative to [Ca2+]mito transients at
all stimulation frequencies tested. Robert et al. (2001) showed
similar trends in [Ca2+]mito transient kinetics and amplitudes to
the present study. However, they also found [Ca2+]mito transient
amplitudes increased with changes in [Ca2+]cyto transient
amplitudes and frequencies. Whereas Maack et al. (2006)
reported no differences between [Ca2+]cyto and [Ca2+]mito
transient amplitudes, and stated that an increased stimulation
frequency would reduce [Ca2+]mito transient amplitudes as
a result of diastolic [Ca2+]mito accumulation, which was
subsequently confirmed in studies by Wüst et al. (2017)
and Miranda-Silva et al. (2020). Each of these findings are
contradictory to the results in the present study, as there
were no evident changes in [Ca2+]mito transient amplitude or
kinetics with increasing stimulation frequency. This could be
due to species differences, as Maack et al. (2006) measured
[Ca2+]mito and [Ca2+]cyto transients in guinea pig isolated
myocytes, or due to differences in [Na+]i, as they maintained
[Na+]i via an internal patch solution. None of the three studies
had spermine present in their buffers, which could have also
contributed to the differences in the response of [Ca2+]mito
to increasing stimulation frequencies. It is also important to
acknowledge the effect of different experimental conditions,
as increased stimulation frequencies are often associated with
an increase in [Ca2+]cyto transient amplitude at physiological
temperatures (Dibb et al., 2007). In the present study, the
experimental conditions limited the physiological response of
[Ca2+]cyto to increasing stimulation frequencies, as 0.1–1 Hz
is considerably slow for rat myocytes. These conditions would
also presumably affect the size and kinetics of the [Ca2+]mito
transient between frequencies, as we saw no differences in
the time constant of decay between [Ca2+]cyto and [Ca2+]mito
transients at all stimulation frequencies (Figure 7E). However,
a study by Isenberg et al. (1993) revealed no changes in
decay rate between [Ca2+]cyto and [Ca2+]mito transients, and
stated that mitochondrial Ca2+ uptake contributes to the
fast [Ca2+]cyto transient decay. Therefore, the mitochondria
act as a buffer and take up Ca2+ at peak [Ca2+]cyto, then
release it once [Ca2+]cyto reaches diastolic levels. This was also
evident in our [Ca2+]mito data presented in Figure 6A. Robert
et al. (2001) reported slightly slower time constants of decay
for [Ca2+]mito transients (200–300 ms) compared to that of
the present study. However, they acknowledge difficulties in
measuring [Ca2+]mito transient kinetics as aequorin systems
cannot detect changes with high temporal resolution. Therefore,

the use of spectrofluorometric systems has the advantage
of detecting rapid changes in [Ca2+]mito transient kinetics
that might have been misinterpreted in past studies due to
acquisition limitations.

In this study, fluorometric measurements of [Ca2+]mito
transients were enhanced by the presence of ISO and spermine,
as baseline [Ca2+]mito transients could not obtained. This
could have suppressed the response of [Ca2+]mito to increasing
stimulation frequencies, as the SR may have already been
at capacity. However, it is known that the MCU is mostly
active at higher cytosolic [Ca2+] (i.e., during β-adrenergic
stimulation) as it is a low affinity transporter, therefore basal
MCU activity is limited at resting levels of cytosolic Ca2+

(Andrienko et al., 2009). An additional limitation to the present
study is that Rhod-2 loading was compared to dhRhod-2 loading
in the absence of cytosolic quenchers, which were previously
used in studies reporting [Ca2+]mito with cytosolic ratiometric
indicator Indo-1AM (Miyata et al., 1991; Zhou et al., 1998).
The addition of cytosolic quenchers would be required for
Rhod-2 measurements of [Ca2+]mito. However, it would require
further investigation to confirm that the specific quencher has
no effect on mitochondrial Ca2+ signals. Therefore, the benefit
of dhRhod-2 loading is that it does not require quenching
of cytosolic dye, as it relies on mitochondrial oxidation to
provide specific mitochondrial Ca2+ signals. Overall, despite
these limitations, the methods presented in this study are suitable
for analyzing relative changes in mitochondrial Ca2+ fluxes
in live myocytes.

CONCLUSION

Myocytes loaded with di-hydroRhod-2 revealed mitochondrial
localization of the Ca2+ fluorophore in the absence of cytosolic
contamination such as that seen in Rhod-2 loaded cardiac
myocytes. Di-hydroRhod-2 [Ca2+]mito transients were distinct
from the large and rapid Rhod-2 [Ca2+]cyto transients, indicating
that the kinetics between [Ca2+]cyto and [Ca2+]mito transients
are considerably different. Overall, our results showed that
di-hydroRhod-2 loading is a quick and suitable method
for measuring beat-to-beat [Ca2+]mito transients in intact
myocytes. Furthermore, this method could also be used to
measure changes in mitochondrial Ca2+ handling in intact
diseased myocytes.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the University
of Auckland Animal Ethics Committee (AEC: 001929).

Frontiers in Physiology | www.frontiersin.org 13 January 2022 | Volume 12 | Article 80879830

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-808798 January 18, 2022 Time: 15:35 # 14

Krstic et al. Mitochondrial Calcium Fluxes in Cardiomyocytes

AUTHOR CONTRIBUTIONS

M-LW and AP conceived the study. AK performed the
experiments and data analysis. AK and M-LW drafted the article.
AK, AP, and M-LW performed the critical revision of the article
for important intellectual content. All authors contributed to the
article and approved the submitted version.

FUNDING

This research was funded by grants from the Auckland
Medical Research Foundation (Project 1118006 to M-LW)

and the Maurice and Phyllis Paykel Trust (Project 3721278
to M-LW). AK was the recipient of a University of Auckland
Health Research Doctoral Scholarship and AP received
a Kate Edgar Educational Charitable Trust Post-doctoral
Research Award and a Heart Foundation Fellowship (Research
Fellowship 1873).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.808798/full#supplementary-material

REFERENCES
Andrienko, T. N., Picht, E., and Bers, D. M. (2009). Mitochondrial free calcium

regulation during sarcoplasmic reticulum calcium release in rat cardiac
myocytes. J. Mol. Cell. Cardiol. 46, 1027–1036. doi: 10.1016/j.yjmcc.2009.03.015

Bassani, R. A., Bassani, J. W., and Bers, D. M. (1992). Mitochondrial and
sarcolemmal Ca2+ transport reduce [Ca2+]i during caffeine contractures in
rabbit cardiac myocytes. J. Physiol. 453, 591–608. doi: 10.1113/jphysiol.1992.
sp019246

Bell, C. J., Bright, N. A., Rutter, G. A., and Griffiths, E. J. (2006). ATP regulation
in adult rat cardiomyocytes: time-resolved decoding of rapid mitochondrial
calcium spiking imaged with targeted photoproteins. J. Biol. Chem. 281, 28058–
28067. doi: 10.1074/jbc.M604540200

Bers, D. (2001). Excitation-Contraction Coupling and Cardiac Contractile Force,
Vol. 237. Dordrecht: Springer.

Bers, D. M. (2000). Calcium fluxes involved in control of cardiac myocyte
contraction. Circ. Res. 87, 275–281. doi: 10.1161/01.RES.87.4.275

Bolte, S., and Cordelieres, F. P. (2006). A guided tour into subcellular colocalisation
analysis in light microscopy. J. Microsc. 224, 213–232. doi: 10.1111/j.1365-2818.
2006.01706.x

Bowser, D. N., Minamikawa, T., Nagley, P., and Williams, D. A. (1998). Role
of mitochondria in calcium regulation of spontaneously contracting cardiac
muscle cells. Biophys. J. 75, 2004–2014. doi: 10.1016/S0006-3495(98)77642-8

Brandes, R., and Bers, D. M. (1997). Intracellular Ca2+ increases the mitochondrial
NADH concentration during elevated work in intact cardiac muscle. Circ. Res.
80, 82–87. doi: 10.1161/01.RES.80.1.82

Dibb, K. M., Eisner, D. A., and Trafford, A. W. (2007). Regulation of systolic
[Ca2+]i and cellular Ca2+ flux balance in rat ventricular myocytes by SR Ca2+,
L-type Ca2+ current and diastolic [Ca2+]i. J. Physiol. 585(Pt 2), 579–592. doi:
10.1113/jphysiol.2007.141473

Else, P. L., and Hulbert, A. J. (1985). Mammals: an allometric study of metabolism
at tissue and mitochondrial level. Am. J. Physiol. Regul. Integr. Comp. Physiol.
248, R415–R421. doi: 10.1152/ajpregu.1985.248.4.R415

Fazal, L., Laudette, M., Paula-Gomes, S., Pons, S., Conte, C., Tortosa, F., et al.
(2017). Multifunctional mitochondrial Epac1 controls myocardial cell death.
Circ. Res. 120, 645–657. doi: 10.1161/CIRCRESAHA.116.309859

Finkel, T., Menazza, S., Holmström, K. M., Parks, R. J., Liu, J., Sun, J., et al.
(2015). The Ins and Outs of Mitochondrial Calcium. Circ. Res. 116, 1810–1819.
doi: 10.1161/CIRCRESAHA.116.305484

Hajnóczky, G., Robb-Gaspers, L. D., Seitz, M. B., and Thomas, A. P. (1995).
Decoding of cytosolic calcium oscillations in the mitochondria. Cell 82, 415–
424. doi: 10.1016/0092-8674(95)90430-1

Halestrap, A. P., and Pasdois, P. (2009). The role of the mitochondrial permeability
transition pore in heart disease. Biochim. Biophys. Acta 1787, 1402–1415. doi:
10.1016/j.bbabio.2008.12.017

Hamilton, S., Terentyeva, R., Kim, T. Y., Bronk, P., Clements, R. T., and
Terentyev, D. (2018). Pharmacological Modulation of Mitochondrial Ca(2+)
Content Regulates Sarcoplasmic Reticulum Ca(2+) Release via Oxidation of the
Ryanodine Receptor by Mitochondria-Derived Reactive Oxygen Species. Front.
Physiol. 9:1831. doi: 10.3389/fphys.2018.01831

Hamilton, S., Terentyeva, R., Perger, F., Hernández Orengo, B., Martin, B. Y.,
Gorr, M. W., et al. (2021). MCU overexpression evokes disparate dose-
dependent effects on mito-ROS and spontaneous Ca2+ release in hypertrophic
rat cardiomyocytes. Am. J. Physiol. Heart Circ. 321, H615–H632. doi: 10.1152/
ajpheart.00126.2021

Isenberg, G., Han, S., Schiefer, A., and Wendt-Gallitelli, M.-F. (1993). Changes
in mitochondrial calcium concentration during the cardiac contraction cycle.
Cardiovasc. Res. 27, 1800–1809. doi: 10.1093/cvr/27.10.1800

Keith, A., and Flack, M. (1907). The form and nature of the muscular connections
between the primary divisions of the vertebrate heart. J. Anat. Physiol. 41(Pt 3),
172.

Liu, T., and O’Rourke, B. (2008). Enhancing mitochondrial Ca2+ uptake in
myocytes from failing hearts restores energy supply and demand matching.
Circ. Res. 103, 279–288. doi: 10.1161/CIRCRESAHA.108.175919

Maack, C., Cortassa, S., Aon, M. A., Ganesan, A. N., Liu, T., and O’Rourke, B.
(2006). Elevated Cytosolic Na+ Decreases Mitochondrial Ca2+ uptake during
excitation-contraction coupling and impairs energetic adaptation in cardiac
myocytes. Circ. Res. 99, 172–182. doi: 10.1161/01.RES.0000232546.92777.05

Maack, C., and O’Rourke, B. (2007). Excitation-contraction coupling and
mitochondrial energetics. Basic Res. Cardiol. 102, 369–392. doi: 10.1007/
s00395-007-0666-z

Miranda-Silva, D., Wüst, R. C. I., Conceição, G., Gonçalves-Rodrigues, P.,
Gonçalves, N., Gonçalves, A., et al. (2020). Disturbed cardiac mitochondrial and
cytosolic calcium handling in a metabolic risk-related rat model of heart failure
with preserved ejection fraction. Acta Physiol. 228:e13378. doi: 10.1111/apha.
13378

Miyata, H., Silverman, H. S., Sollott, S. J., Lakatta, E. G., Stern, M. D., and Hansford,
R. G. (1991). Measurement of mitochondrial free Ca2+ concentration in living
single rat cardiac myocytes. Am. J. Physiol. Heart Circ. 261, H1123–H1134.
doi: 10.1152/ajpheart.1991.261.4.H1123

Neubauer, S. (2007). The Failing Heart — An Engine Out of Fuel. N. Engl. J. Med.
356, 1140–1151. doi: 10.1056/NEJMra063052

Nicchitta, C. V., and Williamson, J. R. (1984). Spermine. A regulator of
mitochondrial calcium cycling. J. Biol. Chem. 259, 12978–12983. doi: 10.1016/
S0021-9258(18)90643-5

Novorolsky, R. J., Nichols, M., Kim, J. S., Pavlov, E. V., Wilson, J. J., and
Robertson, G. S. (2020). The cell-permeable mitochondrial calcium uniporter
inhibitor Ru265 preserves cortical neuron respiration after lethal oxygen
glucose deprivation and reduces hypoxic/ischemic brain injury. J. Cereb. Blood
Flow Metab. 40, 1172–1181. doi: 10.1177/0271678x20908523

Oropeza-Almazán, Y., and Blatter, L. A. (2020). Mitochondrial calcium uniporter
complex activation protects against calcium alternans in atrial myocytes. Am. J.
Physiol. Heart Circ. Physiol. 319, H873–H881. doi: 10.1152/ajpheart.00375.2020

Plovanich, M., Bogorad, R. L., Sancak, Y., Kamer, K. J., Strittmatter, L., Li, A. A.,
et al. (2013). MICU2, a Paralog of MICU1, resides within the mitochondrial
uniporter complex to regulate calcium handling. PLoS One 8:e55785. doi: 10.
1371/journal.pone.0055785

Rizzuto, R., Brini, M., Murgia, M., and Pozzan, T. (1993). Microdomains with
high Ca2+ close to IP3-sensitive channels that are sensed by neighboring
mitochondria. Science 262, 744–747. doi: 10.1126/science.8235595

Frontiers in Physiology | www.frontiersin.org 14 January 2022 | Volume 12 | Article 80879831

https://www.frontiersin.org/articles/10.3389/fphys.2021.808798/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.808798/full#supplementary-material
https://doi.org/10.1016/j.yjmcc.2009.03.015
https://doi.org/10.1113/jphysiol.1992.sp019246
https://doi.org/10.1113/jphysiol.1992.sp019246
https://doi.org/10.1074/jbc.M604540200
https://doi.org/10.1161/01.RES.87.4.275
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1016/S0006-3495(98)77642-8
https://doi.org/10.1161/01.RES.80.1.82
https://doi.org/10.1113/jphysiol.2007.141473
https://doi.org/10.1113/jphysiol.2007.141473
https://doi.org/10.1152/ajpregu.1985.248.4.R415
https://doi.org/10.1161/CIRCRESAHA.116.309859
https://doi.org/10.1161/CIRCRESAHA.116.305484
https://doi.org/10.1016/0092-8674(95)90430-1
https://doi.org/10.1016/j.bbabio.2008.12.017
https://doi.org/10.1016/j.bbabio.2008.12.017
https://doi.org/10.3389/fphys.2018.01831
https://doi.org/10.1152/ajpheart.00126.2021
https://doi.org/10.1152/ajpheart.00126.2021
https://doi.org/10.1093/cvr/27.10.1800
https://doi.org/10.1161/CIRCRESAHA.108.175919
https://doi.org/10.1161/01.RES.0000232546.92777.05
https://doi.org/10.1007/s00395-007-0666-z
https://doi.org/10.1007/s00395-007-0666-z
https://doi.org/10.1111/apha.13378
https://doi.org/10.1111/apha.13378
https://doi.org/10.1152/ajpheart.1991.261.4.H1123
https://doi.org/10.1056/NEJMra063052
https://doi.org/10.1016/S0021-9258(18)90643-5
https://doi.org/10.1016/S0021-9258(18)90643-5
https://doi.org/10.1177/0271678x20908523
https://doi.org/10.1152/ajpheart.00375.2020
https://doi.org/10.1371/journal.pone.0055785
https://doi.org/10.1371/journal.pone.0055785
https://doi.org/10.1126/science.8235595
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-808798 January 18, 2022 Time: 15:35 # 15

Krstic et al. Mitochondrial Calcium Fluxes in Cardiomyocytes

Robert, V., Gurlini, P., Tosello, V., Nagai, T., Miyawaki, A., Di Lisa, F., et al. (2001).
Beat-to-beat oscillations of mitochondrial [Ca2+] in cardiac cells. EMBO J. 20,
4998–5007. doi: 10.1093/emboj/20.17.4998

Shannon, T. R., Ginsburg, K. S., and Bers, D. M. (2000). Potentiation of fractional
sarcoplasmic reticulum calcium release by total and free intra-sarcoplasmic
reticulum calcium concentration. Biophys. J. 78, 334–343. doi: 10.1016/s0006-
3495(00)76596-9

Shannon, T. R., Guo, T., and Bers, D. M. (2003). Ca2+ scraps: local depletions
of free [Ca2+] in cardiac sarcoplasmic reticulum during contractions leave
substantial Ca2+ reserve. Circ. Res. 93, 40–45. doi: 10.1161/01.RES.0000079967.
11815.19

Sharma, V. K., Ramesh, V., Franzini-Armstrong, C., and Sheu, S. S. (2000).
Transport of Ca2+ from sarcoplasmic reticulum to mitochondria in rat
ventricular myocytes. J. Bioenerg. Biomembr. 32, 97–104. doi: 10.1023/A:
1005520714221

Trollinger, D. R., Cascio, W. E., and Lemasters, J. J. (1997). Selective Loading
of Rhod 2 into mitochondria shows mitochondrial Ca2+transients
during the contractile cycle in adult rabbit cardiac Myocytes.
Biochem. Biophys. Res. Commun. 236, 738–742. doi: 10.1006/bbrc.1997.
7042

Wilson, D. F. (2017). Oxidative phosphorylation: regulation and role in
cellular and tissue metabolism. J. Physiol. 595, 7023–7038. doi: 10.1113/JP27
3839

Woods, J., Nemani, N., Shanmughapriya, S., Kumar, A., Zhang, M., Nathan,
S. R., et al. (2019). A Selective and Cell-Permeable Mitochondrial Calcium
Uniporter (MCU) inhibitor preserves mitochondrial bioenergetics after

hypoxia/reoxygenation injury. ACS Cent. Sci. 5, 153–166. doi: 10.1021/
acscentsci.8b00773

Wüst, R. C., Helmes, M., Martin, J. L., van der Wardt, T. J., Musters, R. J.,
van der Velden, J., et al. (2017). Rapid frequency-dependent changes in free
mitochondrial calcium concentration in rat cardiac myocytes. J. Physiol. 595,
2001–2019. doi: 10.1113/jp273589

Zhou, Z., Matlib, M. A., and Bers, D. M. (1998). Cytosolic and mitochondrial
Ca2+ signals in patch clamped mammalian ventricular myocytes. J. Physiol. 507,
379–403. doi: 10.1111/j.1469-7793.1998.379bt.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

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

Copyright © 2022 Krstic, Power and Ward. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 15 January 2022 | Volume 12 | Article 80879832

https://doi.org/10.1093/emboj/20.17.4998
https://doi.org/10.1016/s0006-3495(00)76596-9
https://doi.org/10.1016/s0006-3495(00)76596-9
https://doi.org/10.1161/01.RES.0000079967.11815.19
https://doi.org/10.1161/01.RES.0000079967.11815.19
https://doi.org/10.1023/A:1005520714221
https://doi.org/10.1023/A:1005520714221
https://doi.org/10.1006/bbrc.1997.7042
https://doi.org/10.1006/bbrc.1997.7042
https://doi.org/10.1113/JP273839
https://doi.org/10.1113/JP273839
https://doi.org/10.1021/acscentsci.8b00773
https://doi.org/10.1021/acscentsci.8b00773
https://doi.org/10.1113/jp273589
https://doi.org/10.1111/j.1469-7793.1998.379bt.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-817036 January 22, 2022 Time: 15:4 # 1

REVIEW
published: 27 January 2022

doi: 10.3389/fphys.2021.817036

Edited by:
Peter T. Wright,

University of Roehampton,
United Kingdom

Reviewed by:
Chiara Tesi,

University of Florence, Italy
Douglas M. Swank,

Rensselaer Polytechnic Institute,
United States

*Correspondence:
Steven Marston

s.marston@imperial.ac.uk

Specialty section:
This article was submitted to
Striated Muscle Physiology,

a section of the journal
Frontiers in Physiology

Received: 17 November 2021
Accepted: 21 December 2021

Published: 27 January 2022

Citation:
Marston S (2022) Force

Measurements From Myofibril
to Filament.

Front. Physiol. 12:817036.
doi: 10.3389/fphys.2021.817036

Force Measurements From Myofibril
to Filament
Steven Marston*

NHLI, Imperial College London, London, United Kingdom

Contractility, the generation of force and movement by molecular motors, is the hallmark
of all muscles, including striated muscle. Contractility can be studied at every level of
organization from a whole animal to single molecules. Measurements at sub-cellular
level are particularly useful since, in the absence of the excitation-contraction coupling
system, the properties of the contractile proteins can be directly investigated; revealing
mechanistic details not accessible in intact muscle. Moreover, the conditions can be
manipulated with ease, for instance changes in activator Ca2+, small molecule effector
concentration or phosphorylation levels and introducing mutations. Subcellular methods
can be successfully applied to frozen materials and generally require the smallest
amount of tissue, thus greatly increasing the range of possible experiments compared
with the study of intact muscle and cells. Whilst measurement of movement at the
subcellular level is relatively simple, measurement of force is more challenging. This mini
review will describe current methods for measuring force production at the subcellular
level including single myofibril and single myofilament techniques.

Keywords: contractility, myofibril contractility, thick filament, thin filament, tension measurement

INTRODUCTION

The production of force and movement by molecular motors is the essence of contractility. To
understand the basic mechanisms of contraction and Ca2+ regulation we need to isolate the
contractile elements from the physiological Excitation-Contraction (EC) system and from other,
mainly parallel, mechanical elements that are present in whole muscle.

Contractility is usually measured in intact small muscle strips or single myocytes where
contractility is dependent on the EC coupling system and neural and humoral stimulation that act
on the Ca2+-regulation of the contractile apparatus itself. Chemically skinned muscle offers a way
to study Ca2+ regulation of contractility in isolation from EC coupling but retains confounding
effects of parallel elasticity. Moreover, the usefulness of skinned fiber studies is limited by slow
diffusion of solutes into the fiber that rules out dynamic measurements. We therefore need to study
contractility at the subcellular level.

Contractility measurements at the sub cellular level in myofibrils and single filaments offer
advantages that make their development worthwhile. Solution conditions are easy to manipulate
and rapid (i.e., 10 ms) solution changing is possible since the solution diffuses rapidly into the
myofibril so that the kinetics of the contractile response to rapid concentration jumps may be
measured. There is no limitation on the source material that can be used and the quantities required
are very small; myofibrils and myofilaments can be isolated from small samples (i.e., 20 mg) of
muscle or cells. Fresh or frozen tissue are equally good sources and post-translational modifications
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can be changed or proteins substituted prior to measurement.
Finally, since all measurements are made under the microscope it
is possible to combine force measurements with additional video
microscopy techniques such as observing sarcomeric structure
dynamics and the turnover of fluorescent substrates.

To extend force measurements from muscle to single
myofibrils or even single filaments requires a number of
technological advances that were exceptional in the 1990s
when these methods were first developed but have now
become mainstream. Nevertheless, handling tiny samples is still
challenging and is far from routine: whilst it is now easy to
measure small forces, the problem of how to attach myofibrils and
filaments to the measuring device is the greatest obstacle to high
throughput experimentation.

In this review I will describe the current methodologies for
single myofibril and single filament force measurements. At the
time of writing none of the techniques described here can be
bought as turnkey systems; to do such studies it is necessary to
be able to build your own apparatus.

The principal of all force measurements is that the contractile
element is attached to probes at both ends such that length
changes can be imposed and force may be measured. The
critical requirements for such measurements is that the
contractile element is firmly attached to the probes and that the
tension sensing probe be sufficiently compliant to enable probe
movement to be translated into a signal yet sufficiently rigid
that the contractile element is essentially isometric. The methods
developed usually involve glass microneedles, AFM cantilevers or
a stiff optical trap as the sensor. Table 1 summarizes the various
methods that have been published.

SINGLE MYOFIBRILS

Measurement of force in single myofibrils has become the
main technique used to study contractility at the subcellular
level. Iwazumi (1987) published the earliest studies on myofibril
contraction based on an electromagnetic force transducer and
this methodology was used by Friedman and Goldman (1996)
with some success but low throughput. A more versatile
technique for measuring force in single myofibrils, based on
glass microneedles, was first described by Bartoo et al. (1993)
and was developed by Colomo et al. (1997) for active force
measurement and by Linke et al. (1997) for passive force
measurement. The principle of using glass microneedles for force
measurement was introduced by Kishino and Yanagida (1988).
More recent accounts (Ayittey et al., 2009; Vikhorev et al.,
2015) describe how to make and calibrate the bent microneedles
capable of measuring force in the 0.1–0.3 µN range typical of
single myofibrils. The prepared cantilever force probes have a
compliance of 2–17 mm/mN when deflected by small forces
pulling perpendicularly.

This methodology that has been adopted by a number of
laboratories. An alternative measurement technique based on an
AFM cantilever force detector produces broadly similar results
(Stehle et al., 2002). The microneedle-based methodology was
thoroughly documented by Vikhorev et al. (2015) see Figure 1.

The heart of the instrument is the two microneedles. Myofibrils
attach direct to glass and just touching the needle to the end of
a myofibril results in firm adherence. In order to maximize the
surface of myofibril attached to the probes they are manipulated
to increase the myofibril wrapping around the microneedles. The
tension transducer microneedle is crucial; the probe needs to be
made in such a way that it is compliant enough to give sufficient
bending under tension to be accurately measured in a position
detector such as a split photodiode detector, yet stiff enough to
keep the contracting muscle near isometric.

These force measurement methods are both sensitive and
accurate, with high time resolution and low noise. They can be
combined with rapid manipulation of length and uniquely can
be used with fast solution changing and video microscopy of the
sarcomere pattern, thus enabling a wide range of protocols that
are not possible with large muscle preparations.

Rapid solution changing is the most important advantage
of force measurements in myofibrils. Colomo et al. (1998)
introduced the moving double-barreled pipette method that is
almost universally used (Figures 1E,F). The time for solution
switch to complete is less than 10 ms. Since the smallness of
myofibrils means that there is no diffusional lag, the rates of
crossbridge attachment on a Ca2+ jump can be measured and the
time course of relaxation when Ca2+ is removed can be followed
(Figure 2). The absence of diffusional lag can be demonstrated by
measuring the rate of crossbridge attachment following a rapid
release and re-stretch – Ktr (Tesi et al., 2002) which is found to
equal the rate of tension increase on Ca2+ jump (Figure 3A).
Rapid removal of Ca2+ in myofibrils has revealed a two phase
relaxation process that could not be detected in skinned fibers
even with caged EGTA (Johns et al., 1999). Multiple solution
changes enable dose-response curves to be generated, for instance
the Ca2+ activation curve (Figure 3B).

The basic measurement of myofibrillar contractility is the
Ca2+ activation-relaxation cycle (Figure 2). Maximum isometric
contraction is around 100 N/m2. The contraction and relaxation
transients represent fundamental processes of the contractile
apparatus not measurable in larger preparations.

kACT represents the cross-bridge turnover rate which is
determined by the dynamic equilibrium between the apparent
rates with which cross bridges enter and leave the force generating
states. It is dependent on the rate at which thin filaments are
switched on by Ca2+ and is thus Ca2+ dependent (Vikhorev
et al., 2014). Relaxation following a rapid drop in (Ca2+)
occurs in two phases. This pattern of results is only seen in
myofibrils due to the rapid diffusion of Ca2+ away from the
very small contractile element. Relaxation is initiated by Ca2+

dissociating from troponin C coupled to the release of the
C-terminus of troponin I from troponin C and its attachment
to actin, where it blocks cross-bridge binding cooperatively. The
initial slow decrease in the force trace, defined by kLIN and
tLIN, has been ascribed to the time taken for the occupancy of
cycling cross-bridges to drop below the threshold for cooperative
activation of the thin filament, and the subsequent rapid-
relaxation phase corresponds to the detachment of the remaining
cross-bridges. tLIN is shortened and kLIN increased by high
phosphate concentrations but lengthened by MgADP indicating
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TABLE 1 | Techniques for single myofibril and single filament force measurements.

References Attachment method Force transducer

Myofibrils

Bartoo et al., 1993 Silicone adhesive (Dow 3145 RTV) Glass microneedle with split diode detector

Colomo et al., 1997 Myofibrils adhered directly to glass Glass microneedle with split diode detector

Stehle et al., 2002 Silicon adhesive (Dow 3140 RTV) Force modulation etched silicon probe-type atomic force cantilever
(Nanosensors). Detected by the displacement of reflected beam

Pavlov et al., 2009 Glass microneedles inserted into myofibril Microneedle movement detected by linear photodiode array (10,680
pixels)

Single filaments

VanBuren et al., 1994a,b Glass microneedle coated with HMM Microneedle deflection detected by video microscopy

Holohan and Marston,
2005

Magnetic beads coated with gelsolin Electromagnet and video microscopy

Kaya et al., 2017 Myosin/rod copolymer on glass surface, actin-biotin phalloidin
TRITC attached to streptavidin coated bead

Optical trap detected by feedback needed to keep bead steady under
load

Pertici et al., 2018 HMM on glass microfiber coated with nitrocellulose, actin attached
to gelsolin coated bead

Optical trap detected by feedback needed to keep bead steady under
load

Bing et al., 2000 a-actinin attached to cover glass Indirect: quantity of a-actinin that stops actin filament movement

Cheng et al., 2020 Cantilever coated with a-actinin to specifically attach actin filament.
Myosin adheres spontaneously

Microfabricated silicon nitride cantilever bending

FIGURE 1 | Experimental setup. (A,B) Schematic overview (A) and photograph (B) show the key elements of the apparatus. (C,D) Schematics (C) and photograph
(D) of multi-solution change system. (E) Schematics of cantilever and ultrafast solution change system. The left-sided microtool is relatively stiff and is mounted onto
a piezo actuator for fast myofibril length change. The right-sided glass microtools is a high compliance L-shaped cantilever that acts as a force sensor. The inset
shows a photograph showing the shape of the cantilever tip. (F) The photograph shows two microtools holding a small myofibril bundle. The relaxing and activating
solutions are applied via the adjacent barrels of a double-barreled (Q) micropipette. The numbers on the figure indicate: 1, inverted microscope; 2, camera; 3, laser; 4
and 5, mirrors; 6, microscope condenser; 7, bath mounted onto a microscope stage; 8, XY positioning stage; 9, segmented photodiode; 10, projection plane for
visual control of cantilever positioning; 11, left microtool; 12, right microtool (cantilever force sensor); 13, piezo actuator; 14 and 15, left and right micromanipulators
for the positioning of left and right microtool, respectively; 16, double-barreled Q pipette; 17, stepper motor controlling the position of the double-barreled Q pipette;
18, XYZ positioning stage for the ultrafast two solutions switching system; 19, stepper motor controlling the valve opening of the eight-channel valve; 20,
eight-channel valve. Reproduced from Vikhorev et al. (2015) with permission.

a close relationship of this process with the product release step of
the crossbridge cycle (Tesi et al., 2002). The interpretation of the
relaxation curve and its relationship to heterogeneous sarcomere
lengthening was fully described by Stehle et al. (2009). Both
kLIN/tLIN and kREL are altered by physiological and pathological

perturbations that affect thin filament relaxation rate such as
cardiac TnI phosphorylation or HCM related mutations (Song
et al., 2013; Vikhorev et al., 2014).

When fully implemented, the myofibril contractility method
allows a wide range of measurement possibilities. Mechanical
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FIGURE 2 | Measurement of contractility in single mouse cardiac muscle myofibrils. Time course of contraction and relaxation. The arrows indicate the time when
the solutions were switched. The kinetic parameters maximum force (Fmax), rate of force development (kACT), duration (tLIN) and slope (kLIN) of the slow relaxation
phase, and rate of the fast relaxation phase (kREL) were determined from the traces. The slow-relaxation phase was counted from the initiation of micropipette
movement. The beginning of the exponential phase of relaxation was considered as the end of slow-relaxation phase. The relaxation phase is shown over an
expanded timescale to show the initial linear, nearly isometric force decay period tLIN, followed by an exponential relaxation with a rate constant kREL. The gray solid
lines represent the best exponential fits to the data. The temperature was 17◦C. Reproduced from Vikhorev et al. (2014) with permission.

kinetics similar to whole muscle fiber measurements are
possible with myofibrils as demonstrated by the quick
release/restretch protocol used to measure ktr (Figure 3A).
It is feasible to reproduce most of the mechanical perturbation
protocols that have been used in chemically skinned fibers,
but in practice these have not been extensively explored
since they do not differ greatly whilst the opportunities
for transient biochemical perturbation that is possible in
myofibril studies yields exciting new insights. Passive stiffness
can also be measured and provides results that are wholly
due to sarcomeric elements, mainly titin (Linke et al., 1997;
Makarenko et al., 2004; Opitz et al., 2004; Figure 3C). Solution
changing can be adapted to measure response to a range of
concentrations and generate dose-response curves (Figure 3B).
A number of unique complex protocols are also accessible, for
instance the simulation of the heart work cycle by combining
carefully timed Ca2+ jumps up and down with length ramps
simulating “systolic” shortening and “diastolic” lengthening
between isometric phases (Figure 3D). The addition of video
microscopy allows sarcomere length to be measured, enabling
accurate sarcomere length adjustments, for instance when
measuring length-dependent activation. During relaxation these
observations have shown transient heterogeneous shortening
of sarcomeres in a myofibril which has important implications
for the structural changes behind the relaxation process
(Stehle et al., 2002, 2009).

APPLICATIONS

Because the myofibril measurements can be made with any
suitable source of muscle the methodology has been applied to
many systems. The dynamics of Ca2+ activation of force, defined
by Fmax, kACT, tLIN, kLIN, and kREL and Ca2+ activation curves

have been measured in myofibrils from both skeletal and cardiac
muscles. Studies include:

(1) Comparing wild type with mutant muscles from transgenic
mice such as the ACTC mutations E99K (HCM) and E361G
(DCM) (Song et al., 2013; Vikhorev et al., 2014) or in
mutant human heart myofibrils such as MYH7 R403Q,
TNNT2 K280N, and titin truncating mutations (Ferrantini
et al., 2009; Piroddi et al., 2019; Vikhorev et al., 2020).

(2) Based on techniques developed in skinned fibers (Brenner
et al., 1999), troponin or tropomyosin can be exchanged
with recombinant troponin components such as the HCM
mutations TNNI3 R145G and TNNT2 K280N (Kruger
et al., 2005; Piroddi et al., 2019) or tropomyosin isoforms
or mutations (Siththanandan et al., 2009; Janco et al., 2012;
Nixon et al., 2013; Scellini et al., 2014). Such studies have
clearly demonstrated the effects of mutations on Ca2+-
sensitivity and on the kinetic parameters.

(3) The same methodology can be applied to the effects of
contractile protein phosphorylation, notably by PKA, on
the Ca2+ sensitivity and relaxation kinetics (Vikhorev et al.,
2014, 2020) and to determine the effects of myofilament
targeting drugs such as Mavacamten and Omecamtiv
Mecarbil (Scellini et al., 2020, 2021).

(4) The myofibril force assay is particularly useful when used
with myofibrils from non-muscle sources. For instance in
the study of embryonic heart, biopsies, cultured myocytes
and particularly iPSC (Pioner et al., 2015, 2016; Racca et al.,
2015; Iorga et al., 2018).

(5) A novel application is in measuring the effects of muscle
stretch on passive elasticity and on active force generation.
The former allows for assessment of titin mechanical
properties (Linke et al., 1997; Makarenko et al., 2004;
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FIGURE 3 | Examples of experiments with single myofibrils. (A) Determination of kinetic parameters in wild-type and transgenic (ACTC E99K) mouse myofibrils (B)
Measurement of the Ca2+-sensitivity of tension in mouse myofibrils. (C) Measurement of passive tension. (D) Simulated work lops. Arrows indicate stretch or
release. Reproduced from Vikhorev et al. (2015) with permission.

Opitz et al., 2004; Vikhorev et al., 2017) whilst the
latter allows measurement of length dependent activation.
Such studies have confirmed that both PKA-dependent
phosphorylation and titin mutations can modulate length
dependent activation whist having little or no effect on
baseline contractility (Vikhorev et al., 2020).

(6) The single myofibril force assay has been adapted to
measure force from a single sarcomere or even half-
sarcomeres. Contraction-relaxation cycles, a force-velocity
relationship and even Length dependent activation was
successfully measured in single sarcomeres (Pavlov et al.,
2009; Minozzo et al., 2013; Lowey et al., 2018).
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FIGURE 4 | The microfabricated cantilever single filament force assay. (A,B) Schematic view of the microfabricated cantilever experimental setup. Thick filament and
actin filaments were attached to the cantilevers and brought into contact. The filaments y produce a force that causes the displacement of the flexible cantilever,
which enabled force to be measured. (C) Example of a single filament force -velocity plot. Figures provided by Drs Y-S Sheng and DE Rassier.

FIGURE 5 | Performance of the rabbit HMM-based nanomachine. (A) Schematic representation of two snapshots during the interaction between the actin filament
and the motor ensemble. Upper panel: in position clamp at F0; lower panel: in force clamp at 0.4 F0. (B) Recording of the actin filament sliding (L, upper trace, red)
and force (F, lower trace, blue) during an interaction. Numbers bounded by dashed lines identify the different time intervals (it) as detailed in the text. (C) Frequency
distribution of F0. Data are plotted in classes of 3 pN; dark gray bars, measurements in 0.1 mM CaCl2 (=77 M free [Ca2+]); light gray dashed bars, in the absence of
Ca2+. (D) F-V relation in 0.1 mM CaCl2 (dark gray open circles) and in Ca2+-free solution (light gray open circles). Points are mean ± SD from individual experiments,
grouped in classes of force 0.15 F0 wide. Dark and light gray filled symbols on the ordinate are the Vf in the in vitro motility assay (IVMA) on rabbit HMM with and
without Ca2+, respectively. The dashed lines are Hill’s hyperbolic equation fits to the data with the same color code as symbols. Data in c and d are from 28
experiments in 0.1 mM CaCl2 and 23 experiments in Ca2+-free solution. (E) Power (P) versus F, calculated from the corresponding F-V fits in (D), with the same
color code. Reproduced from Pertici et al. (2020) with permission.
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SINGLE FILAMENT FORCE
MEASUREMENTS

Measurement of contractility at the single filament level enables
us to determine the characteristics of the actomyosin contractile
machine in the absence of the effects of structure of the
sarcomere. To go to singe filaments requires different, more
sensitive techniques, generally derived from in vitro motility assay
or optical trap methodology (see Table 1).

The in vitro motility assay was devised about 30 years ago
(Kron et al., 1991) and has been immensely successful for assaying
the unloaded contractility of muscle filaments, characterizing
myosins and thin filament regulatory proteins and their post-
translational modifications (Fraser and Marston, 1995; Gordon
et al., 1997; Marston, 2003; Batters et al., 2014).

Adaptation of the IVMA to measure force requires a probe,
usually attached to the thin filament, acting on immobilized
myosin. In the first studies this was simply a bed of HMM
molecules as used in normal IVMA but more sophisticated setups
using whole thick filaments and introducing filament orientation
have been devised.

The first studies used microneedles attached to thin filaments
using NEM-HMM for attachment, developed by Kishino and
Yanagida (1988) and Chaen et al. (1989). These were far more
compliant than used for myofibrils since the forces obtained are
in the region of 50 pN. Video microscopy is used to watch the
needle bend until it stalls. The angle then represents the isometric
force which is generally expressed as pN/µm length of the actin
filament overlap; values in the region of 10 pN/µm actin are
obtained. VanBuren successfully used this technique to determine
the effects of light chain removal and of myosin and tropomyosin
isoform switches on force generation (VanBuren et al., 1994a,b,
1999). Homsher et al. (2000) used this technique to demonstrate
Ca2+ control of force in single regulated thin filaments.

A more recent version of this methodology uses
microfabricated AFM cantilevers as the tension probe
(Figure 4). The stiffness of the cantilever is 0.18 pN/nm.
This study also used whole thick filaments in the correct
orientation for optimum interaction with thin filaments. These
measurements obtained values between 60 and 100 pN/µm
which may more closely indicate the real maximum force
generated by myosin motors. Since the inflexible cantilever
can be moved to compensate for muscle shortening it is
possible to make further measurements, such as a force-
velocity plot, which closely resembles that of intact muscle
(Cheng et al., 2020).

Another method used for imposing load on a single actin
filament is by magnetic force. The actin filaments are attached
to magnetic beads via gelsolin in a normal IVMA cell and an
electromagnet applies a magnetic force. Bead-tailed filaments
moving over a bed of HMM slowed down under an increasing
magnetic load, eventually stalled and then slid backward under
increasing load before detaching from the surface. Single-
filament force–velocity curves were constructed and a stalling
force of about 600 pN/µm of actin filament estimated. This
method has not seen much use due to the very low yield of viable

bead-tailed filaments (Bershitsky et al., 1996; Hamelink, 1999;
Holohan and Marston, 2005).

A more widely used methodology for measuring force
in single filaments is the indirect method, based on an
internal load imposed on actin filaments by an anchored
actin binding protein in a conventional in vitro motility
assay. Warshaw et al. (1990) first demonstrated this principle
using N-ethylmaleimide (NEM)-treated heavy meromyosin
(HMM) and p-phenylenedimaleimide (pPDM)-treated
HMM, while Janson et al. (1992) showed that a-actinin
and filamin can also stop filament movement. The greater
the myosin motor force on an actin filament, the higher
the concentration of actin-binding protein needed to stop
movement. Bing and Marston first demonstrated that the
effect of a-actinin on the fraction of filaments moving is
a consistent and sensitive method that can detect changes
in isometric force of single actin filaments interacting with
immobilized HMM (Bing et al., 2000). The initial studies
investigated how tropomyosin and troponin may control
force but only measured relative force, however, an analysis
of how retardation works by Greenberg and Moore (2010)
showed that it was possible to extract quantitative data from
such measurements.

The optical trap has been used for many years to measure
very small movements and has been mainly applied to single
molecule studies of unloaded contractility. To measure force
needs a much stiffer optical trap which can be limiting (Veigel
et al., 1998, 2003). Recently the optical trap method has been
used for force measurements of the interaction of actin with a
small ensemble of myosin molecules. There is a trade-off here
between the maximum amount of force the trap can handle and
the minimum number of myosin-actin interactions needed for
continuous movement. Skeletal muscle has a low “duty ratio”
which means that if the steady-state number of interactions is
too low the filaments can detach from the actin at physiological
ATP concentrations. Kaya et al. (2017) used whole myosin
filaments, but in order to reduce the interactions to not overload
the optical trap the filaments were copolymers of myosin and
myosin rod (1:200 ratio) and the estimated steady-state number
of interactions was just 37 in a 600 nm myosin filament. Pertici
et al. (2020) coated HMM onto a microfiber at an appropriate
dilution that enabled a minimum of 32 steady state interaction
(Figure 5). Pertici et al. suggest the geometry of their setup
is superior to that of Kaya et al. (2017) since the actin and
HMM can be adjusted to exert force in a linear rather than
oblique direction and because the HMM, being concentrated
on a small surface, has a constant area of actin-myosin overlap
unlike the two-filament system where the length of overlap
is a variable. On the other hand, the two-filament system
using myosin filaments does have the correct orientation of
myosin heads whereas in the “nanomachine” HMM is randomly
orientated toward actin.

Both these methods found that myosin acts in a coordinated
way when interacting with a single actin filament; maximum
isometric force and a force-velocity curve were obtained (see
Figure 5).
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In general, single filament systems offer a potential tool
for investigating muscle contractile and regulatory protein
mechanisms and the effects of mutations and post-translational
modifications on force production that could match the
equivalent unloaded studies using the in vitro motility assay.
So far such studies have been limited to the thick filament
(Rassier and Leite, 2020; Pertici et al., 2021) with only one
study using single filaments to study thin filament regulation
(Ishii et al., 2019).

CONCLUSION

Over the last 20 years, techniques for measuring force
in single myofibrils or myofilaments have increasingly
been used for fundamental studies of striated muscle
contractile mechanisms and their regulation by Ca2+, post
translational modifications and disease-related mutations.
The techniques are exacting, and throughput is low but
the results are accurate and provide detailed information of
contractility at the subcellular level that cannot be obtained by
any other method.

The key advantages of subcellular contractility measurement
are twofold. Firstly, the contractile apparatus is directly studied

and secondly, rapid solution changing permits the measurement
of the kinetics of the force changes induced by Ca2+

concentration changes for the first time.
These methods have potential for investigating regulation,

post translational modifications and mutations in a huge variety
of systems. The versatility of these systems plus the ability to
combine force measurements with optical measurements allows
the possibility of new types of experiments not yet envisaged.
For instance, single myofibril and myofilament data can be
valuable to form the basis of multiscale modeling of muscle
(Månsson, 2019, 2020).
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Valveless pumping based on Liebau mechanism entails asymmetrical positioning of the
compression site relative to the attachment sites of the pump’s elastic segment to the
rest of the circuit. Liebau pumping is believed to play a key role during heart development
and be involved in several other physiological processes. Until now studies of Liebau
pump have been limited to numerical analyses, in silico modeling, experiments using
non-biological elements, and a few indirect in vivo measurements. This review aims
to stimulate experimental efforts to build Liebau pumps using biologically compatible
materials in order to encourage further exploration of the fundamental mechanisms
behind valveless pumping and its role in organ physiology. The covered topics include
the biological occurrence of Liebau pumps, the main differences between them and the
peristaltic flow, and the potential uses and body sites that can benefit from implantable
valveless pumps based on Liebau principle. We then provide an overview of currently
available tools to build such pumps and touch upon limitations imposed by the use of
biological components. We also talk about the many variables that can impact Liebau
pump performance, including the concept of resonant frequencies, the shape of the
flowrate-frequency relationship, the flow velocity profiles, and the Womersley numbers.
Lastly, the choices of materials to build valveless impedance pumps and possible
modifications to increase their flow output are briefly discussed.

Keywords: valveless pumping, Liebau mechanism, tissue engineering, biofabrication, heart development

BRIEF HISTORY

About 70 years ago, German physician Gerhard Liebau came up with a new concept of valveless
pumping (Liebau, 1954, 1955). It involves a periodic compression of a compliant tube connected
to a stiffer tubing on both ends (Figure 1). Asymmetric positioning of the pincher is required to
generate the flow, and the relationship between the pinching frequency and the flow is highly non-
linear. This mechanism acquired the name of a “Liebau-pump” or a “Liebau-based” principle. Due
to a common assumption that it is a mismatch in impedance at the junctions between compliant
and stiff segments that generates net flow, the Liebau pump has also been referred to as a “valveless
impedance pump.”

Initially, the physiological significance of the Liebau pump was largely hypothetical; therefore,
for the next 50 years, this concept remained of interest mainly to physicists (Thomann, 1978;
Jung and Peskin, 2002; Borzì and Propst, 2003; Ottesen, 2003; Auerbach et al., 2004; Jung, 2007).
However, in 2006, a landmark paper by Gharib’s group provided the first direct experimental
evidence that the Liebau-type mechanism might be involved in driving blood flow in vivo
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FIGURE 1 | Two main configurations for testing Liebau-based pumping. The
red arrow depicts the direction of mean flow as originally reported by G.
Liebau from pincher toward the nearest junction with stiff tubing. Depending
on the compression frequency, the flow can also occur in an opposite
direction. (A) Two tubes with different compliances are connected to form a
close loop conduit. Pincher is typically a rectangular piston being pushed into
soft tubing (light gray) by some form of linear actuator. When the
asymmetrically positioned pincher is periodically compressed, it creates
pulsative flow. (B) The compliant segment is depicted in light gray. On both
ends, it connects to stiff tubes that are attached to open tanks filled with fluid.
Pincher is an asymmetrically positioned piston that compresses the soft
segment with a defined frequency.

(Forouhar et al., 2006). The authors’ conclusions were based on
tracking erythrocyte movement in the hearts of live zebrafish
embryos. The data suggested that the observed flow pattern
was more consistent with the Liebau pumping mechanism than
that based on peristalsis. Modification of the Liebau pump
that included an additional gelatinous layer was soon proposed
to explain the physiological role of cardiac jelly in helping
drive blood flow in embryonic hearts (Loumes et al., 2008).
Additional modifications that mimic possible biological scenarios
and further increase flow efficiency, have also been suggested.
These included inclusion of bends (Hiermeier and Männer,
2017), insertion of cavities (Kozlovsky et al., 2015), use of
tapered connectors (Lee et al., 2017), or asymmetric arrangement
of resistances between the two sides of the compliant tube
(Wen and Chang, 2009). Due to its complexity and dependence
on many variables, the pumping mechanism proposed by
Liebau remains the subject of interest across a wide range
of disciplines, including physiology, engineering, physics, and
biomedical research (Hickerson et al., 2005; Rinderknecht et al.,
2005; Hickerson and Gharib, 2006; Manopoulos et al., 2006, 2020;
Bringley et al., 2008; Timmermann and Ottesen, 2009; Rosenfeld
and Avrahami, 2010; Meier, 2011; Lee et al., 2013; Kozlovsky et al.,
2016; Zislin and Rosenfeld, 2018; Li et al., 2019; Davtyan and
Sarvazyan, 2021).

BIOLOGICAL OCCURRENCE OF LIEBAU
PUMPS

Today, the possibility of the physiological existence of Liebau-
like pumps is rarely disputed, with ongoing discussions as to
what degree embryonic heart tubes function as peristaltic vs.
impedance-based pump (Männer et al., 2010). A number of
papers have suggested that it is the combination of the two
mechanisms that is involved (Santhanakrishnan et al., 2009;
Santhanakrishnan and Miller, 2011; Kozlovsky et al., 2016).
Indeed, at the end of the first month, the heart of the human
embryo is still valveless, yet its beating yields unidirectional blood
flow with a non-linear flow-frequency pattern (Forouhar et al.,
2006). Behavior of an embryonic heart can be seen as a stage
of early evolutionary development since the valveless circulatory
system has been described for several classes of invertebrates and
some lower vertebrates (Anderson, 1981). It was also suggested
that circulation of cerebrospinal fluid (Longatti, 2018) as well
as blood flow caused by compressions during cardiopulmonary
resuscitation (Ottesen, 2003) can be explained, at least in part, by
Liebau-type pumping. There is also an indirect evidence that the
latter contributes to blood flow in other body locations, such as
an aorta (Pahlevan and Gharib, 2013).

MAIN DIFFERENCES BETWEEN
PERISTALTIC AND LIEBAU PUMPS

There are number of fundamental differences that distinguish
the two types of valveless pumps found in Nature. Peristaltic
pumps belong to the class of so-called positive displacement
pumps. Contraction waves passing through the wall of the vessel
lead to lumen compression, which squeezes the content of the
vessel in the same direction as the contraction wave. As a result,
continuous flow is generated with peak flow velocity equal to
the speed of the propagating contraction wave. Peristaltic pumps
exhibit a linear relationship between the compression frequency
and the flowrate (Jaffrin and Shapiro, 1971).

The behavior of a Liebau pump exhibits a number of
key differences. Only a small segment of the wall is actively
compressed, with the rest of the pressure wave passively
propagating through the vessel. Instant flow pattern is pulsatile
with direction of flow changing back and forth within each
compression event. The mean flowrate can be significant even
in the absence of full lumen closure. When recorded over a
wide range of compression frequencies, the relationship between
the frequency and the mean flow rate is non-linear, including
reversals in the direction of flow (Liebau, 1955).

POTENTIAL USES OF LIEBAU PUMPS
MADE FROM BIOLOGICAL
COMPONENTS

As of today (with two exceptions detailed below), studies of
Liebau pumps have been limited to numerical analyses, in silico
modeling, experiments using non-biological elements, and a few
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indirect in vivo measurements. Therefore, there is a need for
experimental studies that recreate Liebau pumps from biological
materials using tissue engineering methods, biofabrication tools
or biomimetric approaches. Such efforts can yield multiple
benefits. First, they will lead to a better understanding of
physiological mechanisms responsible for blood flow generation
during heart development, including cases of collapsed flow
caused by cardiac malformations or genetic defects. Second,
the creation of biofabricated Liebau pumps (abbreviated as BLP
thereafter) will be of interest from a purely biological perspective.
There is ample evidence that Liebau-type pumping is involved
in the circulation of fluids in a wide variety of biological forms,
including both vertebrates and invertebrates (Johansen et al.,
1980) and it will be quite interesting to look into the evolutionary
adaptation of these valveless pumps. Third, miniature self-
beating BLPs can be used to circulate fluids in organ-on-a-chip
or human-on-chip platforms (Zhang et al., 2018; Ma et al., 2021).
Lastly, in the long term, one can envision the clinical use of
biomimetic devices, such as those based on the Liebau principle,
that will help drive the flow of fluids at various locations within
the human body (Dai et al., 2006; Sarvazyan, 2014a,b; Swift et al.,
2014). The next paragraph will consider the later possibilities in
slightly more detail.

POSSIBLE BODY SITES THAT CAN
BENEFIT FROM IMPLANTABLE
BIOFABRICATED LIEBAU PUMPS

There are multiple types of fluids in the human body, including
blood, lymph, saliva, gastric juice, semen, urine, tears, and
many others. Some fluids are delivered by simple secretion
into the target compartment or a duct, while others are
delivered by active circulation. The most obvious instance of
the latter is blood that circulates due to active pumping by
the beating heart aided by contraction of skeletal muscle that
surrounds valve-containing veins. Another example is a lymph
flow, which is enabled by the presence of one-way valves
and repetitive contractions of smooth muscle within walls of
lymphatic vessels (Zawieja, 2009), again aided by compression
by the surrounding skeletal muscle. An additional case is semen
ejection, which is caused by contraction of smooth muscle
within walls of vas deferens. One can also mention peristalsis
of smooth muscle in the walls of the ureters that moves urine
toward the urinary bladder. When, for a variety of reasons,
these physiological pumping mechanisms become impaired,
one can envision the use of BLP-based therapies to either
aid or restore the flow. Importantly, the key components of
BLPs can be added without disrupting the integrity of the
vessel, and there are no requirements to create one-way valves.
These key components can be positioned outside the vessel of
interest and include a pair of low compliance cuffs and a band
of periodically contracting muscles. The latter can be made
from a patient’s induced pluripotent stem cell (iPS) derived
cardiomyocytes, or a stimulable ring of skeletal muscle cells.
The most attractive aspect of such a design is that the integrity
of the inner endothelial layer does not have to be disrupted,

avoiding possible fibrosis, blockage, or, in case of blood flow,
thrombi formation.

AVAILABLE BIOFABRICATION TOOLS

The last two decades have led to an explosion of biofabrication
tools and approaches. It is now possible to build cell-free or cell-
seeded vessels with different degrees of elasticity and compliance
(Schuurman et al., 2011; Nguyen et al., 2016). Tissue engineered
cardiac and skeletal muscle strips have been developed (Juhas
et al., 2014). Initially, force generation by these engineered
muscle constructs was quite low (Zimmermann et al., 2002),
yet the use of electrical and mechanical stimulation (Radisic
et al., 2004; Tandon et al., 2009; Khodabukus et al., 2019),
enhanced perfusion (Carrier et al., 1999), and seeding cells
into stretchable scaffolds (Zhang et al., 2013) or around suture
templates (Nunes et al., 2013) led to a significant increase
in the force of contraction that such engineered muscles can
create. Tissue engineered muscle strips can now be developed
from patient-specific iPSCs (Karabekian et al., 2015a; Breckwoldt
et al., 2017) alleviating concerns of immunorejection when such
constructs are implanted back into the patient (Karabekian et al.,
2015a,b). Another set of useful tools comes from the optogenetic
field. One can now repetitively stimulate muscle constructs made
from cells that express light-sensitive channels using pulses of
light (Burton et al., 2015; Raman et al., 2016; Entcheva and Kay,
2020). Optogenetics also offers the possibility of a programmable
spatiotemporal coordination of excitability along the tissue
engineered muscular construct (Entcheva, 2013). Ability to 3D-
bioprint multicellular multilayered constructs (Cvetkovic et al.,
2014; Kang et al., 2016; Zhang et al., 2017; Koti et al., 2019) is
yet another tool that can be used to create BLPs. A particularly
promising approach for this task is additive-lathe 3D printing,
an approach that uses rotating cylindrical mandrel to bioprint
tubular constructs (Reeser and Doiron, 2019).

PUBLISHED ATTEMPTS TO CREATE
FUNCTIONAL BIOFABRICATED LIEBAU
PUMPS

The design shown in Figure 1A is deceivingly simple. In fact,
creating any sizable pressure or flow using Liebau pump built
from biological elements has been a real challenge. To the best
of our knowledge, as of today there is just one published peer-
reviewed attempt to create a BLP (Li et al., 2019). Yet even this
study created only a partial BLP, with its compression element
made from biological material while the vessel parts were not.
Specifically, Li et al. (2019) examined the ability of a ring formed
by differentiated cells from mouse myoblast cell line C2C12 to
create flow in a polyacrylamide-based compliant tube inserted
into a more rigid PDMS mold. Repetitive compression of the tube
by the tissue engineered muscle led to a 0.3–1% decrease in tube
radius, yielding mean flowrates of < 0.4 µL/s. Non-peer reviewed
attempts to build BLPs can also be found in the PhD thesis
of Hesham Azizgolshani from Gharib’s lab (Azizgolshani, 2013).
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These studies attempted to create BLPs using neonatal rat cardiac
myocytes seeded onto vessels made from decellularized small
intestinal submucosa. Cell contraction led to < 2% change in tube
radius yielding < 20 nL/s mean flowrate.

The very low mean flow rates seen in these two studies
(Azizgolshani, 2013; Li et al., 2019) are troublesome for two
reasons. First, they offer little use for any real flow improvement
in physiologically relevant settings. Second, they are in sharp
contrast with much higher flow rate values obtained when using
non-biological components of Liebau pumps. In the next section,
we will consider factors that may limit the efficiency of BLPs,
followed by the sections that consider ways to circumvent or
minimize these limitations.

LIMITATIONS IMPOSED BY THE USE OF
BIOLOGICAL COMPONENTS

There are several reasons behind the low flow rates reported
by the above-mentioned attempts to build BLPs. The same
reasons are likely to play a role in any future attempts to
create Liebau pumps using biological components, particularly
from mammalian cells and more specifically from their
human counterparts.

The first reason is that, when compared to mechanical
actuators, the pincher segment of a BLP can operate within a
very limited range of compression frequencies. Cardiac myocytes
isolated or derived from iPSC of animals with intrinsically high
heart rates, such as mice, can be continually paced at frequencies
up to 7–8 Hz (Bers, 2001). Their human counterparts are unlikely
to go over 3 Hz. In most cases of skeletal muscle-based constructs,
stimulation frequency can be increased to 10 Hz (Khodabukus
et al., 2019), after which contractions become fused, leading
to tetanus. Maximal frequency of smooth muscle contractions
varies depending on muscle subtype and location, but in general,
due to different molecular mechanisms underlying excitation-
contraction coupling and relaxation cycles of smooth muscle,
these cells are too slow to be viable candidates for repetitive fast
contractions. To conclude, compression frequencies by a BLP
pincher can hardly exceed 10 Hz, with 1–4 Hz being the most
realistic range.

This leads us to the second reason: the limited degree of
muscle shortening. By excluding smooth muscle as a main
component of a BLP pincher, one is left with cross-striated
muscle candidates, such as cardiac and skeletal muscle. Cross-
striated muscle can shorten to only 15–20% of its resting length
(Bers, 2001). Therefore, a pincher made from a muscular ring of
cross-striated muscle has a limited ability to decrease the lumen.
This limitation can be overcome by a non-conventional way of
arranging muscle elements—some of which will be considered
later. Notably, in previously mentioned studies by Azizgolshani
(2013) and Li et al. (2019), decreases in lumen diameter were
much smaller than the above-mentioned limit of 15–20%, leading
us to the third reason.

The third reason involves the way in which the muscle
layer is created. Both above-cited studies used a simple cell
seeding approach to create a ring of tissue-engineered muscle

(Zimmermann et al., 2002). It is now well recognized that
such an approach yields a weakly contracting muscle due to
underdeveloped connections between the cells and the lack of
a well-organized sarcomere structure inside the cells. The use
of preconditioned tissue-engineered muscle strips, strength of
which has been increased by electrical and mechanical stimuli
(Tandon et al., 2009; Nunes et al., 2013; Ronaldson-Bouchard
et al., 2019) should significantly improve the outcome of BLPs. An
additional consideration should be given to a spiral arrangement
of multiple fibers within the pincher. The latter has been shown to
greatly increase the efficiency of cardiac ejection (Torrent-Guasp
et al., 2001) and is likely to do the same for the efficiency of
the BLP pincher.

The fourth and the last reason why reported BLP yielded such
low flow rates is that their design did not take into consideration
insights from theoretical and experimental studies that used
non-biological components. In the next sections, we will review
available experimental reports and a few numerical studies with
the goal of outlining strategies for more effective implementation
of Liebau pumps using biofabrication tools. We will start by
listing different parameters that can influence the performance
of the Liebau pump.

VARIABLES THAT IMPACT LIEBAU
PUMP PERFORMANCE

Despite its apparent simplicity, the physics behind flow and
pressure generation by a Liebau pump is quite complex and,
as such, remains the subject of intense interest by several
generations of physicists and mathematicians (Takagi and
Takahashi, 1985; Borzì and Propst, 2003; Manopoulos et al.,
2006; Jung, 2007; Loumes et al., 2008; Kozlovsky et al., 2015).
Because of its complexity, all modeling studies had to omit
many involved variables. The list of such variables, each of
which can potentially affect the mean flow rate created by a
Liebau pump, can be seen in Table 1. They can be divided
into four categories. The first category describes the overall
pump design, including the tubing being closed or open, number
of pinchers, presence of kinks or gelatinous inner layer, or
difference in resistances by the two stiff ends. The second
category includes the physical properties of compliant tube
segments (notably, the impact of the physical properties of
stiff tube segments remains to be explored). The third category
includes properties of the pincher, such as its length, degree
of vessel occlusion, its relative position with respect to the
two ends of the compliant segment, compression frequency,
duty cycle, and its dynamic waveform (i.e., square form vs.
sinusoid). The fourth category includes properties of the fluid,
including density, viscosity, and fluid volume, the latter having a
direct impact on transmural pressure and therefore compliance
of the elastic segment. For readers wanted to learn more,
Table 1 lists studies that considered, either numerically or
experimentally, the impact of specific variables. Notably, the
non-linear character of Liebau pumps precludes predicting,
in a simple manner, the effect of many variables. Therefore,
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TABLE 1 | Major variables that affect performance of Liebau pump.

Variable In vitro In silico Combined

Group 1: Design

Open vs. close Rinderknecht et al., 2005

Double wall Hiermeier and Männer, 2017 Loumes et al., 2008

Kinks Hiermeier and Männer, 2017

Tapering Lee et al., 2017

Branching Rosenfeld and Avrahami, 2010; Zislin and Rosenfeld, 2018

Buckle Li et al., 2019

Added cavities Kozlovsky et al., 2015

Group 2: Tube

Length Rinderknecht et al., 2005 Manopoulos et al., 2006; Zislin and Rosenfeld, 2018 Timmermann and
Ottesen, 2009

Diameter Hickerson et al., 2005; Rinderknecht et al., 2005 Zislin and Rosenfeld, 2018

Wall thickness Bringley et al., 2008 Jung, 2007

Elastic modulus Jung, 2007

Loop resistance Hickerson et al., 2005

Shape Wen and Chang, 2009

Group 3: Pincher

Width Hickerson et al., 2005; Manopoulos et al., 2020 Manopoulos et al., 2006; Rosenfeld and Avrahami, 2010;
Zislin and Rosenfeld, 2018

Position Hickerson et al., 2005; Bringley et al., 2008; Wen
and Chang, 2009; Lee et al., 2013; Hiermeier and
Männer, 2017; Manopoulos et al., 2020; Davtyan
and Sarvazyan, 2021

Borzì and Propst, 2003; Rosenfeld and Avrahami, 2010;
Zislin and Rosenfeld, 2018

Ottesen, 2003;
Hickerson and Gharib,
2006; Timmermann
and Ottesen, 2009

Force profile Jung, 2007; Zislin and Rosenfeld, 2018

% Occlusion Hickerson et al., 2005; Wen and Chang, 2009;
Manopoulos et al., 2020

Manopoulos et al., 2006; Jung, 2007; Rosenfeld and
Avrahami, 2010; Kozlovsky et al., 2016

Ottesen, 2003

Duty cycle Hickerson et al., 2005

# Of pinchers Lee et al., 2013

Group 4: Fluid

Fluid viscosity Meier, 2011; Hiermeier and Männer, 2017; Davtyan
and Sarvazyan, 2021

Timmermann and
Ottesen, 2009

Fluid density Hiermeier and Männer, 2017; Davtyan and
Sarvazyan, 2021

Timmermann and
Ottesen, 2009

Fluid volume Hickerson et al., 2005

changing the frequency of pinching from, for example, 10–
20 Hz for the Liebau pump with one set of dimensions
will increase the flow, while it will decrease it for the pump
with different geometry. Such non-linearity and involvement
of multiple variables explains a vast range of measured flow
rate values created by experimental variations of the Liebau
pump (Table 2).

RESONANT FREQUENCIES

Natural Frequency Concept
Based on the currently prevailing view, the main mechanism
as to how the Liebau pump generates flow is depicted in
Figure 2. Pressure waves generated by the periodic compression
of the compliant segment reach the points of impedance
mismatch. When the pincher is positioned asymmetrically,
it leads to a dynamic pressure difference between the two
ends of the compliant tube, which in turn generates the

flow. It has been argued that for such a difference to be
maximal, the system has to be near its resonant frequency
(Hickerson et al., 2005; Hickerson and Gharib, 2006). Yet many
experimental studies, including our own work (Davtyan and
Sarvazyan, 2021), observed significant flow rates at frequencies
that are far below the estimated natural frequency (Fn)
of the compliant segment. Let us consider the concept of
Fn in more detail.

Frequencies at which the system resonates can be determined
experimentally upon hitting the tube with a substantial force and
applying a fast Fourier transform analysis to pressure signals
(Manopoulos et al., 2020). There is also a simple formula to
calculate the natural frequency of a tube:

Fn = c/2L (1)

where L is the length of a tube and c is the velocity of the pressure
or pulse wave. The latter can be measured experimentally by
tracking the speed of wall deformation or via distally positioned
pressure transducers. For thin-walled tubes, pulse wave velocity
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TABLE 2 | Flow rate values created by experimental variations of the Liebau pump.

Year First author References # Setup Variables tested Provided or estimated from the cited study Calculated based on Eq. 1 and 3

L ID h E F
range

∼Fmax w Qmax h/D c c’ Fn Qprst

Non-biological cm cm cm MPa Hz Hz cm ml/s m/s m/s Hz ml/s

2003 Otteson Ottesen, 2003 Closed Frequency, pincher location,
compression ratio

50 2.00 0.100 0.41 2.5–3.5 2.9 1.00 1.20 0.050 4.5 5.2 5 9.1

2005 Hickerson Hickerson
et al., 2005

Open Frequency, elasticity, pincher
size and location, system
size, transmural pressure

15 1.91 0.079 1.19 1–8 4.7 2.54 40 0.042 7.0 8.1 23 34

Closed 2 0.19 0.005 0.22 20–142 55 0.24 0.15 0.026 2.4 2.8 60 0.37

2005
Rinderknecht

Rinderknecht
et al., 2005

Closed Frequency, open vs. closed,
open loop dimensions

1.96 0.20 0.005 0.40 1–180 55 0.24 0.18 0.025 3.2 3.6 81 0.41

Open 1.20 0.025 0.005 2.00 82 82 0.04 0.0003 0.200 20.0 23 833 0.0016

2006 Hickerson Hickerson and
Gharib, 2006

Closed Frequency, transmural
pressure

15 2.00 0.080 1.19 0–8 5 2.50 20 0.040 6.9 7.9 23 37

2008 Bringley Bringley et al.,
2008

Closed Frequency, pincher location,
elastic tube rigidity

17 1.90 0.05 0.99 0.5–6.8 6.8 2.22 60 0.027 5.2 5.9 15 43

2009 Wen Wen and
Chang, 2009

open Pincher location, symmetry,
degree of compression, cross
section shape

5 0.60 0.100 2.20 8–40 26 3.00 10 0.167 19.1 22 191 22

2011 Meier Meier, 2011 Closed Resistance, transmural
pressure, wall thickness,
pincher location, amplitude
and offset of excitation

2 0.18 0.005 1.00 1–140 60 0.28 0.05 0.028 5.3 6.1 132 0.43

2 0.15 0.025 13.50 1–140 140 0.28 0.14 0.167 47.4 54.5 1186 0.69

2013 Lee Lee et al., 2013 Open Frequency, pincher location 50 2.80 0.200 2.16 4–7 4.5 5.00 127 0.071 12.4 14.3 12 138

2017 Hiermeier Hiermeier and
Männer, 2017

Open Frequency, viscosity, straight
vs. kink,
double walled

34.8 0.63 0.013 0.5–3 3 1.1 0.5 0.021 1.03

2020 Manoupolus Manopoulos
et al., 2020)

Closed Frequency, cross-sectional
area,
pincher size & location

100 1.20 0.100 1.96 1–12 9.3 10.00 83 0.083 12.8 14.7 6 105

2021 Davtyan (Davtyan and
Sarvazyan,

2021

Closed Frequency, pincher location,
viscosity

3.8 0.50 0.10 0.05 0.5–2.5 2.5 0.35 0.04 0.200 3.1 3.5 40 0.17

Biological

2006 Forouhar Forouhar et al.,
2006

Closed Frequency 0.02 0.006 0.002 0.002 1.6–3 2 0.00 1.0E–06 0.333 0.8 0.9 2041 1.3E-
07

2013 Azizgolshani Azizgolshani,
2013

Closed Frequency, degree of cell
seeding

5 0.40 0.010 0.40 1–4 2 0.75 0.00001 0.025 3.2 3.6 32 0.14

2019 Li Li et al., 2019 Closed Frequency, stimulation
voltage, buckle vs. unbuckle

3 0.43 0.028 0.01 1–4 4 0.15 0.00020 0.064 0.8 0.9 13 0.09

Properties of elastic element provided/estimated from the cited study: L, length; ID, inner diameter; h, wall thickness; E, Young modulus; Frange, range of tested compression frequencies; Fmax, estimated frequency at
which the observed flowrate was maximal; w, width of pincher; Qmax , maximal flowrate observed in the study. Calculated based on Eq.1&3: h/D, ratio between the wall thickness and the inner diameter; c, estimated
pulse wave velocity; c’, with Poisson’s ratio correction for wall thickness; Fn, estimated natural frequency based on c; Qprst, estimated flowrate by a comparable peristaltic pump.
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FIGURE 2 | Cartoon illustrating mismatch of impedance that creates a wave
reflection site, leading to a one-way flow. A general cartoon of Liebau’s
principle for an open tube system. Rhythmic compressions of the flexible tube
in the middle do not generate flow, while asymmetrically positioned pinch sites
yield a one-way flow. The mismatch of impedance at the junction of the two
tubes with different wall compliance creates a wave reflection site, a
necessary condition to achieve pumping. Flow direction depends on the
compression frequency, geometry, and physical properties of the tubes.

can be estimated using the Moens-Korteweg equation, where E
is the Young modulus of the wall, h is wall thickness, D is the
internal diameter, and ρ is fluid density:

c = (Eh/ρD)1/2 (2)

For thick-walled vessels, the equation can be further modified
using Poisson’s ratio υ:

c′ = (Eh/ρD(1− υ2))1/2 (3)

Most biological materials can be considered incompressible
with Poisson’s ratio close to 0.5. Therefore, correcting for
Poisson’s ratio basically increases the estimated pulse velocity
values by∼15%.

Equation 1 implies that Fn is inversely proportional to the
length of the compliant segment. Therefore, the smaller Liebau
pump is, the higher Fn it is expected to have. Moreover, Fn is
likely to increase as a result of increased values of c. This is
because wall thickness h cannot decrease at the same rate as vessel
diameter since this will render vessel too fragile to handle and/or
to repetitively compress. Therefore, for very small Liebau pumps,
one should expect h/D ratio in Equation 2 to increase, leading to
a further increase in c and consequently in Fn as per Equation 1.

Calculated Fn value is affected by the energy losses in the
system and is referred to as “damped natural frequency.” These
energy losses can be linked to the mass and viscosity of the
moving fluid and expanding vessel walls (Babbs, 2010). They also
include frictional losses from the interaction of flowing fluid with
the walls of the vessel. More friction will occur in vessels with

smaller diameters, with more Fn damping expected in narrow
vessels. Additional changes to the calculated Fn of the complaint
segment of the Liebau pump are imposed by the differences in
compliance between the soft and stiff tube segments as well as
the length of the latter. In the case of a closed flow loop, when
the difference between the Young modules of compliant and stiff
tubing decreases, the latter becomes part of the resonant system
(Meier, 2011).

For the surveyed experimental studies of the Liebau pump
listed in Table 2, we calculated pulse wave velocities c and
undamped Fn values. This enabled us to compare Fn with the
frequency at which the experimentally recorded flow rate was
maximal (Fmax). Notably, here Fmax is simply a frequency for
which maximal mean flow rate was observed in each specific study
and not what would have been observed if the entire range of
frequencies had been examined. For calculations of Fn we used
vessel dimensions and Young modulus provided by the authors,
while filling any gaps by using information available elsewhere
(indicated by asterisks). As Table 2 shows, with few exceptions,
most studies tested frequency ranges that lie below calculated
undamped Fn. In a few studies that examined frequency ranges
that included the predicted Fn, the Fmax was actually very close to
the calculated Fn.

The overall conclusion from this section is the following: while
the maximal flowrates created by Liebau pumps are predicted to
occur near Fn, published experimental studies suggest that sizable
flowrates can be created using much lesser frequencies. What we
mean by the word “sizable” is considered next.

COMPARISON WITH PERISTALTIC
PUMPS OF SIMILAR DIMENSIONS

One way to evaluate the performance of Liebau pumps across
different experimental studies is to compare them to peristaltic
pumps of the same dimensions operating at the same frequency.
To find a flow rate by a comparable peristaltic pump, Fmax was
multiplied by the volume of displaced fluid, the latter being a
product of pincher width (w) and cross-sectional area of the
tube (A):

Qp = FmaxwA (4)

Note that to calculate the expected flow rate by peristaltic
pumps, we assumed a complete closure of the lumen. The same
cannot be expected for all Liebau pumps listed in Table 2,
since the degree of lumen occlusion varied between the studies
(the latter value is often omitted, with only ∼30% of surveyed
studies mentioning it). Therefore, the reported maximal flow
rates created by the Liebau pumps could have been higher if
a complete lumen closure had been achieved. The outcome
of the comparison is shown graphically in Figure 3 using
values listed in Table 2. The Figure 3A shows data from all
surveyed experimental studies, while Figure 3B zooms in on
pumps with the smallest dimensions. These plots suggest two
things. First, there is a high degree of correlation between the
maximal flow rates achievable by peristaltic vs. Liebau-based
pumps of the same dimensions (R2 = 0.97). Second, for larger
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FIGURE 3 | Output of Liebau pumps in comparison to peristaltic pumps of
the same dimensions. The graphs were compiled using MS Excel from
published studies listed in Table 2. They illustrate the relative efficiency of
Liebau pumps compared to peristaltic pumps of the same dimensions and
compression frequencies. Dots above the red line indicate flow rates that were
higher than the ones created by the peristaltic pumps; below the red line are
lower. For macroscopic pumps, flow created by Liebau pumps was ∼90%
from that of peristaltic flow, while for smaller pumps it was ∼40%. Data also
point to a significant correlation between the two ways to pump fluid. To
calculate the output of a comparable peristaltic pump, the cross-sectional
area of the tube was multiplied by the width of the pincher element and the
compression frequency at which the maximal flow was observed in each cited
study of the Liebau pump. Red rectangle in (A) encompasses datapoints for
micropumps. The latter has been shown in (B) using different scales.

pumps, this relationship is approaching 1:1, with two studies
(Hickerson et al., 2005; Bringley et al., 2008) reporting flow rates
exceeding the estimated peristaltic-based flow. The latter is rather
remarkable since in the case of the peristaltic pump it is the entire
length of the tube that needs to be engaged in active contraction,
while in the Liebau pump it is only a small segment of the tube.
In fact, when averaged across surveyed experimental studies, the
width of the pincher was only about 12 ± 6% of the total length
of the tube.

FLOW RATE-FREQUENCY
RELATIONSHIP

Nearly all studies of Liebau pumps report pulsatile flow, the
presence of flow reversals, and a non-linear flow rate-frequency
relationship. Yet the exact shape of the latter curve, as well as
the number of flow-frequency peaks, varies dramatically across
studies. In addition, while some report maximal flowrate near
Fn (Hickerson et al., 2005; Kozlovsky et al., 2015; Manopoulos
et al., 2020), others report it being close to zero (Takagi
and Takahashi, 1985; Borzì and Propst, 2003; Meier, 2011).
In the latter cases, the performance of the valveless pump is
maximum on either side of the resonant frequency, passing
through zero flow rate at the resonant frequency. An interesting
suggestion as to why such different patterns have been observed
was made by Wen and Chang (2009). They have shown
that the flow-frequency relationship shifts when the resistances
between the two sides of stiff tubing to which the compliant
tube is connected are different. Whether unintended small
variations in resistances between the two sides can explain
differently shaped frequency-flow rate curves near Fn values
awaits further exploration.

FLOW VELOCITY PROFILES AND
WOMERSLEY NUMBER

To scale and characterize the dynamics of flow in differently sized
vessels, dimensionless Reynolds and Womersley numbers are
commonly used. For cylindrical vessels under a steady pressure
gradient, the Reynolds number<2,000 predicts laminar flow
with a parabolic velocity profile. The Womersley number is
used to characterize the velocity profile during pulsatile pressure
conditions. The Womersley number is calculated using the values
of fluid density ρ, dynamic viscosity µ, angular frequency ω, and
the vessel radius R:

Wo=R(ρω/µ)1/2 (5)

When Wo < 1, the flow tracks the oscillating pressure
gradient, and the velocity profiles exhibit a parabolic shape.
When Wo > 10, the velocity profile is flat or plug-like, and
the flow is phase-shifted relative to the oscillating pressure
gradient. Values of 1 < Wo < 10 represents intermediate regimes
(Manopoulos et al., 2020). For the surveyed non-biological
studies of Liebau pumps listed under Table 2, typical Wo
values exceed 10. In contrast, the two experimental attempts
at creating BLPs (Azizgolshani, 2013; Li et al., 2019) described
under see section “Published Attempts to Create Functional
Biofabricated Liebau Pumps” had Wo < 10. This was due to
a combination of low frequency and small vessel diameters.
In cases when solutions that mimic blood viscosity were used,
the Wo values further declined. This was the case in our own
experiments that tested the performance of the Liebau pump
with physiologically relevant vessel dimensions, viscosity, and
compression frequencies (Davtyan and Sarvazyan, 2021).
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The Womersley number plays a role in calculating the mean
flow rate Q from particle tracking, the latter method being one of
the easiest ways to estimate the flow experimentally:

Q = πR2Kwv (6)

where R is the radius of the cylindrical vessel and v is the maximal
linear velocity of the particles flowing midstream. Coefficient Kw
enables one to account for different velocity profiles. It is equal
to 0.5 when Wo < 1 and the velocity profile is parabolic. When
Wo > 10, the Kw becomes close to 1, since when flow is plug-
like, the velocity profile of flowing particles is nearly the same
across the entire volume of the tube. For intermediate regimes
when 1 < Wo < 10 an empirically derived formula can be used
to derive coefficient Kw. This formula was developed by Ponzini
et al. (2010) and is included in Supplementary Excel File.

CHOICE OF VESSEL MATERIAL TO
BUILD BIOFABRICATED LIEBAU PUMPS
EX VIVO

To get closer to Fn within the physiological range of frequencies,
i.e., 1–4 Hz, it is best to select highly stretchable materials with
low Young modulus while having high tensile strength to prevent
breakage. There are two possible approaches. The first approach
is to excise tubular structures from an organism of choice and
use them in their native, processed, or decellularized form. The
most obvious choice appears to be pieces of arteries or veins.
However, in their natural form, the values of Young modulus for
blood vessels are still rather high. When stretched transversally,
reported values of Young modulus for blood vessels span from
0.5 to 5 MPa (Riley et al., 1992; Egorov et al., 2008). When non-
destructive decellularization protocols are being used, the elastic
modulus of vessels changes very little (Daniel et al., 2005; Crapo
et al., 2011). This is because the mechanical properties of vessels
are mainly determined by interwoven collagen and elastin fibers.
Other tubular structures that can be excised and used to create
a compliant segment for BLPs include intestine (Herbert et al.,
1993), ureter (Narita et al., 2008), or their components such as
small-intestine submucosa, for example (Roeder et al., 1999). One
can also consider additional treatments that can lower E values
of these vessels while retaining their integrity, mild enzymatic
treatment being one example (Trabelsi et al., 2020).

The second approach to creating BLP-compliant segments
is to use the ever-expanding arsenal of biofabrication tools
(Pashneh-Tala et al., 2016). Suitable tubular scaffolds can be
created using casting, 3D printing, electrospinning, weaving, or
other techniques (Chang and Niklason, 2017; Elomaa and Yang,
2017; Song et al., 2018). The range of biocompatible materials that
can be used is vast, and they can be mixed or modified to achieve
the desired stiffness (Bello et al., 2020). The Young modulus
of unenforced simple hydrogels, such as gelatin, acrylamide, or
agarose, is on the order of a few kPA (Chen et al., 2018; Lee
et al., 2019). It can be enhanced by several orders of magnitude by
including different additives (Le Goff et al., 2015; Yan et al., 2017).
Collagen, elastin, and other extracellular matrix components

are other obvious choices. Although pure collagen fibers are
very stiff, with E reaching 1.2 GPa, the strength of structures
made from collagen fibers can be adjusted by changing protein
concentration, type, crosslinking, and inclusion of other ECM
components (Gosline et al., 2002).

CREATION OF BIOFABRICATED LIEBAU
PUMPS IN VIVO

The above-described strategies to approach Fn (i.e., by decreasing
elastic modulus and h/D ratio, while increasing vessel length L)
can work to create and test ex vivo BLPs. But what about creating
BLPs in vivo by wrapping tissue engineered muscle around a
vessel of choice? For medium-sized blood vessels, the h/D ratio
is about 0.3 for arteries and 0.1 for veins. The lowest reported
values of Young modulus for collagen-rich arteries and veins are
about 0.2–0.5 MPa (Daniel et al., 2005). Therefore, if a 10 cm
piece of vein with a diameter of 1 cm and an E of 0.2 MPa is
used as a compliant segment of the Liebau pump, the Moens-
Korteweg equation yields c = ∼4 m/s and Fn = 22 Hz (see
Supplementary Appendix for formulas). The later value is too
high for a pincher made from muscle cells. For smaller vessels,
the Fn will be even higher. And if one estimates Fn values for an
embryonic heart tube of a zebrafish by eyeballing its dimensions
[200, 60, 20 µm for L, D, and h, respectively (Forouhar et al.,
2006)], while assuming the lowest possible E of 2 kPA, the Fn will
be > 2000 Hz, which is an impossible range of frequencies for
biological pumps.

The above estimates of Fn seems to question the feasibility
of creating in vivo BLPs while using a muscle ring as a pincher
element. However, this is far from the case. Data shown in
Figure 3B illustrate that despite being less efficient than their
macro versions (i.e., Figure 3A), micro Liebau pumps working
far from their Fn values generate flows that are about 10–
30% of their peristaltic equivalents. Also, several modifications
of Liebau pumps have been suggested. These modifications
resemble features of embryonic hearts and parts of circulation
in lower invertebrates. They can help to increase flow rates at
frequencies lower than Fn and are considered next.

MODIFICATIONS TO INCREASE
BIOFABRICATED LIEBAU PUMP
OUTPUT

Previous paragraphs considered the simplest configuration of
Liebau pumps that consisted of a single-walled cylindrical
compliant segment with a single compression element. As
we argued above, in this basic configuration BLPs with the
length ranging from millimeters to several centimeters will
yield miniscule flowrates when compressed with physiological
frequencies. By mimicking scenarios that can be encountered
in vivo, one can try to modify the basic configuration of the
Liebau pump to increase the flow. One study, for example,
documented the beneficial effect of kinks by showing that by
bending compliant tubes in several places, one can significantly
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FIGURE 4 | Alternative ways to create a pincher from tissue engineered muscle. Gray color depicts stationary elements that can be created from bone-like or similar
material. Pink color indicates tissue engineered muscle. Cross section of the compliant segment of Liebau pump is shown in blue. Each panel shows a pincher
before (top) and during (bottom) contraction with red arrows depicting direction of muscle shortening.

increase its performance (Hiermeier and Männer, 2017). Another
way to increase the mean flow rate was suggested by a theoretical
study by Loumes et al. (2008). The authors tried to mimic the
effects of cardiac jelly, which is present during the early stages
of embryonic heart development. The proposed model predicted
that the addition of a thick gelatinous layer to the inner wall of
the complaint segment would greatly increase the amplitude of
the pressure waves and increase the mean flow rates of the pump.
Notably, in the presence of such a gelatinous layer, the vessel’s
lumen can be constricted to a larger degree using the same degree
of outer layer shortening. The letter is particularly important for a
pincher element made of striated muscle, which can only shorten
to a ∼15% of its initial length. Another interesting approach to
better mimic putative Liebau pumps was to add cavities before
and after the pincher element (Kozlovsky et al., 2015). This was
again a purely computational study, conclusions from which
await experimental proof. An additional way to increase the force
by which muscular band compresses the compliant tube can be
to mimic the spiral structure of the cardiac wall by creating a
pincher using multiple bands with alternating directions of the
fibers (Torrent-Guasp et al., 2001).

One can also suggest building a Liebau pump using biological
elements but without mimicking in vivo scenarios. This can
be done by changing the position of the compression element
relative to the vessel. Different configurations that can help to
increase the degree of lumen compression can be envisioned
(Figure 4). Although such configurations are unlikely to be
considered in lieu of clinical treatments, one can imagine using
them for organ-on-a-chip or similar applications.

RELATIVE EFFICIENCY OF LIEBAU
PUMPS

Flow and pressure outputs of Liebau pumps are highly non-
linear and depend on multiple factors, including those listed
in Tables 1, 2. Therefore, it is rather difficult to quantitively
compare their energy efficiency to other types of pumping
devices. As a rough estimate one can use a relationship between
the maximal flowrate and the pump dimensions, an approach

taken by Laser and Santiago to create a chart comparing a wide
range of micropumps, including piezoelectric, thermopneumatic,
electrostatic and electroosmotic devices (Laser and Santiago,
2004). The experimental data from Table 2 and as well as
evaluation by Meier (2011), places Liebau pumps on the top
of that chart. Data shown Figure 3 also suggest that at their
optimal frequencies the output of Liebau pumps, particularly
those on a centimeter scale, is comparable to their peristaltic
counterparts. Interestingly, a significant increase in the flowrate
can be achieved by the inclusion of the valves into the Liebau
pump circuit (Moser et al., 1998). From the viewpoint of future
clinical implementation though, addition of the valves makes
little sense since their absence is probably the most beneficial
feature of the Liebau pump design.

INSIGHTS FROM THE FIRST
BIOFABRICATED LIEBAU PUMP
ATTEMPT

Although the first published BLP attempt (Li et al., 2019) using
tissue engineered rings of skeletal muscle around hydrogel tubes
yielded negligible flow rates, it enabled the authors to make
several interesting observations. Notably, such insights were
never brought up by studies that built Liebau pumps from
non-biological components or relied on simulations. Indeed,
contraction of a ring of muscle cells wrapped around a vessel does
not work like a mechanical pincher that compresses vessels in
one dimension. Instead, the authors observed that in many cases,
any significant contraction of the muscular ring led to an inward
deformation of the vessel wall. Such “buckling” then impacted
the calculation of a new radius of the tube as well as the degree
of lumen compression. Also, the authors revealed that buckling
had an unexpected effect on the flow rate-frequency relationship.
When the tube was buckled, there was less resistance to the act
of compression, so the degree of muscle shortening was higher
at the same degree of electrical stimulation. Moreover, when
stimulation frequency increased with electrical pulses arriving
during relaxation, contraction amplitude decreased, giving rise
to frequency dependence of contraction amplitude, i.e., the
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higher was the frequency, the lower was the amplitude of
contraction. The authors argued that for the unbuckled case,
restoring force of the elastic tube was high compared with the
buckled tube, and contraction amplitude was less sensitive to the
contraction frequency.

New insights, such as above, are expected from future attempts
to build Liebau pumps using biological materials. We hope that
this publication will encourage others to explore this fascinating
phenomenon and stimulate additional experimental efforts to
build valveless impedance pumps using biological materials.

CONCLUSION

Cumulative evidence from different labs point to physiological
feasibility of Liebau-based valveless pumping warranting efforts
to create such pumps using tissue engineering and other
biofabrication tools. Such efforts will provide additional insights
into performance of these pumps in vivo as well as further
our understanding of the fundamental mechanisms driving
blood flow during early development. Liebau-based biomimetic
pumps can also serve as energy-efficient flow generators in
organ-on-a-chip devices or be implanted to assist flow during
various disease states.
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The lengths of a muscle’s sarcomeres are a primary determinant of its ability to contract
and produce force. In addition, sarcomere length is a critical parameter that is required
to make meaningful comparisons of both the force-generating and excursion capacities
of different muscles. Until recently, in vivo sarcomere length data have been limited to
invasive or intraoperative measurement techniques. With the advent of second harmonic
generation microendoscopy, minimally invasive measures of sarcomere length can be
made for the first time. This imaging technique expands our ability to study muscle
adaptation due to changes in stimulus, use, or disease. However, due to past inability
to measure sarcomeres outside of surgery or biopsy, little is known about the natural,
anatomical variability in sarcomere length in living human subjects. To develop robust
experimental protocols that ensure data provide accurate representations of a muscle’s
sarcomere lengths, we sought to quantify experimental uncertainty associated with
in vivo measures of sarcomere lengths. Specifically, we assessed the variability in
sarcomere length measured (1) within a single image, along a muscle fiber, (2) across
images captured within a single trial, across trials, and across days, as well as (3) across
locations in the muscle using second harmonic generation in two upper limb muscles
with different muscle architectures, functions, and sizes. Across all of our measures of
variability we estimate that the magnitude of the uncertainty for in vivo sarcomere length
is on the order of ∼0.25 µm. In the two upper limb muscles studied we found larger
variability in sarcomere lengths within a single insertion than across locations. We also
developed custom code to make measures of sarcomere length variability across a
single fiber and determined that this codes’ accuracy is an order of magnitude smaller
than our measurement uncertainty due to sarcomere variability. Together, our findings
provide guidance for the development of robust experimental design and analysis of
in vivo sarcomere lengths in the upper limb.

Keywords: sarcomere length, second harmonic generation imaging, skeletal muscle, muscle architecture,
sarcomere variability
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INTRODUCTION

Whole muscle is made up of hundreds of thousands of
sarcomeres arranged in series and parallel. The length of a
muscle’s sarcomeres is a primary determinant of a muscle’s
ability to contract and produce force (Gordon et al., 1966).
In addition, when quantifying muscle architecture, sarcomere
length is a critical parameter that is required to make
meaningful comparisons of both the force-generating and
excursion capacities of different muscles. With the advent
of second harmonic generation (SHG) microendoscopy for
measuring sarcomere length minimally invasively (Llewellyn
et al., 2008), there are exciting and novel opportunities to measure
sarcomere length in vivo.

Anatomical studies in cadavers, which involve dissection and
measurement across multiple scales (whole muscles, fascicles,
and sarcomeres), demonstrate that a major distinction among
different skeletal muscles in the human body is the number
of sarcomeres in series and parallel (Brand et al., 1981; Lieber
et al., 1990; Lieber and Fridén, 2000). Serial sarcomere number
(SSN) is a particularly important architectural parameter, as
it describes the range of lengths over which a muscle can
actively generate force and, given optimal sarcomere length,
a measure of the fascicle length at which the muscle will
produce its maximum isometric force. The number of parallel
sarcomeres is proportional to the maximum isometric force a
muscle can produce. In anatomical studies, SSN is commonly
characterized by a muscle’s optimal fascicle length (OFL), which
is calculated as the ratio of fascicle and sarcomere lengths
measured from a muscle’s dissected fascicles, multiplied by
optimal sarcomere length. Similarly, the number of sarcomeres
in parallel is characterized by a muscle’s physiological cross-
sectional area (PCSA), which is calculated from the ratio of the
muscle’s volume and OFL, with a correction for the pennation
angle of the fibers to estimate how much of the force-generating
capacity is transmitted by the tendon. Measures of in vivo fascicle
length and muscle volume have been made using safe and
effective imaging techniques for decades. The novel capacity to
make minimally invasive measures of sarcomere length in vivo
provides new opportunities to study functionally meaningful
muscle parameters (OFL and PCSA) and how they vary in living
subjects across muscles, individuals, and due to alterations in
muscle stimulus or use.

Due to the novelty of methods for sarcomere length
measurement that do not involve surgery or biopsy, little is
known about the natural, anatomical variability in sarcomere
length in living human subjects. Such an understanding is critical
for the development of robust experimental protocols that ensure
data provide accurate representations of a muscle’s sarcomere
lengths. Animal muscle studies (e.g., Moo et al., 2016, 2017) and a
single in vivo study on the tibialis anterior (Lichtwark et al., 2018)
suggest that sarcomere length can vary considerably throughout a
muscle. Importantly, the SHG microendoscopy method provides
only a small field-of-view (82 µm × 82 µm, ∼20–35 sarcomeres
in series) (Llewellyn et al., 2008; Sanchez et al., 2015). In addition,
current protocols for processing SHG data utilize a method which
provides a single measure—the mean sarcomere length—per

image, precluding information about within fiber variability. To
enable effective studies of how muscle sarcomere length may
differ or change (e.g., across limbs, after an exercise intervention,
following an injury, etc.), more information describing the
natural anatomical variability, both across different locations in
a single muscle and along a single muscle fiber, is needed.

In this study we aim to quantify experimental uncertainty
associated with in vivo measures of sarcomere lengths made using
second harmonic generation microendoscopy in two muscles
of the upper limb (biceps brachii and flexor carpi ulnaris).
Given the precision of the SHG imaging and measurement
procedures established in the literature is small (∼30 nm)
(Sanchez et al., 2015), we expect the primary sources of
measurement uncertainty to include both natural anatomical
variability of the lengths of the sarcomeres within these muscles
and the random error associated with test-retest reliability
using this method. In this study, we assessed the variability in
sarcomere length measured (1) within a single image, along a
muscle fiber, (2) across images captured within a single trial,
across trials, and across days, as well as (3) across locations in
the muscle. Quantifying the degree of experimental uncertainty
for sarcomere length measures made using second harmonic
generation microendoscopy will aid interpretation of these novel
data, guide the design of future work aimed at detecting
sarcomere length differences among different populations, and
enable error propagation when sarcomere length measures
are incorporated with other anatomical measures to calculate
functionally meaningful muscle architectural parameter values.

MATERIALS AND METHODS

Data Collection
The 14 participants enrolled in this study provided informed
consent; Northwestern University’s Institutional Review Board
approved this study’s procedures. Imaging for both the biceps
brachii and flexor carpi ulnaris (FCU) was completed under
passive conditions, with participants seated. For biceps imaging,
the participants arm was placed with the shoulder abducted
85◦, elbow extended 25◦, and wrist at neutral (0◦), as verified
by handheld goniometric measures. For the FCU, the limb was
positioned with the elbow at 70◦ of flexion and the wrist at neutral
(0◦). Soft velcro straps were used to secure the arm after the joint
angles were verified.

To image sarcomeres in vivo, a microendoscopic probe
consisting of two 1.8 cm long, 20-gauge needles with beveled tips
was inserted into the muscle of interest with its optical lenses
aligned parallel to the fascicle direction. Insertion location of the
probe was guided through palpation techniques and ultrasound
imaging in the imaging limb posture. Ultrasound images were
viewed in both the short and long axis planes of the muscle to
identify key anatomical landmarks and to ensure both insertion
in the correct muscle of interest and avoidance of major blood
vessels, nerves, and bone. Once established, the appropriate
location for probe insertion was marked on the skin.

As described previously (Adkins et al., 2021), a spring loaded
injector was used to insert the microendoscopic probe into the
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muscle. Once inserted, images are acquired 0.3 cm superficial
to the tip of the probe. Differences in muscle size and body
composition among different participants means the exact depth
that images are collected within the muscle can vary between
subjects. For both the biceps brachii and FCU, we aimed to obtain
images away from the inner tendon. For the biceps brachii, the
distal nature of the inner tendon and the dimensions of the
muscle and subcutaneous fat observed among our participants
meant we could accomplish this while the full length of the
probe needles (1.8 cm) were inserted in the muscle. Due to
the longer central tendon, the smaller muscle belly size of the
FCU, and its close proximity to the ulnar nerve, we needed
to limit the insertion depth of the microendoscopic probe. For
FCU, we modified imaging depth at the time of injection by
adding custom spacers (thickness ranged from 0.2 to 0.7 cm)
between the external surface of the skin and the base of the spring
loaded injector.

Once the probe was placed as desired within the muscle
belly, a second-harmonic generation microscope (Enspectra
Health, Mountain View, CA, United States) was attached to
it for imaging. In this implementation [probe design same as
(Lichtwark et al., 2018; Adkins et al., 2021) as opposed to
older design (Sanchez et al., 2015; Chen and Delp, 2016; Chen
et al., 2016)], laser light travels down one of the probe’s needles,
interacts with the muscle tissue, and is then received by the
other needle. The resulting images capture the intrinsic striation
pattern (A-bands) of sarcomeres and have a field of view of
82 × 82 microns. Data were collected at 1.9 Hz for approximately
2–5 min (∼250–600 images per acquisition). The system was
calibrated by the manufacturer using a precision Ronchi Ruling
target with 10-micron line spacing to calculate the conversion
factor (0.16 microns per pixel) for quantification of striation
spacing from the images.

Variability Along Fiber
Current image processing methods for analysis of SHG images
(mean sarcomere length code; MSLC) report a single mean
sarcomere length value for an entire image (e.g., Sanchez et al.,
2015; Adkins et al., 2021). Here, we developed and validated
an image processing and analysis code (individual sarcomere
length code: ISLC) which quantifies: the lengths of individual
sarcomeres within an image, the mean length of these sarcomeres,
and standard deviation in sarcomere length within the image. To
verify the performance of the ISLC, realistic virtual phantoms
were designed, tested for their similarity to real data, and then
used to calculate and compare the accuracy and precision of the
novel ISLC and the existing MSLC.

Individual Sarcomere Length Code
The image processing protocol developed in this study was
designed to quantify the length of individual sarcomeres within
an image, along the imaged fiber direction, using custom written
MATLAB code. Specifically, the ISLC takes a Fast Fourier
Transform (FFT) of each image and applies a threshold to reduce
noise and clear the edges of the Fourier space. The inverse FFT
(IFFT) is computed, and Canny edge detection is utilized to
select the largest area in the image with sarcomeres (Figure 1A).

Within the selected region, the fiber orientation is determined by
binarizing the region and calculating the orientation relative to
the horizontal axis of the box (Figure 1B). Sarcomere length is
calculated along a single column of pixels as the pixel distance
between pixel intensity peaks (A-bands), converted to microns
(0.16 µm per pixel) and multiplied by the cosine of the detected
angle to correct for angle of fiber orientation (Figure 1C). This
analysis process is repeated for distinct columns of pixels at 2 µm
intervals to enable the collection of sarcomere length data from
separate myofibrils (Lieber, 2002; Moo et al., 2016).

Realistic Virtual Phantoms
Virtual phantoms were designed to closely mimic raw, in vivo
data. A range of phantoms with sarcomere length averages and
standard deviations representative of cadaveric data from the
biceps brachii [data from Murray et al. (2000)] were generated
using a series of normally distributed sinusoids (Figure 2A).
To mimic observed raw SHG data, the image signal in the
phantom was degraded by removing 70% of the pixels at random.
A sinusoidal geometric transformation was applied to create fiber
bending, and Gaussian white noise was added to capture similar
signal quality (Figures 2B,C). To assess the phantoms’ similarity
to real data, the signal-to-noise ratio (SNR) for the phantoms was
measured and then adapted to mimic the range of SNR values
found in raw SHG images from the biceps brachii.

Determining Accuracy and Comparing Individual
Sarcomere Length Code and Mean Sarcomere
Length Code
Using 300 virtual phantom images with known sarcomere
lengths, and varying image quality, the code’s accuracy and
precision were determined by comparing the ISLC output to the
known phantom values. The accuracy and precision of the ISLC
code developed in this study was defined from the differences
between the “true” mean sarcomere lengths defined in the virtual
phantoms and the mean sarcomere length values output from the
ISLC. Accuracy was defined by the difference in means; precision
was defined by the standard deviation of the differences. This
analysis was repeated for the MSLC to enable direct comparison
of the two methods. A Bland-Altman test was implemented to
determine agreement between sarcomere lengths obtained using
ISLC and sarcomere measurements obtained using MSCL.

Variability Across Images, Trials, and
Days
Sarcomere length variability across different images from a single
imaging trial (defined as a single needle insertion and microscope
attachment) was assessed using the standard deviation of the
mean sarcomere length from all processed images in the trial.
For this study, we reanalyzed images originally collected for a
separate study (Adkins et al., 2021) that were acquired in the non-
paretic biceps of 7 individuals with chronic hemiparetic stroke
and in the biceps from both the dominant and non-dominant
limbs of 4 individuals with no neuromuscular impairments
(Table 1). Therefore, SHG images were collected from the long
head of the biceps brachii in 15 limbs. On average, we collected
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FIGURE 1 | (A) Sample raw SHG image of in vivo biceps brachii sarcomere data (512 pixels × 512 pixels, 82 µm × 82 µm). Canny edge detection selected region
enclosed by red box. (B) Binarized selected region with blue lines indicating the angle relative to horizontal. (C) Pixel vs. intensity distribution where A-bands are
represented by peaks.

FIGURE 2 | (A) Virtual Phantom created with real sarcomere lengths and variability, distortion, and rotation. (B) Realistic Virtual Phantom with added noise.
(C) Representative raw data from in vivo biceps brachii.

145 ± 108 images per trial. Mean sarcomere length per image was
calculated using MSLC.

Images collected from 3 participants were analyzed to evaluate
the variability in sarcomere lengths measured when two trials
of data were collected in the same muscle (Table 1, different
trials arise from a single needle insertion, but distinct microscope
attachment). Across trials, there is a slight change in location or
orientation of the probe within the muscle due to the removal
and reattachment of the microscope on the probe. In some cases,
we also apply slight pressure or other movements to the needle
between trials. Because the needle is not removed and reinserted,
we expect we are likely sampling from the same relatively small,
localized area, but from different sarcomeres due to the probe
movement. In total, we analyzed two trials of data collected from
5 distinct insertions, including insertions in both arms of two
participants, and a single arm from a third participant. Variability
between 2 trials of image data was quantified as the difference in
the average sarcomere length per trial (i.e., the average value of
the output of MSLC for all the images in that trial).

The variability in sarcomere lengths measured on different
days (a minimum of 1 week apart) was assessed in the long

head of the biceps brachii. Images collected from a single
needle insertion in both limbs of 1 participant and from 4
insertion sites (at different locations in the muscle) from a
single limb in a second participant were analyzed (Table 1).
Because measurements were taken on different days, the location
of the probe within the muscle across days is sensitive to
replicability of arm position (which would effect the muscle-
tendon length the images were collected in), identification of
the location in the muscle where the needle should be inserted,
and the process of probe insertion. In these evaluations, the
investigator’s intention was to perform each of these tasks
consistently across days. Variability in the sarcomere lengths
measured on 2 different days was quantified as difference in
the average sarcomere length captured on “Day 1” and “Day
2” (i.e., the average value of the output of MSLC for all the
images in the single trial of data collected from a given needle
insertion location each day). In four of the repeated measures
across days, the insertion location was marked on the limb
and the distance between insertion locations was measured and
determined to be less than 1 cm apart (average ± standard
deviation, 0.54 ± 0.17 cm).
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TABLE 1 | Participant demographic and participation information.

Arm Gender Age Stroke Muscle Location Across
images

Across trials Across days Across
locations

*1 L F 65 X BB 1 X

*2 R F 63 X BB 1 X

*3 R M 48 X BB 1 X

*4 L M 60 X BB 1 X

*5 L M 72 X BB 1 X

*6 R M 62 X BB 1 X

*7 L M 44 X BB 1 X X

R X

8 R F 65 X BB 1 X

L X

*9 R F 53 BB 1 X

L X

*10 R F 64 BB 1 X

L X

*11 R M 62 BB 1 X

L X

*12 R M 67 BB 1 X

L X X

13 R M 29 BB 4 1X 4X 4X

L 1X 4X

R FCU 2 2X

L 2X

14 L F 28 BB 4 4X

6F/8M 56 (14) Total Comparisons 15 5 6 16

Age for all participants is reported as of the time at which the experimental data collection for that participant was completed.
The average and standard deviation of “Age” is given in the last row as “average (standard deviation).” For “Muscle”—BB stands for Biceps Brachii and FCU stands for
Flexor Carpi Ulnaris.
*Indicates original data was collected from Adkins et al. (2021) and reanalyzed in this study for the purpose of understanding sarcomere variability.

Variability in Different Locations in the
Muscle
Sarcomere lengths in the biceps brachii were measured at distinct
locations in the muscle in three arms of two individuals (1
female, 28 years; 1 male, 26 years) (Figure 3). Four insertions
were made; insertions near the distal and proximal ends of the
muscle belly (position 1 and 4), and two insertions in the center
of the muscle belly approximately 1 cm apart (positions 2 and
3). In both arms of a single individual (male, 29 years old)
sarcomere length measures were made at two locations along
the flexor carpi ulnaris muscle; a proximal location where the
fibers run longitudinally in the muscle, and a distal location where
the fibers are pennated (Figure 3). Measurements of fascicle
length of the long head of the biceps brachii and the flexor carpi
ulnaris were obtained using extended field-of-view ultrasound
(Acuson S2000 Ultrasound System, Siemens Medical Solutions
United States, Inc., Mountain View, CA, United States) at the
same joint posture sarcomere length was obtained (Figure 4).
Ultrasound images were exported as uncompressed DICOM files
and fascicles were measured using the segmented line tool in
ImageJ (Wayne Rasband, National Institutes of Health, Bethesda,
MD, United States).

RESULTS

Variability Along Fiber
The ISLC code developed in this study was accurate to 0.02 µm
and precise to 0.02 µm. While the analysis from the virtual
phantoms indicates the MSLC code was slightly less accurate
than the ISLC (accuracy 0.03 µm, precision 0.02 µm), the Bland-
Altman analysis (Figure 5) demonstrates that mean sarcomere
lengths that result from the two analyses are comparable. There
is a minimal bias between the two methods (−0.0025 µm;
95% limits-of-agreement = −0.0809–0.0759 µm), there is no
observable systematic variance, and the measurements lay within
the limits-of-agreement.

Variability Across Images, Trials, and
Days
The mean sarcomere length observed in a single image varied
across the multiple images that are captured in a single imaging
trial (i.e., single needle insertion and microscope attachment),
although this variability is relatively small. Across 15 trials, the
standard deviation of the mean sarcomere length per image
within a trial was 0.20 ± 0.07 µm. The magnitude of the
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FIGURE 3 | (A) schematic of arm position and location of probe insertion in
the long head of the Biceps Brachii. Illustration of probe showing the direction
of laser light and interaction with muscle tissue (orange). (B) Picture of location
of four probe insertions in one of the study participants. (C) Schematic of the
elbow and wrist position and locations of the probe insertion in the flexor carpi
ulnaris.

difference in mean sarcomere length measured in different trials
(average ± standard deviation: trials: 0.18 ± 0.10 µm) was
comparable to the variability across images and the difference
in mean sarcomere length measured in the same muscle on
different days (0.15 ± 0.13 µm). When standard deviations of
sarcomere lengths within a single image were analyzed (from
a single participant across all locations), variability within that
image were on the same order (0.13 ± 0.02 µm) as those we
report across images. Given this, and the fact the phantom study
identified the ISLC and MSLC were of comparable accuracy, the
MSLC was used for all in vivo sarcomere length data.

Variability Across Muscle
The uncertainty in sarcomere length that was introduced by
sampling from various, distinct muscle locations was not larger
than the variability in mean sarcomere length we observed across
images within a single trial (i.e., needle insertion). For the biceps

brachii, the difference in median sarcomere length across four
locations was 0.15 ± 0.12 µm. For the flexor carpi ulnaris, the
difference in median sarcomere length across two locations was
0.12 ± 0.13 µm. Standard deviations of images collected in a
single trial and location averaged 0.18 ± 0.07 µm for the biceps
and 0.34 ± 0.17 µm for the FCU. The largest difference in median
sarcomere length between any two locations in a single muscle
occurred in the biceps brachii of arm 3 between the proximal
and center-proximal location (difference = 0.43 µm). Notably, for
both muscles and for all arms evaluated, the maximum difference
in median sarcomere length observed at different locations (c.f.
Figures 6, 7 purple shaded region) was less than the range of
sarcomere lengths observed in a single stick (colored probability
distribution of each violin plot for each arm).

Summary/Functional Implications
Based on the sources of variability in sarcomere length measures
in the upper limb muscles investigated in this study, we estimate
the uncertainty (a lumped quantity that includes both the natural
anatomical variability of sarcomere lengths within the muscle
and experimental/random error) in sarcomere length associated
with collecting SHG microendoscope images in a single imaging
session from a single needle insertion within the muscle to be on
the order of 0.25 µm (Figure 8). Because the variability observed
across trials, probe insertions, and different days was not
systematically larger than the variability observed in a single trial,
we expect 0.25 µm, which was ∼7–8% of the average sarcomere
lengths in the biceps brachii and FCU, provides a reasonable
measure of natural anatomical variability of sarcomere lengths
for these two muscles. Notably, this level of variability is an order
of magnitude greater than the improvement in measurement
accuracy obtained if the variability in sarcomere length within an
image is considered along a muscle fiber (difference in accuracy
between ISLC and MCLC ∼0.01µm). Given it is used in the
calculation of functionally relevant architectural parameters, the
uncertainty in sarcomere length measures we observed would
yield uncertainty in calculations of optimal fascicle length and
physiological cross-sectional area of ∼7–8%, independent of

FIGURE 4 | Illustration showing extended field-of-view ultrasound images with approximate locations of probe insertions along the muscle. White dashed line
represents fascicle paths.
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FIGURE 5 | Bland-Altman test of agreement between our individual
sarcomere length code (ISLC) and the image processing method currently
utilized in the literature, MSLC. The x-axis is the average of the MSLC and
ISLC sarcomere length measurements and the y-axis is the difference
between the sarcomere lengths calculated from the two methods. The solid
red line indicates the bias (–0.0025 µm) and the dashed gray lines represent
the lower (–0.0809 µm) and upper (0.0759 µm) limits-of-agreement (mean
difference ± 1.96*standard deviation of the difference).

any experimental uncertainty in measurements of fascicle length
or muscle volume.

DISCUSSION

We investigated both anatomical and experimental sources of
variability in sarcomere length measures obtained in vivo, in the
upper limb, using second harmonic generation microendoscopy.
Based on assessments completed in two muscles in the upper
limb that have different functions, size, and architectures, we
estimate the magnitude of the uncertainty in such measures to be
on the order of ∼0.25 µm, which we conclude is dominated by
the anatomical variability of sarcomere lengths in these muscles,
under these conditions, rather than from random error associated
with our methods. Notably, we found that, in both a fusiform
muscle (biceps brachii) and pennate muscle (flexor carpi ulnaris)
of the upper limb, variability in sarcomere length within a single
insertion is larger than the variability across locations in these
muscles. We developed custom image processing code which
takes measures of individual sarcomeres in an image, allowing
for the quantification of sarcomere length variability along a
muscle fiber and across myofibrils in a localized area (82 µm
by 82 µm). We found that the variability in mean sarcomere
length measures made using this ISLC was comparable to current
processing methods (MSLC) and an order of magnitude smaller
(∼0.02 µm) than the uncertainty in sarcomere length associated
with all other sources investigated in this study (i.e., across
images, trials, days, locations). Together, our findings provide
guidance for the development of robust experimental design and
analysis of in vivo sarcomere lengths in the upper limb.

The uncertainty in sarcomere length observed in this study
(<8%), and its propagation through calculation of the most
functionally meaningful muscle parameters (optimal fascicle
length and PCSA), is smaller than differences reported in

in vivo sarcomere length and fascicle length of various studies
in the literature. This finding suggests that using SHG to detect
in vivo sarcomere length adaptation is practical. For example,
intraoperative measures of sarcomeres have been shown to be
much longer in children with cerebral palsy (an injury of the
brain during development) than sarcomere length estimates for
Mathewson et al. (2015) (∼88%) or intraoperative measures
(Lieber and Fridén, 2019) (∼46%) in typically developing
children. In addition, following 3 weeks of Nordic hamstring
training, a 17% increase in sarcomere length was found in the
biceps femoris long head (Pincheira et al., 2021). Due to the
relative ease of obtaining fascicle length measures as compared to
sarcomere length measures in vivo, many studies have reported
adaptation of fascicle length to altered use or stimulus. Previous
studies in elbow flexors of individuals with chronic hemiparetic
stroke report substantial decreases in fascicle length in extended
joint postures [∼19% decrease in biceps brachii at 25◦ elbow
flexion (Nelson et al., 2018), 15% decrease in brachialis at 10◦

elbow flexion (Li et al., 2007)]. Fascicle length in gastrocnemius
medialis in individuals who regularly wear high heels were found
to be 11% shorter than non-high heel wearers (Csapo et al., 2010).
If these changes in fascicle length were due solely to changes
in sarcomere length (i.e., a decrease in sarcomere length of 10–
20%), our study suggests SHG microendoscopy would be able
to reliably detect such changes. Notably, in a single individual
who underwent a leg lengthening surgery (4 cm distraction) to
correct a limb discrepancy, sarcomere length decreased by ∼15%
while fascicle length increased by over 100% (Boakes et al., 2007).
Together, these changes resulted in an overall increase in serial
sarcomere number of 134.6% (Boakes et al., 2007), emphasizing
the importance of measurement of both fascicle and sarcomere
length to fully understand muscle function and plasticity.

Our data suggest the approach of measuring sarcomere
lengths from a single insertion site in the muscle belly is
appropriate for an understanding of average sarcomere length
and variability in a fusiform (biceps brachii) and pennate (flexor
carpi ulnaris) muscles of the upper limb. This finding will
guide the development of future studies determining interlimb
or interindividual differences in sarcomere length in the biceps
brachii or flexor carpi ulnaris. For example, an a priori power
analysis to determine the difference in sarcomere length between
two dependent means (e.g., left and right arm) using SHG
microendoscopy (standard deviation of 0.25 micrometers) would
demonstrate that a power over 0.8 would be achieved with 10
participants with a detectable difference of 0.25 micrometers
(effect size of 1) between limbs.

The mean sarcomere lengths observed in this study (3.04–
3.97 µm) are substantially longer than optimal length (2.6–
2.8 µm)(Gordon et al., 1966). These lengths are likely best
explained by the joint postures in which data were collected,
and that data collection occurs while the muscle is passive.
In other studies in living human subjects, similar sarcomere
lengths were observed under similar conditions. Most notably, in
two different intraoperative studies, the native (prior to surgical
tendon transfer) in vivo sarcomere lengths of the brachioradialis
with the elbow fully extended were 3.90 ± 0.27 µm [n = 8; (Lieber
et al., 2005)] and 3.7 ± 0.3 µm [n = 12; (Murray et al., 2006)].
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FIGURE 6 | Violin plots for 4 locations, and three arms showing median of data (red circle), interquartile range (black box plot), and probability density of data at each
location (shaded violin shape). Arm 2 (right, dominant) and Arm 3 (left, non-dominant) are from a single individual.

Similarly, sarcomere lengths comparable to those we report here
were reported for other muscles while the joint they crossed
was positioned such that muscle-tendon lengths were relatively
long. These in vivo studies include both intraoperative laser
diffraction [e.g., extensor carpi radialis brevis lengths ranged
from 3.1–3.9 µm in different participants (Lieber et al., 1994)]
and in vivo microendoscopic imaging [e.g., soleus ∼3.0–4.2 µm
(Chen and Delp, 2016), tibialis anterior 2.5–3.9 µm, (Lichtwark
et al., 2018)]. Notably, when joint posture was repositioned in
these same studies, SL decreased, and the length ranges included
optimal length in these new joint postures [2.4–3.0 µm (Lieber
et al., 1994), ∼2.5–3.5 µm (Chen and Delp, 2016), 2.3–3.8 µm,
(Lichtwark et al., 2018)]. Sarcomere lengths substantially longer
than optimal length have also been observed in the long head
of the biceps brachii in cadaveric specimens (Murray et al.,
2000). Finally, it is important to interpret these data with the
understanding that data collection occurred while the muscles
were passive. Due to the series elastic properties of muscle and
tendon, sarcomere lengths will shorten to some degree during
active force generation (Zajac, 1989).

In this study, we did not observe systematic differences
in sarcomere lengths from the images collected from probe
insertions at different locations along the length of the muscle

belly. In isolated muscle fiber experiments, markedly shorter
sarcomeres have been observed within single fibers at the at the
extreme ends of the fibers, close to the fiber-tendon junction
(Huxley and Peachey, 1961). Using these methods, the lengths
of sarcomeres can be quantified at multiple locations in a single
fiber, with the precise location of the measurement expressed as
a displacement relative to a reference point on the fiber. Given
the precision of these methods, data can also be collected very
close to the fiber-tendon junction. Data in Huxley and Peachey
(1961) suggest the shorter sarcomere lengths were only observed
at a distance from the end of the fiber that was approximately
∼5% of total fiber length. While we sampled from very different
locations in the muscle belly (cf., Figure 3), given the rigidity
and size of the microscope, the geometry of the muscle belly
near the muscle-tendon junction, and the lack of control we
have in placing the probe precisely in the muscle belly using
this imaging technique, we neither intended nor do we expect
that we sampled from such an extreme end of the muscle belly.
Other studies in which the sampling methodology is more similar
to our methods than single fiber experiments (e.g., Moo et al.,
2016) also present data without the systematic effects observed
close to the muscle-tendon junction in single fiber data. The data
we present here describe the level of uncertainty associated with
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FIGURE 7 | Schematic of the two insertion locations (left) in the flexor carpi ulnaris., and three arms showing median of data (red circle), interquartile range (black box
plot), and probability density of data at each location (shaded violin shape).

methodologies where random samples of sarcomere lengths are
measured from different locations within a muscle’s belly and
will provide important guidance for interpretation of sarcomere
length data measured in vivo in human participants.

This study provides insight which will be invaluable for
the design, implementation, and analysis of future in vivo
architectural studies aiming to explore muscle plasticity.
However, there are several limitations in this work which should
be considered. In particular, the relatively small cohort of
individuals we evaluated limited our ability to make statistical
conclusions. In addition, we only explore sarcomere length

FIGURE 8 | Boxplots of the various sources of experimental uncertainty
investigated in this study. The red line represents the median, the blue box
extends from the 25th to the 75th percentile of the data, and the dashed error
bars, referred to as whiskers, represent the range of all data excluding outliers
(red “+”). For images the y-axis represents the standard deviation in mean
sarcomere length across images. For all other x-axis elements, the y-axis
represents the absolute difference in mean sarcomere length between trials,
days, and locations.

variability in a small number of muscles and at a single joint
posture and contraction state per muscle. Future studies in
these directions would be of interest. Notably, most previous
in vivo muscle architectural studies demonstrate differences
in fascicle length without normalizing to sarcomere length
or make estimates of PCSA by using this non-normalized
fascicle length. With the addition of sarcomere length differences
across populations, following interventions, or impairment of
the two most functionally relevant parameters of muscle (serial
sarcomere length and PCSA) can be explicitly calculated.
This work provides confidence in the ability to use SHG
microendoscopy to make measures of in vivo sarcomere length
to detect difference in functionally relevant muscle parameters on
the order of 8% or greater.
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Introduction: Sarcopenia is present in many chronic disease states including
decompensated end stage liver disease (ESLD) and non-cirrhotic non-alcoholic fatty
liver disease (NAFLD). Sarcopenia in ESLD can negatively impact quality of life and
increase mortality. Despite this, very little is understood about the mechanisms of
sarcopenia in these conditions. One key reason for this is the reluctance to undertake
percutaneous muscle biopsies due to the perceived increased risks. ESLD can induce
thrombocytopaenia and coagulopathy which significantly increases the risk of bleeding.
In addition, patients with either NAFLD or ESLD often have co-morbidities that would
require additional care and risk assessment. Thus, the aim of this study was to establish
an effective and safe protocol for the implementation of percutaneous muscle biopsies
in patients with NAFLD and ESLD.

Methods: A total of 47 patients with ESLD and 9 patients with non-cirrhotic
NAFLD were recruited from the Liver Unit, Queen Elizabeth Hospital (Birmingham,
United Kingdom). A total of 71 percutaneous vastus lateralis biopsies were attempted
over two study visits. A vigorous safety screening occurred prior to and during each visit
and a strict protocol was followed to mitigate against complications and risk.

Results: A total of 85% of patients consented to the muscle biopsy at either
visit (48/56). A total of 9% of consented biopsies could not occur due to medical
considerations, including high international normalised ratio (INR) (n = 3) and the use of
aspirin (n = 4). Muscle tissue was obtained from 90% of attempts, with a mean average
yield (wet weight tissue) of 98.1 ± 52.9 mg.

Conclusion: Percutaneous muscle biopsies are both feasible and yield sufficient tissue
in an ESLD population. The procedure is effective for obtaining muscle tissue whilst
also safe, with only one adverse event. This study provides evidence for the successful
use of muscle biopsies in this population, even in consideration of disease specific
complications, medications, and comorbidities.

Keywords: chronic liver disease (CLD), muscle biopsy, non-alcoholic fatty liver (NAFLD), end stage liver disease,
liver disease
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INTRODUCTION

The loss of muscle mass, function and quality is a condition
known as sarcopenia (Cruz-Jentoft et al., 2019). Sarcopenia has
typically been considered an age-related condition; however, it is
also present in many chronic disease states. As such, sarcopenia
can be subdivided into two categories: primary and secondary
sarcopenia (Cruz-Jentoft et al., 2019). Primary sarcopenia is the
result of the natural ageing process, i.e., largely occurs due to
ageing alone. In contrast, secondary sarcopenia occurs due to a
pre-existing condition or disease which consequently negatively
impacts skeletal muscle. Secondary sarcopenia is often present
in chronic disease states such as chronic liver disease (CLD);
specifically non-alcoholic fatty liver disease (NAFLD) and end
stage liver disease (ESLD). Indeed, sarcopenia is reported to be
present in approximately 25–70% of ESLD patients (Kim et al.,
2017) and negatively impacts quality of life, significantly increases
mortality risk, and may adversely affect the outcome of liver
transplantation (Carey et al., 2017). Despite these implications,
the underlying mechanisms of sarcopenia within CLD remain
relatively unknown.

To truly understand sarcopenia, it is imperative to understand
the mechanistic drivers that underpin these changes in skeletal
muscle. As such, a wealth of research outside the liver field
has been based on percutaneous muscle biopsies to obtain
muscle tissue and investigate the morphological, molecular,
and genetic mechanisms of primary sarcopenia (Patel et al.,
2015). While these studies often included older individuals
(>65 years), the participants are typically “healthy” with minimal
co-morbidities. As such, the muscle biopsy procedure in these
non-clinical settings poses minimal risk and few complications.
However, in clinically vulnerable cohorts there are many
additional considerations and risks which must be mitigated,
and, in many cases, there are contraindications for muscle
biopsies (Wilson et al., 2017). Despite this, when a careful and
considered approach is taken, percutaneous muscle biopsies
can be completed in clinically challenging populations such as
patients with cancer (MacDonald et al., 2015; Aversa et al., 2016)
and those suffering from chronic inflammatory diseases (Dalakas,
2002; Van Langenberg et al., 2014; Boutrup et al., 2018). However,
very few studies have investigated the molecular mechanisms
of sarcopenia within patients with CLD using muscle biopsies
(Tsien et al., 2015) and much of previous work is limited to
cell and animal based models (Dasarathy et al., 2004, 2007).
Thus, our understanding of the drivers of sarcopenia within
CLD remains very limited. It is likely that the biological basis of
these conditions and the consequent significant safety concerns
has evoked caution.

Liver failure and coagulopathy present in ESLD and
complications of CLD such as portal hypertension alter
the usual clotting pathways, resulting in thrombocytopaenia
and coagulopathy (Ginès et al., 2021). This results in an
increased predisposition to bleeding and poor clotting. Other
complications include hepatic encephalopathy (HE) which
can affect cognition and the capacity to consent (Pantham
and Mullen, 2017). In addition, as the liver is essential for
glucose homeostasis, liver dysfunction can alter glucose uptake

in both liver and skeletal muscle, increasing glycogenolysis
and insulin resistance (Petrides and DeFronzo, 1989). CLD
can often be accompanied by other co-morbidities, such as
Diabetes Mellitus (Jepsen, 2014). Thus, these patients are
often on a number of treatments, including insulin and oral
hypoglycaemic medications which, if not correctly mitigated,
pose significant complications for muscle biopsies. Specifically,
prolonged fasting without dosage alterations or omissions
can result in symptomatic hypoglycaemia, adverse events and
consequently halting of the procedure (Hochberg et al., 2019).
The stress response may further compound hypoglycaemia by
decreasing serum glucose concentrations (Gibbons et al., 2012).
In addition to medication concerns, within CLD, the presence of
NAFLD is often associated with higher amounts of subcutaneous
fat (Nishikawa et al., 2021), which can add an additional challenge
to the subcutaneous muscle biopsy procedure. Therefore, the
purpose of this study was to establish a safe and effective
protocol for percutaneous muscle biopsies in patients with CLD,
to instigate the necessary invasive mechanistic research.

MATERIALS AND METHODS

Patient Details
A total of 47 patients with ESLD and 9 patients with non-cirrhotic
NAFLD. Patients were recruited from the Liver Unit, Queen
Elizabeth Hospital (Birmingham, United Kingdom), as part
of a larger, prospective observational study (ClinicalTrials.gov
Identifier: NCT04734496). Within this study, multiple visits
occurred, two of which included the possibility of a muscle biopsy
(separated by 6 months). Full patient demographics alongside
comorbidities and CLD related complications can be seen in
Table 1. Primary aetiology and disease severity [as defined by
Model for End Stage Liver Disease (MELD) score and Child-
Pugh scoring] can be seen in Table 2. The study was approved
by the Health Research Authority – West Midlands Solihull
Research Ethics Service Committee Authority (REC reference:
18/WM/0167). All patients provided written informed consent.

Muscle Biopsy Protocol
Percutaneous muscle biopsies were obtained via the modified
Bergström technique from mid vastus lateralis (VL) in fasted
patients via full aseptic technique (Bergstrom, 1975). The biopsy
site was obtained as 50% of the distance between the greater
trochanter and mid patellar, and 50% between the medial and
lateral borders of the VL (obtained via ultrasonography). The
VL offers a safe option for muscle biopsies due to limited motor
units and the lack of major blood vessels or nerves traversing the
biopsy site (Andrew Shanely et al., 2014). In brief, the skin was
cleaned with povidone-iodine antiseptic and approximately 5–
10 ml of 1% lidocaine was utilised to fully anesthetise the biopsy
site. A 5–8 mm incision was made through the skin, and any
initial bleeding was stemmed by applying pressure with sterile
gauze. A deeper incision was then made through the muscle fascia
and into the muscle tissue, allowing a path for a 5 mm Bergström
needle. Suction was applied to the Bergström needle via catheter
and 100 ml syringe. Typically, three passes were attempted to
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TABLE 1 | Patient characteristics, co-morbidities, and CLD related complications
for both ESLD and non-cirrhotic NAFLD groups, as well as combined.

Mean (±SD) ESLD Compensated
NAFLD

Combined

N 47 9 56

Age (years) 54.7 (10.4) 61.3 (7.9) 55.8 (10.2)

Sex (m/f) 31/16 6/3 31/16

Height (cm) 172.0 (11.9) 168.3 (8.4) 171.4 (11.5)

Weight (kg) 89.0 (21.4) 107.3 (33.2) 92.1 (24.3)

BMI (kg/m2) 29.5 (6.5) 34.5 (8.0) 30.3 (6.9)

Body fat% 29.2 (10.7) 38.1 (13.3) 30.7 (11.5)

N (%) ESLD Compensated
NAFLD

Combined

Co-morbidities

Diabetes Mellitus (DM) 12 (25) 4 (44) 16 (28)

DM (insulin dependent) 9 (19) 1 (11) 10 (18)

Chronic kidney disease 8 (17) 0 8 (14)

Chronic obstructive pulmonary disease 8 (17) 1 (11) 9 (14)

Cardiovascular disease 4 (8) 0 4 (7)

Hypertension 14 (30) 4 (44) 18 (32)

CLD related complications

Hepatic encephalopathy 27 (56) 0 (0) 27 (48)

Portal hypertension 43 (91) 0 (0) 43 (76)

Characteristic data shown as mean average (±SD). Co-morbidity and CLD related
complications data as N (% of respective group).

TABLE 2 | Disease aetiology for the liver disease group.

Liver disease aetiology N (%) MELD (±SD) Child-Pugh
score (±SD)

Alcohol related liver disease 25 (45) 14.6 (4.9) 8.7 (1.1)

Cirrhotic NAFLD 6 (11) 12.4 (5.6) 7.0 (1.5)

Primary sclerosing cholangitis 9 (16) 11.6 (2.5) 6.3 (1.5)

Primary biliary cirrhosis 5 (9) 11.5 (1.7) 6.7 (0.9)

Other causes 2 (3) 10.5 (1.0) 6.0 (0.7)

Compensated NAFLD 9 (16) N/A N/A

Combined 56 (100) 13.2 (4.4) 7.7 (1.6)

Data shown as N (% of cohort) and as mean average (±SD) for MELD and Child-
Pugh score.

obtain tissue, with a maximum of four passes. Operators would
aim to obtain tissue within 15–30 s during each pass. Once
completed, the wound was sealed, dressed and a cold compress
was applied. Patients were supplied with a post biopsy aftercare
leaflet and additional dressings were provided.

To ensure the safety of the patient and maximise the
success of the biopsy procedure, we developed a detailed
protocol which considered risk factors and established possible
mitigation (Figure 1). Two weeks prior to their muscle biopsy
visits, a medical doctor checked all medications including
any antiplatelet, anticoagulation, insulin, or oral hypoglycaemic
medications. We applied a strict ruling whereby no biopsy
procedure would occur if pausing of any medication could incur
significant risk (e.g., warfarin for venous thromboembolism).
However, when feasible, medication was paused for a minimum
of 3 days in advance of the biopsy visit, in accordance
with drug half-life and national guidelines for gastroenterology

endoscopic procedure (Veitch et al., 2016). In addition to
anticoagulation and antiplatelet medication, a medical doctor
also screened for insulin use and contacted patients in advance
to advise on adjustment of their insulin doses the day prior
to and day of the biopsy. This followed national guidelines for
GI endoscopic procedure and radiology procedural guidelines
(Runyon, 2009; Kurup et al., 2015; Veitch et al., 2016). For
those with HE, only those who were deemed to have capacity
to consent for the procedure were included. To ensure capacity
and that the patient understood the procedure, consent was
obtained on multiple occasions (prior to the visit, on arrival,
and pre biopsy).

On the biopsy visit, a stringent safety checklist was utilised
to ensure that every patient was adequately risk assessed.
We devised a Local Safety Standards for Invasive Procedures
(LocSSIP) checklist [similar to a World Health organization
(WHO) checklist used in surgery] for performing the muscle
biopsy procedure. The LocSSIP reconfirms capacity, consent,
notes any allergies and medications, as well as confirming any
medications that have been temporally paused for the procedure.
At this stage, a pre-biopsy check of INR and platelets occurred,
whereby a cut-off of INR ≥ 1.6 (normal value < 1.2) and
platelet count ≤30 × 109/L (normal range 50–450 × 109/L)
would contraindicate biopsy; in concordance with national and
local radiology guidance for procedures entailing a similar
risk profile (Runyon, 2009; Kurup et al., 2015). If all safety
concerns were satisfied, a point of care blood sugar (BM) check
occurred, as those with diabetes and CLD are at an increased
risk of hypoglycaemia due to fasting and liver dysfunction
(Ginès et al., 2021). The cut-off point of <4.0 mmol/L was set
as contraindication for muscle biopsy. Finally, as part of the
wider study, ultrasonographic assessment of the VL occurred
during each visit and as such helped identify the optimal muscle
biopsy site. The captured images were also interpreted for VL
size and the degree of subcutaneous adipose tissue and hence
the depth from skin to muscle tissue (Figure 2). The scans
also enabled assessment for any aberrant vessels, or potential
complications. Although the procedure itself was “blind,” the
biopsy site was visually assessed for morphology and any possible
contraindications. In addition to those mentioned above, other
contraindications at the pre-biopsy check stage (Figure 1) would
include any pre-existing swelling, infection or injury surrounding
the proposed biopsy site or lower limb, systemic acute illness
or haemodynamic instability. The protocol was to immediately
stop the procedure if concerns were raised (from either the
operator or patient).

RESULTS

Feasibility of Muscle Biopsies
As 56 patients were recruited, a maximum of 112 scheduled
muscle biopsy visits could have occurred (i.e., 2 possible visits for
each patient) (Figure 3). A total of 21 of these visits did not occur,
primarily due to cancellations associated with COVID-19 or the
patient undergoing recent liver transplantation, thus leaving 91
possible visits (Figure 3). In the visits that did occur, 85% of
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FIGURE 1 | Flowchart for safety considerations prior to muscle biopsy. Checks occur at pre-visit, pre-biopsy, and post-biopsy follow ups.

patients agreed to undergo a muscle biopsy (48/56), with only
13 biopsies not occurring due to patients declining. Including
all visits whereby the patient agreed and provided consent, only
9% of biopsies could not occur due to medical considerations,
including high INR and the use of aspirin (Figure 3).

Efficacy of Muscle Biopsies
A total of 71 muscle biopsies were consented and deemed safe to
attempt; 64 of which were successful (i.e., yielded tissue) (90% of
attempted) (Figure 3). The average yield of muscle tissue from
all attempted biopsies (n = 71) was 89.5 ± 57.7 mg. However, if
only successful biopsies are considered (n = 64), then the yield
was 98.1 ± 52.9 mg (18–226 mg).

Haematology
The mean average platelet count for all patients (i.e., all patients
included within the study, not just those consented to biopsy) was
126 ± 71 (range 27–380) and mean average INR was 1.3 ± 0.4
(range 0.9–3.2). Only one patient would have been below the
platelet cut-off (<30), whilst six patients were above the INR
cut-off (>1.6) for muscle biopsy. Whereas, if only those who
consented to biopsy were considered, then no patient was below
the platelet cut-off, and only three had high INR (Figure 3).

Adverse Events
A total of 71 muscle biopsies were performed, and we report only
a single complication associated with the biopsy. Although the
individual had an INR and platelet count within the acceptable
range, a superficial haematoma at the site of biopsy occurred. The
procedure itself was uneventful. The issue self-resolved within a
week and did not require any medical management, or hospital
admission. There were no reports of localised infection, or any
other muscle biopsy associated complication post biopsy.

DISCUSSION

The data herein show that percutaneous biopsies of the VL are
feasible, safe, and yielded muscle tissue in patients with CLD. Our
safety protocol provided a stringent approach to the procedure
which mitigated against, and significantly reduced the possible
risk of adverse events. Thus, we believe that this study provides a
platform to support future research into the mechanistic drivers
of sarcopenia within CLD.

With regard to the feasibility of muscle biopsies, we showed
that 85% of patients (48/56) agreed and consented to the
procedure. As such, this meant that only 13 biopsies were missed
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FIGURE 2 | Representative longitudinal ultrasound images of the vastus lateralis (VL) from patients with end stage liver disease. Images obtained from patients with
lower (A) and higher (B) body fat percentages (10.5 and 46%, respectively). Solid lines represent the thickness of adipose tissue and dashed red arrow represents
the thickness of the VL. Scale on the right-hand side of each image represents cm.

FIGURE 3 | Schematic representation of included patients and visits. The reasons for either the non-occurrence of visits, contraindications for biopsy and
unsuccessful muscle biopsies are explained within the attached boxes.

due to lack of consent. It is worth noting that of the 8 patients who
declined, 5 of these patients refused the biopsy at both visits (i.e.,
accounts for 10 of the 13 missed biopsies). Many investigators
will attest to the challenge of recruitment for a voluntary invasive
procedure, such that there will always be those who decline.
Nonetheless, our data demonstrate that the concept of a muscle
biopsy appears to be not overly daunting for those with CLD. It
is possible that this patient group may have become accustomed
to invasive procedures due to their diagnosis and treatment (i.e.,
liver biopsy, ascites drains, and regular blood tests). Importantly,
within the consenting patients, only 7 (9%) were deemed unsafe
to complete the procedure; due to coagulopathy, or in those

unable to alter their anticoagulation/antiplatelet medication.
Thus, even when stringent cut offs are utilised, the large majority
of patients are eligible for the muscle biopsy procedure. Another
potential concern for feasibility was the impact of HE on the
patient’s ability to consent. To navigate this issue, we ensured
that consent was obtained on multiple occasions (i.e., prior to
the visit, on arrival, and pre-biopsy). Nonetheless, despite ∼50%
of patients having some degree of HE, we had no concerns due
to lack of capacity to consent to the biopsy based on the clinical
judgement of the research team.

A total of 71 muscle biopsies were consented to and deemed
safe. A total of 90% of these attempts were successful (i.e.,
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yielded muscle tissue). Unfortunately, seven attempted muscle
biopsies were unsuccessful. It is worth noting that during this
research study, junior colleagues were completing training on the
muscle biopsy procedure and 3/7 of the unsuccessful procedures
occurred due to this reason. One unsuccessful attempt was due to
the patient feeling unwell and anxious following the anaesthetic,
i.e., before an incision was made, so the procedure was aborted.
Finally, the remaining three unsuccessful attempts included
patients with high amounts of subcutaneous adipose tissue
(mean body fat 41.2%), highlighting the procedural challenges
associated with these populations. Indeed, as the procedure
utilised a Bergström needle, there are practical limitations of
this method, i.e., the limited needle length. Thus, whilst the
needle itself may reach the muscle tissue; the procedure requires
the needle window to be sufficiently within the muscle to
obtain a sample. Therefore, in patients where subcutaneous
adipose tissue is high, i.e., ∼5 cm adipose thickness (Figure 2B),
the Bergström approach may not be suitable. As such, while
ultrasound was not intentionally a component of the protocol,
we suggest that the ultrasonographic assessment prior to biopsy
is critical. Nonetheless, 64 muscle biopsies were successful with
an average yield of 98.1 ± 52.9 mg (range of 18–226 mg).
Molecular and RNA analysis of muscle tissue typically utilises
∼20 mg (Franchi et al., 2014) and ∼5–10 mg (Din et al.,
2019) of wet weight tissue, respectively. Thus, all but one
biopsy would be appropriate for western blot analysis, and all
samples would be appropriate for RNA analysis. Collectively,
this demonstrates that percutaneous muscle biopsies can be
successful in patients with CLD.

Muscle biopsies have long been utilised for the molecular
investigation of muscle tissue within a range of ages and
conditions (Goodpaster et al., 2000; Tarnopolsky et al., 2011;
Barthelemy et al., 2020). However, within any population there
can be challenges associated with the muscle biopsy procedure.
For example, in obese patients where adipose tissue is high
(Tarnopolsky et al., 2011; Wang et al., 2011), or in individuals
with low muscle mass such as both young and elderly patients
(Ekblom, 2017; Wilson et al., 2018). The procedure can be
further complicated when considering medication such as insulin
and oral hypoglycaemia medications such as those with type 2
diabetes (Wang et al., 2011). Likewise, our study demonstrates
that there are several safety considerations to mitigate in
patients with CLD or NAFLD, specifically coagulopathy. There
has been a reluctancy to perform muscle biopsies within this
high-risk group. Surprisingly, we reported only one adverse
event (haematoma), which is in line with previous research
(Tarnopolsky et al., 2011). This highlights that appropriate
patient selection, stringent pre biopsy preparation and good
technique mitigates against potential risk. We also report no
incidence of localised infection associated with the biopsy
procedure. It is likely that the clear post procedure instructions
were important to reduce the risk of complications and infection.
In addition, patients had regular clinic visits as well as follow-
up research visits; thus, if any issues arose, these could be
reported and appropriately treated. For future research, we
would recommend that a follow-up telephone call should be
made in the case where follow-up visits do not occur. Finally,

although we applied this safety protocol in specific ESLD and
NAFLD groups, it is likely that the same safety protocol could
be applied to other liver disease scenarios. Nonetheless, despite
our success, to further improve the procedure a true ultrasound
guided approach could be utilised to provide visual feedback
during the biopsy.

CONCLUSION

We demonstrate that percutaneous muscle biopsies in patients
with CLD are feasible and can yield sufficient muscle tissue.
Indeed, only 15% of biopsies were declined by the patient, and
90% of the 71 attempted biopsies were successful with only
one reported adverse event. It is likely that the success stems
from the careful and considered approach to muscle biopsies
in this population, considering medications, comorbidities, and
mitigating against potential complications. As such, it provides
grounds for further mechanistic work into the molecular drivers
behind sarcopenia in CLD.
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Organotypic culture of human ventricular myocardium is emerging in basic and
translational cardiac research. However, few institutions have access to human
ventricular tissue, whereas atrial tissue is more commonly available and important
for studying atrial physiology. This study presents a method for long-term cultivation
of beating human atrial myocardium. After written informed consent, tissues from
the right-atrial appendage were obtained from patients with sinus rhythm undergoing
open heart surgery with cardiopulmonary bypass. Trabeculae (pectinate muscles)
prepared from the samples were installed into cultivation chambers at 37◦C with a
diastolic preload of 500 µN. After 2 days with 0.5 Hz pacing, stimulation frequency
was set to 1 Hz. Contractile force was monitored continuously. Beta-adrenergic
response, refractory period (RP) and maximum captured frequency (fmax) were assessed
periodically. After cultivation, viability and electromechanical function were investigated,
as well as the expression of several genes important for intracellular Ca2+ cycling and
electrophysiology. Tissue microstructure was analyzed by confocal microscopy. We
cultivated 19 constantly beating trabeculae from 8 patient samples for 12 days and
4 trabeculae from 3 specimen for 21 days. Functional parameters were compared
directly after installation (0 d) with those after 12 d in culture. Contraction force
was 384 ± 69 µN at 0 d and 255 ± 90 µN at 12 d (p = 0.8, n = 22), RP
480 ± 97 ms and 408 ± 78 ms (p = 0.3, n = 9), fmax 3.0 ± 0.5 Hz and
3.8 ± 0.5 Hz (p = 0.18, n = 9), respectively. Application of 100 nM isoprenaline to
11 trabeculae at 7 d increased contraction force from 168 ± 35 µN to 361 ± 60
µN (p < 0.01), fmax from 6.4 ± 0.6 Hz to 8.5 ± 0.4 Hz (p < 0.01) and lowered RP
from 319 ± 22 ms to 223 ± 15 ms. CACNA1c (L-type Ca2+ channel subunit) and
GJA1 (connexin-43) mRNA expressions were not significantly altered at 12 d vs 0 d,
while ATP2A (SERCA) and KCNJ4 (Kir2.3) were downregulated, and KCNJ2 (Kir2.1)
was upregulated. Simultaneous Ca2+ imaging and force recording showed preserved
excitation-contraction coupling in cultivated trabeculae. Confocal microscopy indicated
preserved cardiomyocyte structure, unaltered amounts of extracellular matrix and gap
junctions. MTT assays confirmed viability at 12 d. We established a workflow that
allows for stable cultivation and functional analysis of beating human atrial myocardium
for up to 3 weeks. This method may lead to novel insights into the physiology and
pathophysiology of human atrial myocardium.

Keywords: human atrium, calcium imaging, tissue culture, in vitro, confocal microscopy, gene expression,
refractory period
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INTRODUCTION

Organotypic long-term culture of adult human and animal
cardiac tissue is emerging as a promising tool in basic and
translational cardiac research (Fischer et al., 2019; Ou et al.,
2019; Qiao et al., 2019; Watson et al., 2019; Perbellini and
Thum, 2020). By preserving the multicellular structure and
function of intact myocardium for up to several weeks in vitro,
the technique bridges the gap between cell culture experiments
on the one hand and in vivo studies using laboratory animals
on the other. Myocardial tissue culture prevents the quick
degradation and dedifferentiation occurring during culture of
isolated adult cardiomyocytes (Banyasz et al., 2008), but still
provides a level of control over physical and chemical stimuli
that cannot be achieved in vivo. Another important advantage
is that the technique can be used to cultivate fully differentiated
human myocardial tissue obtained from explanted hearts or
accrued during open heart surgery. Thus, the method provides
an experimental platform for basic scientists to investigate, for
example, the long-term effects of drugs on human cardiac tissue
(Fischer et al., 2019; Miller et al., 2020). Other applications
include the establishment of structure-function relationships in
diseased human myocardium (Abu-Khousa et al., 2020), the
investigation of viral myocardial infections (Bojkova et al., 2020),
or the maturation of stem cell-derived human cardiomyocytes
(Lu et al., 2021). Because stem-cell derived engineered heart
tissues have not yet reached the differentiation, multicellularity
and physiological properties of adult myocardium, the “heart in
a dish” approach of myocardial tissue culture can currently be
considered the most realistic in vitro model.

Earlier approaches to myocardial slices [reviewed in de Boer
et al. (2009)] were useful mainly for short-term experiments (Han
et al., 2002; Bussek et al., 2009) or used non-adult heart tissue
(Bursac et al., 2003; Pillekamp et al., 2005). Mostly, however,
tissues were not functionally stable for more than 24–48 h.
Then, one study reported that ventricular slice cultivation on
top of cell culture filters prolonged myocardial function and
viability, possibly a result of preload applied through adhesion
forces together with improved oxygen supply at the liquid-air
interface (Brandenburger et al., 2012). However, the structure
and function of the tissues still degraded over the course of
several days, and for assessment of contractility slices had to be
transferred from the filters to baths containing force transducers.
This hampered repeated functional measurements over the
cultivation period. In subsequent studies it was found that, in
addition to a suitable culture medium, there are three important
requirements for the longevity of human and animal ventricular
slices: (1) the application of diastolic preload or stretch to obtain
a physiological resting sarcomere length, (2) regular electrical
stimulation causing contraction, and (3) convection of the culture
medium (Fischer et al., 2019; Watson et al., 2019). Both studies
used M199 as culture medium and carbon electrodes for electrical
field stimulation. Watson et al. (2019) used a caliper to determine
the strain necessary to achieve an optimal sarcomere length of
approximately 2.2 µm and perfused the culture chamber with
oxygen-enriched medium. Fischer et al. (2019) applied a preload
of 0.66 mN/mm2 and agitated the medium by placing culture

chambers on a rocking platform. Other studies suggested similar
solutions for electrical stimulation, preload, and convection or
oxygen enrichment of the medium (Ou et al., 2019; Qiao et al.,
2019).

Techniques for the cultivation of human ventricular slices are
increasingly used in basic and translational studies addressing
mechanisms of heart failure, a syndrome resulting mainly from
ventricular dysfunction. However, if the described cultivation
techniques could be applied also to human atrial tissue,
this would constitute an in vitro model of comparable
utility for studying atrial physiology and pathomechanisms,
most prominently of atrial fibrillation. Similarly as described
for ventricular slice culture, this could address the need
for multicellular three-dimensional in vitro models of atrial
myocardium (van Gorp et al., 2020) and complement stem-
cell derived chamber-specific models (Zhao et al., 2019).
Furthermore, because human atrial tissue can be easily
obtained during open heart surgery with cardiopulmonary
bypass, it is available to a larger number of laboratories than
human ventricular tissue. Therefore, we asked whether it is
possible to cultivate human atrial myocardium as reported for
ventricular slices.

This study presents and evaluates a method for the
long-term cultivation of human right-atrial trabeculae using
the method reported by Fischer et al. (2019). It describes
the preparation, culture conditions and several methods for
the assessment of important functional parameters, such as
contractile performance and kinetics, Ca2+ signaling, as well
as gene expression and tissue microstructure before and
after cultivation.

MATERIALS AND EQUIPMENT

Specifications of buffers, media, chemicals, reagents, antibodies,
dyes, PCR primers, devices, and tools are provided in the
Supplementary Material.

METHODS

Tissue Collection
Collection and use of patient tissue was approved by the
ethics committee of the University of Erlangen-Nürnberg.
All experiments followed the Declaration of Helsinki ethical
principles. Tissues were donated after written informed consent
by patients undergoing open heart surgery with cardiopulmonary
bypass at the Cardiac Surgery Department of the University
Hospital Erlangen, Germany. Patients with a history of atrial
fibrillation were excluded from this study. Patient characteristics
are presented in Table 1. Before insertion of a two-stage venous
cannula for partial cardiopulmonary bypass, the tip of the right-
atrial appendage (RAA) was resected after setting up purse-string
sutures. The resected tissue, which would have been discarded
otherwise, was immediately placed in cool (4◦C) storage solution
and transported to the laboratory on ice within 20 min.
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TABLE 1 | Characteristics of patients who donated samples of the right
atrial appendage.

Patient
characteristics

N 11

Age 67.1 ± 12.5 years

Male 10 (91%)

BMI 28.1 ± 6.1 kg/m2

Sinus rhythm 11 (100%)

Surgery type
CABG
Aortic valve

9 (82%)
2 (18%)

Hypertension 11 (100%)

Hypercholesterolemia 8 (72%)

Diabetes mellitus 4 (36%)

Coronary heart
disease

10 (91%)

Myocardial
infarction

4 (36%)

LVEF 55.6 ± 7.0%

BMI, body mass index; CABG, coronary artery bypass graft; LVEF, left-ventricular
ejection fraction.

A video showing the tissue collection during surgery is
available in the Supplementary Material.

Preparation of Trabeculae for Tissue
Culture
An overview of the tissue processing steps is shown in Figure 1.
The tissue was transferred to a 100 mm petri dish containing
cold (4◦C) storage solution with 30 mmol/l butanedione
monoxime (BDM) and a sterile rubber pad for ease of processing
(Figure 1A). BDM, an uncoupling agent, is used in many slicing
protocols (e.g., Watson et al., 2017), and preparations of cardiac
muscle strips (Mulieri et al., 1989) to reduce tissue damage. BDM
is also used to improve cardiac and skeletal muscle function after
long cold-storage periods (Stringham et al., 1994; van der Heijden
et al., 2000) and to reduce reperfusion injury (Voigtlander et al.,
1999). All processing steps were performed on a cooled plate
on a laminar flow workbench. After a lateral incision the tissue
was unfolded and secured with sterile cannulas pinned into the
rubber pad (Figure 1B). Individual trabeculae were dissected
using forceps, micro-scissors and, if necessary, magnifying glasses
(Figure 1C). Typically, four to six trabeculae were retrieved
from one single specimen (Figure 1D). For gene expression
analysis one trabecula was snap-frozen in liquid nitrogen and
stored at −80◦C. The remaining trabeculae were prepared for
installation into cultivation chambers of a commercially available
cultivation system (InVitroSys, Germany) as previously described
(Fischer et al., 2019). For this, trapezoid polyether holders with
holes for mounting were glued to both endings of the trabecula
(Figures 1E,F) with a 2-butyl cyanoacrylate tissue adhesive
(Surgibond, SMI). Subsequently, the trabeculae were installed
in the culture chambers filled with prewarmed (37◦C) culture
medium by mounting the plastic holders with forceps on two
opposing metal wire posts inside the chambers (Figure 1G). The

chambers were immediately placed on the cultivation platform
in the incubator. A diastolic load of 500 µN was applied by
retracting one of the wires manually with a hex key (Figure 1H).
Up to 8 chambers were incubated in parallel. The incubator
provided a constant temperature of 37◦C, 5% CO2 and 80–85%
relative humidity. The rocker for medium agitation was set to
60 rpm, and electrical field stimulation was provided by carbon
electrodes with 50 mA constant current and a 3 ms biphasic
pulse. A biphasic pulse regiment (3 ms negative pulse, 1 ms pause,
3 ms positive pulse) is important to prevent electrochemical
imbalance during long periods of electrical field stimulation.
Otherwise, we found that electrolysis of the culture medium
may occur, producing toxic chemicals and significant changes
in pH. Stimulation frequency was set to 0.5 Hz for the first
48 h of culture. Twitch forces of trabeculae were continuously
measured and recorded using a magnetic sensor mechanism and
a flexible spring wire as described previously (Fischer et al., 2019).
Stimulation time points were recorded in synchrony with the
contraction data. After an adaptation period of 48 h the pacing
frequency was set to 1 Hz.

A video showing all steps of trabecula preparation
as well as a step-by-step protocol are available in the
Supplementary Material.

Maintenance of Tissue Culture
Culture medium was partly exchanged with prewarmed fresh
medium every 24–48 h. To compensate for evaporation, 0.8 ml
were removed and 0.9 ml added every 24 h or 1.6 ml removed
and 1.8 ml added every 48 h. After the first 24 h of culture, the
preload was readjusted to 500 µN to account for viscoelasticity
and plasticity of the tissue. On days two, seven and twelve,
the beta-adrenergic response was investigated by adding 100
nM isoprenaline to the chambers. Directly before and 5 min
after addition of isoprenaline, pacing protocols were performed.
After 30–45 min, isoprenaline was washed out by completely
replacing the medium. Except for four trabeculae from three
patient samples, all trabeculae were removed from culture after 12
days. Trabeculae were then either fixed for immunofluorescence
staining, frozen at−80◦C for gene expression analyses, or used to
assess viability or intracellular Ca2+ transients.

Analysis of Force Recordings
Force of contraction and contraction kinetics were analyzed as
previously described (Abu-Khousa et al., 2020). Figure 2 shows
one contraction cycle with the diastolic force FD, which is set
by the preload and stretches the trabecula. After an electrical
stimulus, the trabecula begins to contract, which deflects the
flexible spring wire in the cultivation chamber. The deflection is
registered by a magnetic field sensor and used to calculate the
corresponding force with the spring constant of approximately
25 mN/mm. As threshold for the beginning of a contraction, 10%
of the amplitude was used. At this point, the contraction duration
was calculated (CD90). The time from 10% to the maximum force
was defined as the time to peak force (TTP90). The time from
the maximum back to 10% of the force was defined as time to
relaxation (TTR90). Thus, CD90 equals TTP90 + TTR90. These
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FIGURE 1 | Preparation of pectinate muscles (trabeculae) from right atrial appendage (RAA) samples for tissue culture. (A) RAA obtained during cardiac surgery,
stored and transported in cold cardioplegic solution. Diameter of the petri dish is 100 mm. (B) Inspection of the RAA interior, displaying the typical trabecular
meshwork. (C) Trabeculae were carefully dissected with a scalpel while fixing the tissue with pins on a rubber layer. (D) Excised trabecula. (E) Plastic triangles glued
to the longitudinal ends of the trabecula. (F) Prepared trabeculae in cold Tyrode’s solution containing BDM in a standard tissue culture petri dish. Diameter of the
displayed dish is 60 mm. (G) Trabeculae were installed into cultivation chambers by mounting the plastic triangles on a spring wire (top) and a stiff wire (bottom).
(H) Adjustment for trabecula length and setting of a defined preload is achieved by moving the stiff wire, which is attached to a bolt and nut, using a hex screwdriver.
See also the Supplementary Videos 1, 2.

parameters were determined computationally, using custom-
written Matlab functions (Mathworks, Matlab versions 2019a
and higher). After downsampling the recorded data from 400 to
200 Hz with a mean filter, a central moving median filter of radius
10 and, subsequently, a central moving mean filter of radius 5
were applied to reduce noise. Only periods with the agitation
rocker stopped were analyzed. First, the noise level was estimated
by calculating the standard deviation and maximum amplitude
at low pacing frequencies (≤1 Hz) during 200 ms intervals before
an electrical stimulus. Contraction durations were always shorter
than 500 ms. Thus, during the 200 ms intervals directly before
a stimulus, the fluctuations in the recorded sensor data stem
exclusively from noise. Next, a peak detection was performed
with the minimum peak height set to the maximum noise
amplitude plus one standard deviation of the noise. Starting from
each peak (Fmax) a time window of± 50% of the stimulus interval
duration was analyzed to obtain the contraction amplitude
(Famp = Fmax − FD). FD was defined as the minimum force
within the interval and then subtracted from the signal. Moving
backward in time from the peak, TTP90 was then obtained by
identifying the time of first occurrence of a force ≤ 0.1 Famp

before the peak. Conversely, TTR90 was obtained by identifying
the time of first occurrence of force ≤ 0.1 Famp after the peak.
CD90 was calculated as the sum of TTP90 and TTR90. The
calculated parameters of all beats within an analyzed period
were averaged and then considered representative for this period.
For example, if the rocker was stopped for 2 s at a pacing
frequency of 3 Hz, six contraction cycles were analyzed and the
resulting mean parameters were representative for 3 Hz. The
correct detection and analysis of beats was verified by inspection
of the analyzed intervals and detected peaks and by comparison
of the number of electrical stimuli with the number of detected
beats. This way, it was also possible to decide whether a pacing
frequency was captured.

Pacing Protocols to Determine
Refractory Period and Maximum
Frequency
Within 15 min of starting tissue culture (day 0) and on days 2, 7
and 12, pre-defined pacing protocols were performed to assess
the refractory period (RP) and maximum captured frequency

Frontiers in Physiology | www.frontiersin.org 4 February 2022 | Volume 13 | Article 83913976

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-839139 February 17, 2022 Time: 16:41 # 5

Klumm et al. Cultivation of Human Atrial Myocardium

FIGURE 2 | Schematic of contraction analysis. Diastolic force (FD, preload)
and maximum force (Fmax) were respectively determined from the minimum
and maximum spring wire deflections during a contraction cycle, multiplied by
the spring constant. The force of contraction was then identified with the
resulting amplitude, Famp = Fmax - FD. Contraction kinetics were assessed by
using FD + 10% of Famp as a threshold for start and end of a contraction.
Thus, the parameters contraction duration (CD90), time to peak (TTP90) and
time to relaxation (TTR90) were calculated.

(fmax). For this purpose, the trabeculae were paced with a
baseline frequency of 0.5 Hz. After 22 s of normal pacing, three
intertwined S2 beats followed with a defined S2 beat interval.
After another 22 s of regular pacing at 0.5 Hz, trabeculae were
stimulated with the frequency corresponding to the S2 beat
interval for 6 s. For example, if the S2 beat interval was 500 ms,
the corresponding pacing frequency was 2 Hz. This scheme
was repeated with decreasing S2 beat intervals and accordingly
increasing frequencies. The S2 beat intervals were (in ms): 750,
500, 400, 300, 275, 250, 240, 230, 220, 210, 200, 190, 180, 170,
160, 150, 140, 130, 120, 110, and 100. To evaluate contraction
parameters at frequencies other than the baseline pacing rate,
the stimulation frequency was increased successively from 0.2 to
5 Hz as follows (in Hz): 0.2, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3, 3.5,
4.0, 4.5, and 5.0. Each period lasted for 25 beats, for example,
25 s at 1 Hz and 5 s at 5 Hz. During Ca2+ imaging, modified
versions of these protocols with fewer steps were used to reduce
protocol durations. During all pacing protocols, the rocker of
the culture platform was stopped intermittently for 2–10 s to
record at least six consecutive contractions at the end of each
stimulation period without any artifacts from medium agitation.
These artifacts are caused by movements of the spring wire
resulting from inertia and gravity and appear as low-frequency
noise in the recorded data (see Figure 5B for an example).
Thus, stopping the rocker briefly improves the signal-to-noise
ratio. It was shown in previous work that stopping medium
agitation has no effects for approx. 20–30 s (Fischer et al., 2019).
Only contractions recorded during rocking-free periods were
analyzed. The stimulation schedules of the protocols were defined
with commands in a text file, which were read by the control
software and then submitted to the controller/stimulation unit.
The controller transferred a 400 Hz data stream including the
force transducer data and the electrical stimulation times.

Contractions during the pacing protocols were identified by
noise and peak analysis as described above. To decide whether
a S2 beat was captured, the interval between the S2 stimulus
and the following S1 stimulus was analyzed. If a peak, i.e., any
positive slope above the minimum peak height, was detected,
the stimulus was considered as captured. A second criterion was
that all three S2 beats had to be captured. During the decreasing
S2 stimulus intervals, the interval before the first occurrence
of “not captured” was identified with the refractory period. To
determine the maximum captured frequency, the last five stimuli
of the high-frequency pacing train were analyzed applying the
described approach for peak detection. If any of these five stimuli
was not captured, the frequency was considered as not captured.
The last captured frequency before the first occurrence of a non-
captured frequency was identified with fmax. By reviewing the
contraction traces and detected peaks manually by researchers,
it was ensured that the analysis program behaved as expected.

Parallel Registration of Contractile Force
and Intracellular Ca2+

Cultured trabeculae were mounted in a modified MyoDish
culture chamber (InVitroSys) with a glass cover slip bottom.
Culture medium was exchanged for Ca2+ imaging buffer.
Calbryte 520-AM Ca2+ indicator (AAT Bioquest) was added
at 10 µmol/l together with 0.1% Pluronic Acid F127 (Biotium)
and incubated for 20 min at 37◦C and agitation on a horizontal
laboratory shaker. The chamber was then installed on an inverted
microscope (Leica, DMIRB). For dye washout superfusion
with Ca2+ imaging buffer (37◦C) was initiated at 250 ml/h
and maintained throughout the experiment. After 5 min the
trabeculae were stimulated with pacing protocols for analysis
of the force-frequency relationship (FFR), RP, and fmax, using
the MyoDish control unit. Simultaneously the trabecula was
illuminated with a spectrum of 460–500 nm through a 5× lens
(Leica, 0.15 HC PL FLUOTAR). Emitted light was collected
after bandpass filtering 510–585 nm with a photomultiplier of a
fluorescence imaging system (IonOptix). Contraction and Ca2+

signals were synchronized using the electrical simulation signal
recorded with both acquisition systems.

Immunofluorescent Staining
Tissue was fixed either directly after procurement or after 12
days in culture with paraformaldehyde (PFA, 2% in phosphate
buffered saline, PBS) for 30 min. After two washing steps in
PBS (performed after all following steps) the specimens were
embedded in Tissue Tek O.C.T. Compound (Sakura, 4583),
frozen at −20◦C and cut into 80 µm sections in longitudinal
orientation. Subsequently, the tissue sections were stained with
primary antibodies against connexin-43 (Cx43, 1:400) and alpha-
actinin (aACT, 1:200) in PBS supplemented with 1% bovine
serum albumin, 5% normal-goat-serum and 0.25% TritonX-
100 for 24–48 h. Secondary antibodies goat-anti-rabbit AF555
(used for Cx43, 1:400) and goat-anti-mouse AF488 (used for
alpha-actinin, 1:200) were incubated for 24–48 h while protected
from light. In a last step, nuclear staining with DAPI and
staining of the extracellular matrix with wheat germ agglutinin
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FIGURE 3 | Assessment of tissue viability. (A) Photograph of an unstained trabecula. Width of the plastic triangles is 7 mm. (B) Photograph of a fresh trabecula after
incubation with the tetrazolium dye MTT for 15 min. The intensity of the dark purple color indicates the amount of MTT enzymatically reduced to formazan.
(C) Photograph of a trabecula cultivated for 12 days after 15 min of MTT incubation from the same specimen as panel (B). (D) Results from photometric analysis of
the amount of formazan produced from MTT, normalized to total protein of fresh trabeculae (0 d) and trabeculae from matching specimens cultivated for 12 days (12
d). N = 5/5 trabeculae/samples. The unequal variances t-test was applied for statistical analysis.

(WGA) conjugated to AF647 was performed for 8–12 h. Stained
tissue sections were then mounted on standard microscope
slides in Fluoromount G mounting medium, covered with a
coverslip and dried at room temperature for at least 24h while
protected from light.

Confocal Microscopy and Image
Analysis
Confocal microscopy and investigation of tissue microstructure
was performed according to previously published methods
(Seidel et al., 2016, 2017a,b; Abu-Khousa et al., 2020). Microscopy
slides were mounted on the stage of an inverted confocal
microscope (Zeiss, LSM780) and imaged with a 63× oil objective
(Zeiss, Plan-Apochromat, 63×/1.4). Three-dimensional image
stacks (1280 × 1280 × 100 voxels, voxel size 0.1 µm × 0.1 µm
× 0.2 µm) of three randomly selected regions were scanned
from each sample. After image acquisition, raw data were noise-
filtered and deconvolved with the Richardson-Lucy method,
using measured point spread functions, and corrected for depth-
dependent signal attenuation (Seidel et al., 2016). Afterwards,
the WGA, aACT, Cx43 and DAPI signals were separated from
background by application of intensity thresholds calculated for
each image stack. Global thresholds of image mode plus 1, 3,
and 2 standard deviations were used for WGA, Cx43, and DAPI,
respectively. The aACT signal showed large variation in intensity
across image stacks. Therefore, a local threshold was used. This
was achieved by application of a box mean filter with a dimension
of 20 × 20 × 2 voxels and subsequent subtraction of the result
from the original image. A threshold of mode + 1 standard
deviation was then applied to the resulting image.

The amount of extracellular matrix was identified with the
volume ratio of the segmented WGA signal (Emde et al., 2014;
Seidel et al., 2017b). Similarly, gap junction density was estimated
from the volume density of the Cx43 signal after application of a
three-dimensional morphological opening filter with a radius of
0.2 µm to reduce speckle noise. Sarcomere density was estimated
from the volume density of the segmented aACT signal. The
aACT was also used as a myocyte marker to calculate the myocyte
volume fraction. After watershed-based creation of intracellular

and extracellular segments on the WGA signal inverted distance
map (Seidel et al., 2013), those segments with an aACT content of
at least 7.5% were classified as myocyte segments.

Viability Assay
Cellular viability of atrial tissue was assessed with MTT assay
as described in earlier studies (Brandenburger et al., 2012). In
brief, fresh or cultured trabeculae were washed once with assay
buffer and then incubated in 2 ml assay buffer supplemented
with 0.5 mg/ml 3-(4,5/dimethyl-2-thiayolyl)-2,5-diphenyl-2H-
tetrazoliumbromide (MTT, Sigma) on the cultivation platform
inside the incubator for 20 min, i.e., in the dark at 37◦C,
5% CO2 and 80–85% relative humidity. After that, the tissue
was washed twice with assay buffer and dry-frozen at −80◦C.
For photometric analysis, reduced formazan was extracted from
tissue by incubation in 1 ml dimethylsulfoxide (DMSO) at 37◦C
for 30 min and constant agitation at room temperature. The
absorbance of the resulting supernatant was measured against
DMSO in a microplate reader (Tecan, GENios) at 595 nm
excitation. For normalization, total protein of the tissue was
determined by lysis of the trabeculae after formazan extraction
in 100 µl sodium hydroxide solution (0.5 M) for 30 min at 95◦C.
Lysed samples were then used for Bradford protein quantification
assay. For this, samples were diluted 1:10 in Bradford reagent
(BioRad) and measured against buffer in a microplate reader at
595 nm excitation. For absolute protein quantification a serial
dilution of bovine serum albumin samples was used followed by
linear regression for the calculation of total protein content of
the samples. The formazan absorbance was then divided by the
total protein, yielding the relative absorbance as an indicator of
tissue viability.

Gene Expression Analysis
Quantitative real-time PCR (qPCR) was performed using total
RNA extracted from frozen tissue samples that were stored at
−80◦C using NucleoSpin RNA-Kit (Macherey-Nagel), following
the manufacturers’ instructions. Tissue was processed with a
T10 basic homogenizer (IKA) in the lysis buffer of the kit
prior to all following steps. RNA was eluted in ultrapure water,
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FIGURE 4 | Contraction force of trabeculae cultivated for 12 days. (A) Overview of an example showing the measured force, F. Spikes result from pacing protocols,
addition of isoprenaline and medium exchanges. (B,C) Magnifications of periods indicated by arrows in panel (A), showing single contractions. Pacing rate during
the displayed periods was 0.5 Hz. Rocking for medium agitation was turned off, causing the amplitudes to appear smaller than at the corresponding time points in
panel (A). (D) Mean contraction force amplitudes, Famp, of 22 trabeculae from 8 tissue samples. Error bars indicate SEM.

quantified and quality controlled by assessing A260/280 nm
and A260/230nm ratios with a DS 11 + spectrophotometer
(Denovix). 50 ng of total RNA was transcribed to cDNA with
QuantiTect RT-Kit (Qiagen), including a DNAase digestion step
for genomic DNA removal. The resulting cDNA was separated
via gel electrophoresis to exclude genomic DNA contaminants
and cDNA degradation. For real-time quantification, 50 ng
cDNA was used in SYBR Select assay (Thermo Fisher Scientific)
in a StepOnePlus thermocycler (Applied Biosystems) using the
following protocol: Initiation: 50◦C for 120 s, 95◦C for 120 s,
Amplification (40 cycles): 95◦C for 15 s, 60◦C for 60 s. The
genes of interest and the reference genes were amplified with
pairs of oligonucleotides as primers. Cycle threshold (Ct) values
of triplicate reactions were averaged for each sample and non-
template controls ensured the absence of contaminating DNA.
Reaction efficiencies were calculated for every experiment from
linear regression analysis of a template dilution serious (1:5,
1:25, 1:125, and 1:625). Ct value differences (1Ct) between
treatment groups and the control group (fresh) were calculated
and corrected for reaction efficiencies. Relative expression
differences (ratios) were determined by normalization to values

of the reference genes EEF2 and HPRT1, which were calculated
accordingly (Pfaffl, 2001).

Statistics
If not otherwise indicated, data are presented as mean± standard
error of the mean (SEM). The paired, two-sided t-test was used
to compare parameters obtained from the same trabecula, the
Welch’s (unequal variance), two-sided t-test was used to compare
parameters from different trabeculae. Where required due to
multiple comparisons of one parameter, the Holm-Bonferroni
method was used to correct p-values. The level of significance
(alpha) was set to 0.05.

RESULTS

Viability of Cultured Human Atrial
Trabeculae
We prepared a total number of 38 trabeculae from 11 specimens
obtained from 11 patients (Table 1). Of these, 33 (87%) produced
contractions exceeding the sensor noise (>50 µN) in response
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to electrical stimulation immediately after bringing them into
culture. The five non-beating trabeculae were removed. Five
beating trabeculae were used within 30 min for viability assays,
leaving 28 trabeculae. If after 2 days no response could be
detected even after addition of isoprenaline, the trabeculae were
removed and not included in any data analysis, which was the
case in 5 trabeculae. Thus, after 12 d in culture, 23 trabeculae
(82% of 28) were still beating. Of these, four trabeculae from
three different specimens were kept in culture for a total of 21–
22 days, while the other trabeculae were used at day 12 for
functional, structural and molecular analyses. To assess general
viability, we used an MTT assay, which indicates the activity
of cellular NAD(P)H-dependent oxidoreductases reducing the
nearly colorless tetrazolium dye MTT to the purple formazan
(Figure 3). Thus, the amount of formazan produced is related
to the metabolic activity and viability of the cells present in the
tissue (Berridge et al., 2005). When comparing 5 trabeculae at
0 d with 5 trabeculae from matching specimens after 12 d in
culture, we found no significant difference in relative absorbance,
i.e., formazan produced in relation to total protein content was
comparable (Figure 3D). This indicates that tissue viability of
beating trabeculae was preserved during long-term culture.

Contractile Force During Culture
Figure 4 shows the contraction force of trabeculae cultivated
for 12 days. In the example shown (Figures 4A–C) it is visible
that contractility was relatively high directly after starting tissue
culture, but then declined during the subsequent days. In some
trabeculae, contraction was not detectable between days 1 and
3, but recovered to initial values within 1 week. Note that the
trace shown in Figure 4A includes artifacts from tissue agitation,
which add to the actively developed force. This explains why the
beats presented in Figures 4B,C appear to have lower amplitudes
than visible in the overview because the rocker was stopped.
Spikes visible in the overview were caused due to transiently
increased contractility after medium exchange, likely caused
by brief changes in medium pH, and also due to periodically
performed stimulation protocols or beta-adrenergic stimulation
on days 2, 7, and 12. In Figure 4D the mean contraction
amplitude of 22 trabeculae is presented over 12 days, showing
a similar trend as in the example. Initial contraction force was
reached after approximately 7 d and was then stable for the
remaining time. Four trabeculae were kept in culture for 3 weeks,
and contraction amplitudes did not significantly differ from day
12. From this we conclude that during the first days of culture
contractility is reduced, but recovers within 1 week and then
remains stable for at least the next 2 weeks.

Assessment of Refractory Period and
Maximum Captured Frequency
Figure 5 displays an example of the pacing protocol used to
assess RP and fmax. The stimulation times were used to create
the graph shown in Figure 5A, where the stimulus-to-stimulus
intervals are displayed over time. It is visible on the logarithmic
scale that the S2 beat intervals decreased with each period, and
that each S2 beat period was followed by a brief period of

stimulation with the corresponding frequency. Figure 5B shows
the registered contraction data of an S2 beat period and the
subsequent high-frequency stimulation intermitted by 22 s of
baseline pacing at 0.5 Hz. The example also demonstrates how
stopping the rocker reduced artifacts from medium agitation.
To verify the relation of refractory period to action potential
duration, we applied the highly selective IKr blocker dofetilide,
which significantly prolongs the atrial action potential duration
(APD) and refractory period (Gwilt et al., 1991; Sedgwick et al.,
1992; Tsujimae et al., 2007). Figure 5C depicts the response to
exactly the same stimulation sequence as displayed in Figure 5B,
15 min after addition of 100 nM dofetilide to the culture
medium. At close inspection one can appreciate an increase in
contractile force, presumably caused by increased Ca2+ influx
due to APD prolongation, as well as a diminished response to the
S2 stimulus. Furthermore, the high-frequency period (55–58 s)
shows alternans, with each beat of high amplitude followed by
a beat of markedly reduced amplitude. The effect of dofetilide
becomes more evident when comparing the S2 beats under
control conditions (Figure 5D) with those after application of
the drug (Figure 5F). While the S2 beat at an interval of 750 ms
was nearly unchanged when compared with the baseline beats
under control conditions, it was hardly visible with dofetilide.
According to the defined criteria, the refractory period in the
shown example was 400 ms (control) and 500 ms (dofetilide),
that is, dofetilide increased RP by approx. 25%, fitting well to
clinical data (Gwilt et al., 1991). As expected, fmax was decreased
after dofetilide application (Figures 5E vs. G). In the example it
decreased from 5 to 2.5 Hz. These results demonstrate that RP
and fmax as assessed by the chosen pacing protocols and criteria
may indirectly detect changes in action potential duration.

Effects of Culture on Contraction
Parameters, Refractory Period, and
Maximum Captured Frequency
Figure 6 presents statistical data of contraction parameters, RP
and fmax obtained from 22 trabeculae. Figure 6A shows that
initial contraction forces at 0 d showed high variability, with
values ranging from nearly 0 to 1200 µN. After 1 week of
culture, variability was smaller, but the mean did not change
significantly. This was also true after 12 d in culture. Analysis of
contraction kinetics (Figures 6B–D) was restricted to trabeculae
with amplitudes larger than 50 µN. Thus, the parameters of some
trabeculae could not be evaluated at all time points, reducing
the number of matching data points to 13. Mean CD90 was
367 ± 51 ms at 0 d, 309 ± 45 ms at 7 d and 414 ± 57 ms at 12 d,
but differences were not statistically significant. Similarly, TTP90
and TTR90 did not differ at the investigated time points. Mean
values ranged from 118—155 ms and 188–263 ms, respectively.
However, with a contribution of approximately 35% to CD90,
TTP90 was significantly shorter than TTR90 (p < 0.0001, paired
t-test), fitting well to the observation that atrial contraction is
about twofold faster than relaxation (Palka et al., 1996). RP
showed high variance, especially at 0 d (Figure 6E) and did not
change significantly over time. However, due to the chosen pacing
protocol, the resolution was lower at long S2 beat intervals with
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FIGURE 5 | Assessment of refractory period (RP) and maximum frequency captured (fmax). (A) Stimulation intervals during the pacing protocol, showing successive
periods of decreasing interval lengths intermitted by 20-s periods with a baseline interval of 2000 ms. After each S1-S2 beat period (*), a period with constant pacing
at the corresponding frequency (§) followed. Note the logarithmic Y-axis scale. (B,C) Force, F, measured during the period marked by the gray area in panel (A) of a
trabecula (B) before, and (C) 15 min after treatment with 100 nM dofetilide. Closed arrow heads indicate the start of medium agitation by the rocker, causing shaking
artifacts. Open arrow heads indicate rocker stop. (D) S1-S2 beat periods before addition of dofetilide (control) at S2 beat intervals of 750, 500, and 400 ms. Red
triangles indicate detected contractions, red vertical bars and numbers indicate stimulation time points and intervals, respectively. (E) Period of pacing with 3.3 Hz
(200 bpm) before addition of dofetilide (control). (F) S1-S2 beat periods after addition of dofetilide at S2 beat intervals of 750, 500, and 400 ms (same trabecula as
D,E). (G) Period of pacing with 3.3 Hz (200 bpm) after addition of dofetilide.

relatively large steps from 750 to 500 ms and then to 400 ms. This
may explain the large deviation of RP from the mean found in
some trabeculae. Analysis of fmax (Figure 6F) revealed a tendency
toward higher values at 7 d (5.2 ± 0.8 Hz) vs 0 d (3.0 ± 0.5 Hz)
and 12 d (3.8 ± 0.5 Hz) without reaching statistical significance.
Collectively, the data suggest that the variance between different
trabecula is relatively high, but that culture of up to 12 d does not
lead to significant changes in contraction parameters, RP or fmax.

Simultaneous Recording of Ca2+ Signals
and Contraction
Because Ca2+ cycling in atrial cardiomyocytes is gaining
increasing interest and is altered in atrial fibrillation (Hove-
Madsen et al., 2004; Denham et al., 2018), we intended
to demonstrate that cultivated trabeculae can be used for
simultaneous recording of intracellular Ca2+ and contraction
(Figure 7). After loading a trabecula that had been in culture
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FIGURE 6 | Analysis of contraction amplitudes, kinetics and pacing response
in fresh and cultivated trabeculae. (A) Contraction force amplitudes (Famp) of
fresh (0 d) trabeculae and trabeculae cultivated for 7 (7 d) and 12 days (12 d)
at 1 Hz pacing. (B) Contraction duration (CD90), (C) time to peak (TTP90),
and (D) time to relaxation (TTR90) at 1 Hz pacing. (E) Refractory period (RP),
(F) Maximum frequency captured (fmax). (N) = 22/7 trabeculae/samples in
panel (A), 13/7 in panels (B–D), and 9/6 in panels (E,F). A paired, two-sided
t-test with Holm-Bonferroni multiple-comparison correction was applied.

for 3 weeks with the Ca2+ indicator Calbryte, we placed the
cultivation chamber on a microscope equipped with a perfusion
system and a fitting excitation light source and emission filters.
Using a 5× lens and a photomultiplier to record a sum signal
of the whole trabecula and by capturing and recording the
stimulation voltage pulses, we were able to synchronize the Ca2+

signal with the recorded force data. Starting from a baseline
pacing frequency of 0.5 Hz, a stimulation sequence of increasing
frequency was applied to investigate the behavior of contractility
and the Ca2+ signal at frequencies up to 3 Hz (Figure 7A).
Each frequency was held for 12 consecutive stimulation pulses.
After the last 3 Hz stimulus, the pacing was decreased to 0.2 Hz,
creating a pause of 5 s (post-rest beat). It is visible from the
normalized traces in Figure 7B that the investigated trabecula
displayed a negative force-frequency relationship (FFR), i.e.,

contraction and Ca2+ signal amplitudes were inversely related
to pacing frequency. In the same experiment, 100 nM of the
beta-1/2 receptor agonist isoprenaline was added to the perfusion
buffer solution, which resulted in a nearly threefold increased
contraction force and twofold increased Ca2+ signal. The FFR
between 0.2 Hz and 1.5 Hz appeared less negative than under
control conditions (Figure 7C), but showed a steeper negative
slope at higher frequencies. Closer inspection of individual beats
at different pacing rates revealed that the apparent difference
in FFR at higher rates occurred because capture rate was
increased in response to isoprenaline. While under control
conditions only every second stimulus was captured starting at
2 Hz, each stimulus was captured after addition of isoprenaline
(Figures 7D,E). Furthermore, when comparing the post-rest
beats with the those recorded at 0.2 Hz, we observed that the
relative increase of both contraction force and Ca2+ signal after
the pause was higher under control conditions. This fits well to
reports of a reduced post-rest response at high SERCA activity
(Bluhm et al., 2000), because isoprenaline stimulates the SERCA.
Figure 7 also shows that Ca2+ signals and contractility can
be investigated simultaneously in cultivated trabeculae and that
trabeculae respond as expected to beta-adrenergic stimulation. Of
note, some trabeculae used for Ca2+ imaging were placed back on
the cultivation system and could be successfully kept in culture
for several days after the imaging. This suggests that the used
Ca2+ indicator does not exert toxic effects and allows for repeated
assessment of Ca2+ signals within the same trabecula.

Effects of Beta-Adrenergic Stimulation
on Contraction Parameters, Refractory
Period, and Maximum Captured
Frequency
In Figure 8 we present data from 11 trabeculae that were treated
with 100 nM isoprenaline at day 7 in culture. Contraction
parameters, RP and fmax were evaluated directly before and 5 min
after application of isoprenaline. Contractile force measured at
1 Hz (Figure 8A) increased by 114% from 168 ± 35 µN to
361 ± 60 µN (p < 0.001, paired t-test). CD90 decreased from
331 ± 47 ms to 209 ± 15 ms (p < 0.05), which predominantly
resulted from a faster relaxation time (Figures 8B–D). RP
decreased from 319± 22 ms to 223± 15 ms (Figure 8E), and fmax
increased from 6.4 ± 0.6 Hz to 8.5 ± 0.4 Hz (Figure 8F), both
being in accordance with shortened action potentials, increased
excitability and accelerated mechanical response expected after
beta-adrenergic stimulation. These results show that beta-
adrenergic response is still present after 1 week in culture. They
also let us conclude that the protocols used to determine RP and
fmax are capable of detecting relevant differences.

Tissue Microstructure
To investigate effects of tissue culture on tissue and
cardiomyocyte microstructure, we used immunofluorescent
staining and confocal microscopy to compare four fresh
trabeculae with four trabeculae from matching specimens
(patients) after 12 d in culture (Figure 9). Fresh trabeculae
displayed patches of fibrotic tissue and clearly visible Cx43
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FIGURE 7 | Example of simultaneous Ca2+ signal and contraction recording at 37◦C in a trabecula after 22 days in culture. (A) Stimulation frequencies applied
during the imaging to assess the force-frequency response and post-rest beat. (B) Overlay of normalized Ca2+ signal (solid line) and contraction force (dotted line)
recorded during the shown stimulation protocol under control conditions. After offset subtraction, both signals were normalized to the respective amplitude in
response to the first stimulus (0.5 Hz). (C) The same trabecula 5 min after application of 100 nM isoprenaline. (D,E) Normalized single contractions and
corresponding Ca2+ signals recorded at different stimulation frequencies, and the post-rest (PR) beat at 5 s after the last 3 Hz stimulus. Stimulation times are
indicated by red vertical bars next to the X-axis. Shown traces are magnifications of panels (B,C), respectively.

staining between cardiomyocyte borders (Figure 9A). Alpha-
actinin (aACT) staining was visible in most cardiomyocytes
and showed a regular sarcomere pattern (Figure 9B). The
segmentation and classification of the imaged volume into
cardiomyocytes and extracellular matrix (ECM) is presented in
Figure 9C. Black regions indicate regions without any WGA or
aACT signal, i.e., gaps in the tissue resulting from processing,
cardiomyocytes without aACT staining, or other cell types, for
example fibroblasts or endothelial cells. Figures 9D–I show two

regions imaged in a trabecula from the same specimen (patient)
that was cultivated for 12 d. In one region (Figures 9D–F),
there was abundant Cx43 signal, similar to the fresh tissue
and relatively weak but clearly visible aACT staining in most
cardiomyocytes. The second region (Figures 9G–I) displayed
only small clusters of Cx43, which were found not only at
myocyte borders, but also intracellularly. The aACT signal
intensity, however, was stronger. Quantitative analysis of the
three-dimensional images indicated comparable amounts
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FIGURE 8 | Effect of beta-adrenergic stimulation by isoprenaline on
contraction amplitudes, kinetics, and pacing response in trabeculae at 7 days
in culture. (A) Contraction force amplitudes (Famp) at control conditions
(CTRL) and 5 min after addition of 100 nM isoprenaline (ISO), 1 Hz pacing.
(B) Contraction duration (CD90), (C) time to peak (TTP90), and (D) time to
relaxation (TTR90) at 1 Hz pacing. (E) Refractory period (RP), (F) Maximum
frequency captured (fmax). N = 11/3 trabeculae/samples. A paired t-test was
applied. *p < 0.05, **p < 0.01, ***p < 0.001.

of ECM, myocytes, Cx43 and aACT in fresh and cultivated
trabeculae (Figure 9J). This allows the conclusion that tissue
culture preserved cardiomyocyte and tissue microstructure and
did not cause additional fibrosis.

Expression of Genes Related to Ca2+

Cycling and Electrophysiology
Finally, we selected several genes that encode proteins important
for cardiomyocyte Ca2+ cycling and electrophysiology and
analyzed the mRNA expression of these genes by quantitative
RT-PCR (Figure 10). After analyzing expression levels in 8
fresh trabeculae and 8 cultivated trabeculae from matched
specimens (patients), we found that the CACNA1c subunit of
the L-type Ca2+ channel had a trend toward lower expression
after 12 d of culture, although statistical significance was not
reached (p = 0.08). However, mRNA expression of ATP2A, the

gene encoding the sarcoplasmic/endoplasmic reticulum calcium
ATPase 2 (SERCA2) was significantly downregulated. GJA1,
encoding Cx43, did not change significantly, but showed higher
variance in cultivated trabeculae, which confirmed the results
from confocal microscopic analysis of Cx43. We also investigated
two subunits of the inwardly rectifying potassium channels
that have been reported to be altered in atrial fibrillation
(Deshmukh et al., 2015). The mRNA expression of KCNJ4,
encoding Kir2.3, was downregulated by half, while KCNJ2,
encoding Kir2.1, was about threefold upregulated. These data
show that gene expression is altered in culture. They also
demonstrate that it is possible to extract enough RNA from fresh
and cultivated trabeculae to perform gene expression analysis
with standard qPCR.

DISCUSSION

Due to non-negligible differences between human and animal
cardiac physiology, testing hypotheses or verifying results on
human cardiac cells and tissues is important. However, living
human myocardium is difficult to obtain and may be even more
difficult to use because the amount, quality, and variability of
the specimens are often insufficient for conclusive experiments,
especially those requiring preservation of cells or tissues over
longer periods. As novel methods for stable long-term culture
of human ventricular myocardium were recently presented,
the question arose whether the principle of these techniques
could be applied to human atrial tissue. Our results show that
trabeculae (pectinate muscles) prepared from human right-atrial
appendages can be maintained in culture in a commercially
available device for up to 3 weeks under constant electrical
stimulation with a frequency of 1 Hz, which corresponds to the
human resting heart rate. We show that, although there is an
initial transient decline in function, structure and function of
trabeculae cultured for nearly 2 weeks are comparable to those
of non-cultured (fresh) trabeculae. Furthermore, we describe
a set of methods that can be used to acquire important
functional parameters.

Tissue Preparation and Viability in
Culture
When comparing the presented method with that published for
ventricular slices (Fischer et al., 2019), less time is needed for
the preparation because the atrial tissue does not need to be cut
into slices with a vibratome. Instead, trabeculae can be dissected
with scissors and a scalpel. This makes the method not only
faster, but also less expensive. Another advantage is that human
atrial tissue can be obtained regularly during open heart surgery
by removal of the RAA tip for insertion of the atrial cannula
of the heart-lung machine (Boldt et al., 2004; Nummi et al.,
2017). In contrast, sufficient amounts of ventricular tissue can
be obtained only during implantation of ventricular assist device
or after heart transplantation (Seidel et al., 2017a). We did not
investigate if sliced atrial myocardium would be similarly or even
better suited for tissue culture. However, in two pilot experiments
where the wall of the RAA was sliced, we were not able to create
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FIGURE 9 | Three-dimensional microscopic images of fresh and cultured trabeculae stained with WGA for the extracellular matrix and with antibodies against Cx43
and alpha-actinin. (A) XY- and XZ-view of the WGA (red) and Cx43 signal (cyan) of a fresh (non-cultivated) trabecula. Note that the overlay of the signals appears
white. The scale bar applies to all images. (B) XY- and XZ-view of the WGA (red) and alpha-actinin signal (green) of the same region shown in panel (A). Note that the
overlay of the signals appears yellow. (C) Extracellular matrix (gray) and myocytes (white) after computational segmentation and classification of the image stack
shown in panels (A,B). (D–F) Images of a trabecula cultured for 12 d presented in analogy to panels (A–C). (G–I) Images of the same trabecula as in panels (D–F)
from a different region, presented in analogy to panels (A–C). (J) Volume fractions of the extracellular matrix (ECM), myocytes, Cx43, and alpha-actinin (α-ACT). The
results from three image stacks of each sample were averaged and treated as one data point. Paired, two-sided t-test. N = 4 trabeculae from 4 specimens (patients).
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FIGURE 10 | mRNA expression of genes related to Ca2+ cycling and electrophysiology analyzed by quantitative RT-PCR in fresh trabeculae (0 d) and trabeculae
cultivated for 12 days (12 d). (A) CACNA1c subunit of the L-type Ca2+ channel (LTCC), (B) ATP2A2, encoding the sarcoplasmic/endoplasmic reticulum calcium
ATPase 2 (SERCA2), (C) GJA1, encoding connexin-43 (Cx43), (D) KCNJ4, encoding the Kir2.3 subunit of the inwardly rectifying potassium channel, and (E) KCNJ2,
encoding the Kir2.1 subunit of the inwardly rectifying potassium channel. N = 8/8 trabeculae/samples. A paired, two-sided t-test was applied. *p < 0.05, **p < 0.01.

slices of sufficient quality because of the irregular cardiomyocyte
orientation and trabeculated structure. It could be investigated
in future studies if the free wall of whole atria obtained, for
instance, after a heart transplantation is better suited for slicing
with a vibratome. The success rate in our study was close to
75%, that is 7–8 of 10 prepared trabeculae responded to electrical
stimulation after at least 12 d in culture. This is in the range of
success rates reported by other studies using human myocardium
(Fischer et al., 2019; Fiegle et al., 2020). A distinct difference to
ventricular slice culture was that we never observed initial tonic
contracture, which has been reported to be a sign of tissue damage
in human ventricular myocardium. It is possible that atrial tissue
behaves differently when damaged or that hypercontracture did
not occur because we had significantly shorter storage times than
reported for ventricular tissue samples that were shipped on ice
(Fischer et al., 2019).

Contractility and Estimated Wall Stress
The changes in contractility observed over culture time (see
Figure 4) resembled those reported for ventricular slices, with
an initial decay and subsequent recovery. However, recovery
occurred faster, because initial contraction amplitudes were
regained after approximately 1 week, in contrast to 2–3 weeks
reported for ventricular slices (Fischer et al., 2019). The decline
and recovery of contractility could reflect adaptation of the
tissue to culture conditions, including auxotonic contraction, a
different extracellular milieu or cessation of catecholaminergic
stimulation. A major difference in comparison to ventricular
slices was visible when considering absolute contraction forces.
Although some trabeculae produced forces higher than 1 mN
(Figure 6A), most trabeculae reached contraction forces of 300–
500 µN, which was about 10-fold smaller than in ventricular
slices (Fischer et al., 2019; Abu-Khousa et al., 2020) and
smaller than in other studies measuring isometric force in RAA
trabeculae (Guo et al., 1983; Brixius et al., 1997). In the loaded
state, most trabeculae exhibited a width of 1–2 mm and a
height of 0.5–1 mm, resulting in an estimated cross-sectional
area of 0.5–2 mm2. This yields a wall stress of about 0.15–
1 mN/mm2, which is low when compared to the wall stress of
up to 10mN/mm2 reported for isometric force measurements
in human RAA trabeculae (Brixius et al., 1997). However,

the mentioned studies (Guo et al., 1983; Brixius et al., 1997)
measured isometric forces, which are commonly greater than
forces developed during isotonic or auxotonic contraction as
measured here. In fact, the ratio of wall stress during auxotonic
contraction estimated here to isometric wall stress reported by
other studies in RAA myocardium (≈1:10) is similar to the ratio
of auxotonic wall stress measured in human ventricular slices
[1–3 mN/mm2 (Fischer et al., 2019; Abu-Khousa et al., 2020)]
to isometric wall stress in human ventricular muscle strips [10–
20 mN/mm2 (Mulieri et al., 1992)]. Contraction duration CD90
found immediately after installation and after 12 d of culture
(367± 50 and 414± 57 ms) and relative contributions of TTP90
(118 ± 16 and 155 ± 35 ms) were close to values found in other
studies on RAA trabeculae [twitch time 433 ms and TTP 110 ms
(Brixius et al., 1997)] and shorter than in human ventricular
muscle strips [CD 634–747 ms and TTP 157–167 ms (Mulieri
et al., 1992)].

Assessment of Contraction Parameters,
Refractory Period, and Maximum
Captured Frequency
Our results show that the protocols and computational analyses
used to assess contraction force, TTP90, TTR90, CD90, RP and
fmax are sensitive enough to detect the changes expected after
beta-adrenergic stimulation (see Figure 8). This finding also
supports the conclusion from Figure 6 that trabecula function
was similar at 0 d and after 12 d in culture, because no differences
were found using the same analysis that detected differences after
beta-adrenergic stimulation. However, while the interpretation
of contraction amplitude and kinetic parameters TTP90, TTR90
and CD90 is straight-forward – they respectively correspond to
actively developed force, contraction velocity, relaxation velocity
and total duration of a contraction – it is more complicated to
interpret RP and fmax. The results shown in Figure 5 indicate
that RP increases when an APD-prolonging drug (dofetilide) is
applied (Tsujimae et al., 2007). In turn, the results in Figures 7, 8
indicate that isoprenaline, which has been shown to significantly
decrease APD under steady-state conditions at normal to high
extracellular Ca2+ (Munakata et al., 1982), decreases RP. Thus,
the RP as assessed here seems to correlate with APD. This
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may also explain the data in Figure 7D, where at 3 Hz every
other stimulus is captured although Ca2+ levels are already at
baseline, suggesting that electrical excitability has not recovered
yet, whereas after addition of isoprenaline, each stimulus is
captured (Figure 7E). Still, it is important to note that the RP
reported here cannot be set equal to the electrical refractory
period or even APD, because a mechanical, not an electrical signal
was measured. One should keep in mind that the threshold for
considering an electrical stimulus as captured or non-captured
was chosen somewhat arbitrarily. We considered each stimulus
followed by a force increase larger than the noise level as
captured. Another possibility would be to define a minimum
amplitude that must be reached, for example 50% of the S1 beat.
Such changes in definition would shift the refractory periods to
larger intervals, but likely preserve the relative changes. Thus, it
is important to define a fixed criterion as done here and apply this
to all tissues investigated. The definition used here fits best to the
absolute refractory period. Using a larger threshold, for instance
90% of the S1 beat, might be closer to the relative refractory
period. Similar considerations apply to fmax. The number of
beats that had to be successively captured was arbitrarily set to
5, and, again, we considered very small beats as captured as long
as they significantly exceeded the noise level. This may explain
the relatively high values found for fmax (see Figures 6F, 8F).
Modifications of the presented protocol for RP assessment could
be smaller steps of the S2 beat at high S2 beat intervals. In
our protocol, we used steps from 750 ms to 500 ms and then
to 400 ms, which reduced the resolution of RP determination
in trabeculae with high RP values (Figure 6E). To investigate
how well the presented protocol works to detect the actual
electrical refractory period and action potential frequency, one
could design experiments with parallel voltage recording, for
example using voltage sensitive dyes (Lang et al., 2011) or sharp
electrodes (Peinkofer et al., 2017).

Calcium Imaging
The Ca2+ indicator used here (Calbryte 520-AM) was
recommended in other protocols describing Ca2+ imaging
in human cardiac tissue (Borysova et al., 2021). According to
the manufacturer it has a reported dissociation constant (KD)
of 1200 nM. This would lead to a nearly linear relationship
between the expected intracellular Ca2+ concentrations of
200–1000 nM (Backx et al., 1995) and the fluorescence signal. In
Figure 7 the Ca2+ signal increased nearly twofold after addition
of 100 nM of isoprenaline and also showed a clear increase
during the post-rest beat. This is as expected from experimental
and modeling studies reporting a 1.5- to 2-fold increase in
intracellular Ca2+ after beta-adrenergic stimulation (Lyon et al.,
2020) and suggests that the indicator was not saturated. Hence,
relative changes in Ca2+ transient amplitude as well as Ca2+

transient kinetics can be studied with the presented approach.
High-affinity Ca2+ indicators, for example Fluo-3 or Fluo-4,
have been used frequently in preparations of intact hearts
(Johnson et al., 1999; Kaneko et al., 2000). However, earlier
studies suggest these dyes may saturate within the physiological
range of intracellular Ca2+ (Stout and Reynolds, 1999; Kong and
Fast, 2014). After Ca2+ imaging, we placed two trabeculae back
into the incubator and were able to retain culture for several

days without obvious negative effects. This would allow for
repeated Ca2+ imaging in the same trabecula or slice. Although
not investigated systematically here, other studies also reported
low toxicity and repeated measurements with Calbryte (Liao
et al., 2021). For several reasons, however, it is not reasonable
to compare absolute values of the Ca2+ signal between different
trabecula. First, it is unknown how the thickness of the tissue
in the imaged region influences the signal. Second, variations
in loading efficiency may have large effects on signal intensity.
Future studies might use ratiometric Ca2+ indicators or combine
Ca2+ indicators with additional dyes for voltage imaging.

Tissue and Cardiomyocyte
Microstructure
We used three-dimensional confocal microscopy to assess
culture-induced changes in cardiomyocyte structure and tissue
composition. Our results suggest that tissue culture preserved
cardiomyocytes and did not cause fibrosis or heavy fibroblast
proliferation, which can become problematic and may require
pharmacological interventions in cardiomyocyte cultures
(Boateng et al., 2003). It is possible that the intact tissue structure
prevents fibroblast activation or that growth factors necessary
for fibroblast activation are missing because serum-free culture
medium was used. It would be interesting to investigate in future
studies if and how fibrosis can be induced. Confocal data also
indicate preserved gap junctions and sarcomeres, although some
variations in staining efficiency of aACT and volume density of
Cx43 were observed (Figure 9).

Limitations
A limitation of the method is that the used tissues were obtained
from patients suffering from cardiac diseases. Thus, although
only patients with sinus rhythm were included, the results
presented may differ in atrial trabeculae from healthy hearts. In
some countries, however, healthy donor hearts are available for
research through dedicated organizations.

During the first 2 weeks of culture, the function of
trabeculae was not stable, but showed a transient decline
and approached initial values after 12 days. This may reflect
adaptation to culture conditions, which differ in several aspects
from in vivo conditions, for example, hormonal stimulation,
oxygen pressure, force-length-relationship during contraction or
electrical stimulation. We observed mRNA downregulation of
Ca2+ handling proteins, such as SERCA. This was also reported
for ventricular slices (Fischer et al., 2019), where after 4 weeks
in culture, gene expression partially returned to the non-cultured
level. Our study suggests that this may apply also to human
atrial tissue. Therefore, depending on the experimental setup
and research question, for instance short-term or long-term
drug effects, it can be appropriate to wait until stabilization of
functional parameters before treatment or to treat immediately
after installation in culture. In any case, time-matched controls
should be used to account for culture-induced effects.

Summary and Outlook
The method presented here describes an in vitro model of beating
intact human atrial myocardium that can be readily implemented
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provided that RAA tissue is available. Because the atrial tissue is
functionally and structurally stable for at least 3 weeks, we expect
that the model can be used to study long-term drug and hormonal
effects, mechanical and electrical stimuli to elucidate general
atrial physiology and mechanisms of disease. It is also conceivable
that the high stability will enable toxicity screening, drug
discovery, co-culture with stem-cell derived cardiomyocytes,
and gene delivery or silencing. These applications might be
particularly useful to investigate the most common disease of the
human atrium, which is atrial fibrillation.
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While the reductionist approach has been fruitful in understanding the molecular basis of 
muscle function, intact excitable muscle preparations are still important as experimental 
model systems. We present here methods that are useful for preparing cardiac papillary 
muscle and cardiac slices, which represent macroscopic experimental model systems 
with fully intact intercellular and intracellular structures. The maintenance of these in vivo 
structures for experimentation in vitro have made these model systems especially useful 
for testing the functional effects of protein mutations and pharmaceutical candidates. 
We provide solutions recipes for dissection and recording, instructions for removing and 
preparing the cardiac papillary muscles, as well as instruction for preparing cardiac slices. 
These instructions are suitable for beginning experimentalists but may be useful for veteran 
muscle physiologists hoping to reacquaint themselves with macroscopic functional analyses.

Keywords: cardiac, excitable, force, slice, papillary, muscle

INTRODUCTION

The middle of the last century witnessed a dramatic turn in the muscle physiology field 
toward the molecular. A recent historical review suggests that the early 1970s marks a time 
when protein biochemistry of muscle contraction overtook the previously conventional approaches 
to understanding muscle function (Szent-Györgyi, 2004). The field at the molecular level has 
advanced tremendously since then, especially with the advent of molecular genetics techniques. 
With these new tools, select mutations in muscle proteins could be produced, and the functional 
consequences at the molecular level assessed. In this way, the molecular basis of muscle 
function could be  examined one protein at a time and with the precision of one amino acid 
at a time.

Yet inferring macroscopic muscle performance from molecular-level results is not always 
straightforward. For example, a single point mutation in cardiac myosin known to underlie 
the development of a cardiomyopathy can cause little to no observed effect in molecular 
function, and the result would often go unpublished. Perhaps more confusing are those cases 
when a mutation in a seemingly ancillary muscle protein, for example, muscle LIM protein 
in the sarcomeric Z-disk, can cause a significant cardiomyopathy (Morita et  al., 2005). These 
examples serve to support the importance of examining intact muscle function even in the 
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age of molecular manipulations. Hence the value of transgenic 
mouse models, which allowed the examination of protein 
mutations in the context of an intact working muscle (Fatkin 
et  al., 1999).

The examination of the cardiac slice has recently gained 
deserved attention due to the ease with which a slice can 
be  generated and maintained (Pitoulis et  al., 2020). Cardiac 
slices can remain viable for weeks and even months (Watson 
et  al., 2017; Fischer et  al., 2019). With this muscle model 
system, viral transfections of proteins are possible thus minimizing 
the developmental of compensatory secondary effects that 
mutations may cause in the transgenic animals (Moretti et  al., 
2020). For this and many other reasons, the cardiac slice is 
likely to become an important model system for examining 
macroscopic muscle function due to molecular-level 
manipulations including response of pharmaceuticals.

This methods paper describes how to prepare a cardiac 
papillary muscle and cardiac slice for examination with a 
conventional force transducer and length controller. We provide 
details related to the instruments required that would allow 
a beginning muscle experimentalist or a starting laboratory 
to prepare these experimental model systems. We do not provide 
details related the apparatus used to examine muscle function 
nor details related to specific protocols to examine muscle 
function. The procedures provided here are illustrated using 
rat heart but are also applicable to other species, such as 
mouse, guinea pig, ferret, and rabbit, and other muscle types, 
such as cardiac trabeculae, cardiac strips prepared from endo- 
or epicardium, and skeletal muscles with intact tendons.

MATERIALS AND METHODS

Papillary Muscle Preparation
We  will not describe how to anesthetize the rat and remove 
the heart. Please seek out instruction from your institutional 
veterinarian. All procedures and use of animals described 
here adhere to the Guidelines of the American Physiological 
Society and have been reviewed and approved by the 
Institutional Animal Care and Use Committee of the University 
of Vermont. A video demonstration of dissecting the left 
ventricle and removing the papillary muscles can be  found 
at this link.1

Have ready a small beaker (~50 ml) filled about halfway 
with Dissection Solution chilled to 0–4°C. Also have ready a 
small shallow glass container with a silicon bottom also filled 
about halfway with Dissection Solution and sitting on the 
cooling plate. Make sure the solutions are being bubbled with 
100% O2.

After the heart has been removed, place the heart into the 
small beaker. Using forceps, hold the atria and vessels above 
the base of the heart and shake the ventricles in the beaker 
to wash away as much blood as possible. Then place the heart 
into the shallow dish on the cooling plate. Removing and 
transferring the heart from the animal to the small beaker 

1 https://www.youtube.com/watch?v=VBaOjrf0NlU

and then to the shallow dish on the cooling plate should 
be  done quickly but without rushing and take under 1 min.

Exposing the Endocardium
The following sections are facilitated by use of the dissection 
microscope. Nevertheless, many experimentalists can expose the 
endocardium without use of the microscope. It is important that 
the tasks are performed accurately but also as quickly as possible 
without rushing. Using a pair of forceps and a pair of scissors, 
trim away the atria, valves and blood vessels that lie above the 
base of the ventricles. Once the atria have been trimmed away, 
the openings to the right and left ventricles can be  seen at the 
base of the heart. If there is any blood obscuring your view, 
use transfer pipettes to remove blood and refill the volume with 
fresh dissection solution. The right ventricle can be  identified 
by its thin wall, and it is opening at the base is crescent-shaped 
(Figure  1A). The opening of the left ventricle is circular and 
surrounded by thick muscular walls (Figure  1A). Removing the 
atria and exposing the base of the heart should be  done in 
under 1 min after the heart is placed in the shallow dish.

Using forceps, hold the free wall of the right ventricle and 
trim it away to expose the septum. Now hold the remaining 
left ventricle with the septum pointing up. Place a scissors 
blade (~10–20 mm long) into the left ventricular cavity and 
cut down the center of the septum from the base to the apex. 
Cutting down the center of the septum will assure that the 
papillary muscles are not damaged by the scissors. Removing 
the right ventricular free wall and cutting down the septum 
should be  done in under 2 min.

Removing the Papillary Muscles
Taking a few dissection pins, pin down both sides of the now 
cut septum to expose the endocardium. It is sometimes useful 
to pin down the apex, too, although in this photo the apex 
has been cut open prior to pinning. In Figure  1B, the heart 
is oriented with the apex to the right and base to the left. The 
anterior and posterior papillary muscles are now visible. In this 
orientation, the anterior papillary muscle is at the top of the 
image, and the posterior papillary muscle, which is typically 
thicker than the anterior papillary muscle, is at the bottom.

Now cut out the papillary muscles using a finer pair of 
scissors with a ~2–4 mm blade. It is very important not to 
hold the muscles with the forceps. Pinching or pulling the 
muscle will damage it and render it useless for later physiological 
analysis. Cut along the length of the papillary muscle to release 
it from the rest of the endocardium (Figure  1C). Once the 
papillary muscles have been removed, place them into another 
glass or clear plastic container holding the omega clips, looped 
suture, and bubbled dissection solution. Removing the papillary 
muscles should require 2-4 min.

Clipping a Papillary Muscle
Trim away any excess endocardium from the papillary muscle 
being careful to grab only the tissue to be  cut away and not 
to grab the papillary muscle with the forceps. Trimming does 
not need to be  perfect, but good enough to assure a reasonably 
cylindrical muscle. Place the muscle in the dish with its long 
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axis running back and forth away from your position. Bring an 
omega clip and a suture loop into the field. The resting distance 
between the feet should be  narrower than the diameter of the 
muscle. Using two forceps, gently pull apart the feet of the omega 
clips and then placed the feet over the end of the muscle. Upon 
letting go of the feet, the spring action of the omega clip will 
recoil and maintain its position on the muscle during suturing. 
Grab one foot of the omega clip and lift it off the bottom and 
slip the loop over the head of the omega clip. Pull on the ends 
of the suture so the knot is tightened near the feet of the omega 
clip (Figure  2A). It is important that the suture be  tight, but 
not over-tightened, which can cut into the muscle. The excess 
suture is then cut away. Repeat the process for the other end 
of the muscle. A video demonstration of clipping and mounting 
the papillary muscles can be  found at this link.2

Note that, by the time the muscle is clipped, only the muscle 
between the clips will be characterized for function. The muscle 
at the point of the clipping, that is, between the feet, is 
considered connective. Whatever damage may occur to muscle 
function between the feet should not affect the recorded muscle 
function unless the damage includes cutting of the muscle.

Mounting a Papillary Muscle
Carry the small dish with the clipped muscle to the chamber. 
Adjust the distance between the platinum hooks using the manual 
micromanipulator so the hooks are slightly closer together than 
the distance between the two heads of the omega clips. Make 
sure the chamber is already filled with Recording Solution. Using 
forceps, pick up the muscle by a suture and carry it to the 
chamber. Place one omega clip over one hook and then place 
the other omega clip over the other hook (Figure 2B). The reader 
may wish to skip ahead to section “Preparing to Record Functional 
Data” to continue with recording force from a papillary muscle.

Cardiac Slice Preparation
The preparation of a cardiac slice begins with exposing the 
endocardium. The methods outlined above for exposing the 

2 https://www.youtube.com/watch?v=-ktp0mMNj1g

endocardium should be  followed. It is also possible to remove 
the papillary muscles and use the remaining left ventricle for 
the preparation of the cardiac slice. A video demonstration 
of preparing, clipping, and mounting a cardiac slice can be found 
at this link.3

Making a Cardiac Slice
An excellent description of cardiac slice preparation can be found 
in Watson et  al. (2017), which provides a detailed account of 
reagents, procedures, and expectations. A vibratome is used 
to slice thin layers of the cardiac tissue. The vibratome will 
vibrate its blade back and forth while traveling forward and 
slicing the tissue. It is important that the vibratome allow for 
adjustments to vibration amplitude and speed of travel, whose 
values will be  addressed below. Standard safety razors are 
adequately sharp for cutting the tissue.

There must be  a platform or stage for the heart to be  glued 
down. In Figure  3A, the stage is a glass slide about 45 mm 
long and 25 mm wide. This size stage is large enough for 
hearts from small mammals (up to size of a rabbit), but a 
larger stage and blade would be  necessary if slicing hearts or 
larger heart sections from pigs or humans. A thin layer of a 
cyanoacrylate adhesive (Histoacryl, Braun) is applied to the 
glass. The left ventricle, which has already been cut down its 
septum, is then dabbed onto paper or gauze to remove excess 
solution from the epicardium. The tissue must still be  wet, 
but not dripping with solution. The left ventricle is then laid 
onto the glue and pressed down with forceps for about 20–40 s 
(Figure  3B), after which the epicardium is glued to the glass 
and the endocardium exposed. Note that, while the left ventricle 
has been kept cold, the glass slide is not chilled at this point. 
We  have found the glue is less adherent if the glass is chilled 
prior to forming a seal between tissue and glass.

Once glued down, put cold and oxygenated Dissection 
Solution onto the tissue with a transfer pipette. As solution 
starts to fill the chamber, excess glue will tend to float. Use 
a transfer pipette to remove the excess glue from the solution 

3 https://www.youtube.com/watch?v=3WcKLTUFPfw

FIGURE 1 | Removing Papillary Muscles. (A) With the atria trimmed away, the base of the heart is exposed, and the ventricles can be easily identified. The right  
ventricular cavity is crescent-shaped, and its free wall is thin. The left ventricular cavity is more circular in shape, and the walls are thick. (B) After removing the right 
ventricle and cutting down the septum, the endocardium is exposed with the anterior and posterior papillary muscles visible. (C) Remove the papillary muscles by 
cutting gently along the length of the muscle while being sure not to pull on muscle with the forceps.
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and continue to fill the chamber with fresh solution. Once 
the chamber is about half filled, ice or iced water can be placed 
around the stage. Be  careful that ice does not get into the 
Dissection Solution bathing the tissue. To maintain viability, 
bubble with 100% O2.

The height of the blade should now be  adjusted to assure 
that the blade will cut 0.5–1 mm below the surface of the 
endocardium. Turn on the vibratome, and the blade will slowly 
move across the tissue while vibrating. The settings for each 
vibratome and each laboratory will vary. Reasonable settings 
should include a relatively high amplitude of vibration and 
slow speed of travel. We  typically use a vibration amplitude 
of ~1 mm peak to peak with vibration frequency ~200 Hz and 
travel speed ~5 mm per min or slower. With such slow travel, 
cutting one slice will take several minutes.

The first slice is usually not useable, as it will retain the 
uneven surface of the endocardium. The blade is then retracted. 
If the slice is still tethered to the left ventricle, remove the 
tethers with small scissors and remove the slice with forceps 
being careful not to pull on the tissue. The relative blade 

height is then adjusted by raising the tissue stage a distance 
that will define the thickness of the next slice. Typically, the 
thickness of each slice is between 0.2 and 0.4 mm. The next 
slice or two may also be  unusable due to uneven surfaces. 
When the cut exposes a flat surface, the subsequent slices are 
useable. Place the slices into cold, oxygenated Dissection Solution. 
The creation of 3–5 slices can take approximately 30 min 
depending on the size of the heart and the cutting speed 
chosen. The yield from a single rat heart is typically on the 
order of 3–10 intact useable cardiac slices depending on the 
size of the heart and the thickness of the slices.

Short Term Viability of a Cardiac Slice
We examined the viability of myocytes within cardiac slices with 
Thermo Fisher Scientific LIVE/DEAD Cell Imaging Kit 488/570, 
which uses 488 nm and 570 nm excitation wavelengths to excite 
calcein with emission at 510 nm and bobo-3 with emission at 
605 nm. The calcein channel, displayed in green, indicates live 
intact myocytes, and the bobo-3 channel, displayed in red, indicates 
DNA and DNA fragments. Figure 4A demonstrates a high fraction 

FIGURE 2 | Clipping and Mounting Papillary Muscle. (A) A clipped rat cardiac papillary muscle is about 2–4 mm long. (B) The omega clips are placed over the 
hooks of the measurement apparatus and perfused with solution.

FIGURE 3 | Cardiac Slice Preparation. (A) A cyanoacrylate glue (Histoacryl, Braun) is applied to the stage on which the heart will adhere. (B) The epicardium is 
pressed against the glue to leave the endocardium exposed for slicing with the vibratome.
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of intact myocytes, whose cytosol volumes are shown in green, 
for myocytes away from the slice edge. A smattering of DNA 
or DNA fragments, shown in red, are apparent near the edges. 
Figure  4B demonstrates the expected image for myocytes that 
have been disrupted, in this case by the detergent Triton X-100 
at 0.1% concentration by volume exposed for 30 min at room 
temperature. We  estimate the fraction of intact viable myocytes 
along an edge to be  40% upon examining tissue with 20 μm 
depth from the edge, and the fraction of intact myocytes away 
from the edge is effectively 100%. For a typical slice 300 μm 
thick and 8 mm wide, total cross-sectional area is 2.4 mm2 with 
0.33 mm2 attributed to edges and 2.07 mm2 away from edges. 
The net viability of myocytes within a typical slice was therefore 
estimated at 92%, which is consistent with the estimate reported 
by Watson et  al. (2017). The effective cross-sectional area, which 
is necessary for normalizing force to calculate tension, is therefore 
2.2 mm2 for this example.

We have found that cardiac slices can be  maintained on a 
cooling plate at 0–4°C and bubbled with 100% O2 for up to 
24 h. The long-term maintenance of cardiac slices over days, 
weeks, and months requires equipment, strategies, and techniques 
not described here and is beyond the scope of this paper.

Clipping a Cardiac Slice
The small, triangularly shaped clips are required to attach the 
slice to the recording apparatus. We use laser cut acrylic 0.5 mm 
thick and 10 mm wide at its broadest, but the clips can also 
be  3D printed and made of various plastics.

Applying the clips to a cardiac slice requires a well-lit area, 
a dissection microscope, a larger glass slide, a new razor blade, 
a tube of cyanoacrylate adhesive (Histoacryl, Braun), a couple 
triangularly shaped clips, and two pairs of forceps (Figure 5A). 
Start by examining the slices through the microscope and 
choosing one that looks to have a fully intact and even surface.

Place a slice onto the glass and add oxygenated Dissection 
Solution to cover the slice. Gently flatten the slice onto the 
glass surface using forceps. Be careful not to pull on the muscle. 
Using the microscope, find the primary orientation of the 
muscle fibers in the slice. In the example of Figure  5B, the 
orientation is left to right. Using the razor blade, cut the tissue 
parallel and perpendicular with the orientation of the muscle 
fibers to produce a rectangle. The length of the rectangle 
running parallel with the fibers can be  between 5 and 10  mm 
long. The width of the tissue can be  between 5 and 10 mm. 
Once the rectangle has been made, remove excess solution 
from around the tissue. The tissue should be  moist, but not 
wet, for the clip to be  glued to the tissue.

Put some glue on a hard surface, such as another razor 
blade. Using forceps, take a clip and dip the broad end into 
the glue. Dab off excess glue and place it onto the end of 
the rectangularly shaped slice. Do the same for the other clip 
on the other end of the slice. After 20–40 s, the glue will 
adhere. Dissection Solution can then be reapplied to the tissue. 
Do not yet pick up a clip, as it may be  adhered to the glass. 
First, push the tissue to assure none of the tissue is adhered 
to the glass surface prior to lifting it. Then return the tissue 
to the storage dish making sure it is submerged in the Dissection 
Solution (Figure  5C).

Mounting a Cardiac Slice
Carry the small dish with the clipped muscle the chamber. 
Adjust the distance between the platinum hooks using the 
manual micromanipulator so the hooks are slightly closer 
together than the distance between the ends of the clips. Also 
make sure the solution in the chamber is just covering the 
hooks and that the chamber is not full.

Pick up the muscle by one of the clips using forceps and 
carry it to the chamber. Put the end of a clip onto a hook 

FIGURE 4 | Confocal microscopy imaging of cell viability after slicing. (A) Green indicates cytosol of intact myocytes within a cardiac slice. Red indicates detection 
of DNA, which is only possible if the membrane has been disrupted. The localized absence of green within a myocyte indicates intact nuclei (arrows). DNA 
fragments and disrupted membranes appear limited to the edge of the slice where a razor blade was used to cut the tissue. We estimate 40% intact myocytes on 
the edges and effectively 100% intact for myocytes further than 30 mm from an edge. (B) Red indicates DNA detected in “dead” myocytes whose membranes have 
been disrupted by detergent. The absence of green further attests to a lack of intact membranes. Settings used for acquisition and display of these two images 
were the same.
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attached to the length controller. Lay the tissue into the chamber 
to minimize the effects of surface tension, which will tend to 
force the tissue to the surface. Position the second clip over 
the other hook attached to the force transducer (Figure  5D). 
Once the tissue is in the chamber, use the manual micrometer 
to increase the distance between the hooks. Once there is some 
tension on the tissue, add additional solution to bring the 
chamber to a volume that covers the slice. A transfer pipette 
is useful to place solution on top of the slice in the chamber.

PREPARING TO RECORD FUNCTIONAL 
DATA

Setup Before Recording
At this point, the muscle should be  slack on the hooks. The 
Recording Solution should be  bubbled with 100% O2 and can 
now be circulated through the chamber. The Recording Solution 
should be  flowing at about 1–4 ml/min so that the chamber 
volume is exchanged every minute or two. The outflow from 
the chamber should go into waste for at least 5 min to assure 
that any residual Dissection Solution released from the muscle 
will be discarded. After those 5 min have passed, the Recording 
Solution can be  recirculated to save solution volume.

The in-line solution heater can be turned on if a temperature 
higher than room temperature is desired. The new temperature 

will be  stabilized within about 5 min of turning on the heating 
element. The aspirator height should be  checked and adjusted 
if necessary to assure the muscle is submerged in the solution.

The stimulator should be  set up to deliver a bipolar pulse 
to minimize electrolysis issues, between 1 and 5 ms in duration, 
and 1–100 V amplitude. Please note that the voltage amplitude 
of the stimulus will depend on the type of stimulator used. 
Some stimulators will activate muscle with as little as 1 V, 
while other stimulators may require as much as 30 V or more. 
This is because some instruments have low output impedance 
and cannot deliver sufficient stimulating current at low voltage. 
Start the voltage amplitude at a low value to assure that the 
threshold voltage will be  discovered as stimulus amplitude 
is raised.

With the muscle loaded and no stimulation applied, adjust 
the length between the hooks to assure there is no tension 
on the muscle and the muscle is slack. Adjust the zero point 
of the force transducer so that zero force is recorded under 
this condition.

Adjusting Stimulation Voltage and 
Frequency
Using the manual micromanipulator, slowly lengthen the distance 
between the hooks to assure there is some tension on the 
muscle. In the case of the papillary muscle, this will also 
assure there is a good electrical connection between the muscle 

FIGURE 5 | Clipping a Cardiac Slice. (A) The area required for clipping must be well lit surrounded by the necessary materials. (B) Fiber orientation must 
be detected using a dissection microscope. In this example, the fibers are running left to right. The lines running up and down are either creases from the cutting 
action of the blade and can be reduced with slower cutting speed. (C) Examples of clipped slices show the dimensions are roughly 10 mm long × 5–8 mm wide x 
0.3 mm thick. (D) The clips permit the slice to be mounted into the recording apparatus.
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and the stimulus. Turn on the stimulator in repeat mode. 
Starting with a low stimulating voltage, raise voltage to 1.5 
times the stimulating threshold voltage. If the Dissection Solution 
is still washing out of the muscle, this washing out can often 
be  visualized as an increase in twitch force for a few minutes 
as the BDM is removed from the muscle.

The stimulation frequency that allows for full relaxation 
between twitches can range from 0.2 to 10 Hz depending 
on the species, muscle type, and experimental conditions. 
For rat cardiac muscle at room temperature, a stimulation 
frequency of 1–3 Hz is reasonable. Human samples at room 
temperature function well at 0.2–1 Hz but may not be  able 
to relax fully at higher frequencies up to 3 Hz, corresponding 
to 180 bpm, unless temperature is raised to 37°C. Samples 
from mouse heart at room temperature will function well 
at 1.5–3 Hz. Higher frequencies as high as 10 Hz can 
be achieved with mouse cardiac muscle at higher temperatures. 
Be  aware that heart samples, especially from the smaller 
mammals, may spontaneously contract if the stimulation 
frequency is too low. In those cases, it is best to stimulate 
with a higher frequency that captures the muscle and gradually 
reduce stimulation frequency over 10–30 min until the muscle 
is stimulated at the desired frequency.

Adjusting Starting Muscle Length
Once the stimulation voltage and frequency have been established 
and the Dissection Solution has washed out, the starting muscle 
length can be  established. If the sarcomere pattern is not 
regularly visible, as is usually the case for papillary muscle, 
the initial muscle length can be  established by stretching the 
muscle until the peak generated force is maximized. Starting 
from nearly slack muscle, the sarcomere length can be expected 
to be in the vicinity of 1.7–1.9 μm. As the muscle is lengthened, 
the sarcomere length will lengthen and systolic force will 
increase, which represents the ascending limb of the force–
sarcomere length relationship. The optimal muscle length, often 
termed Lmax, can be  found by lengthening the muscle until 
the highest developed force is achieved while maintaining the 
lowest possible diastolic force. In Figure  6A, the muscle is 
lengthened, and the developed force is found to rise with each 
incremental increase in length. This procedure should be repeated 
until there is no more rise in developed force with 
increasing length.

The optimal length coincides with sarcomere length 
approximately between 2.1 and 2.3 μm, which is the plateau 
region of the cardiac muscle force–sarcomere length relationship 
(de Tombe and ter Keurs, 2016). There are two factors that 
most influence the force–sarcomere length relationship and 
therefore optimal sarcomere length: (i) the fractional overlap 
of the thick and thin filaments, which is 100% within this 
range of sarcomere lengths, and (ii) whatever unidentified 
mechanism is further responsible for length-dependent activation 
in striated muscle (de Tombe and ter Keurs, 2016). The range 
of sarcomere lengths that corresponds to the optimal length 
can therefore be  broad and will not correspond to a single 
sarcomere length for all preparations and conditions.

Sarcomeres are usually visible in cardiac slices thinner 
than ~250 μm (Figure  6B) and in skeletal muscle with a 
linear long axis, that is, not pennate. If possible, it is best 
to establish a sarcomere length by visualizing the sarcomere 
length using light microscopy as the initial step in the 
experimental procedure. We have found that diastolic sarcomere 
length can be  routinely monitored in the cardiac slice, but 
systolic sarcomere length cannot be followed reliably. Fractional 
changes in whole muscle length are then in proportion to 
the fractional change in sarcomere length. Thus, establishing 
sarcomere length for a corresponding muscle length is an 
important initial step.

It should be  noted that several attributes of the twitch force 
may change over time. The twitch force will generally rise 
slowly over the next hour and the diastolic force will generally 
hold steady or will slowly drop. If the diastolic force rises 
over time, it may be  due to solution pH. We  have found that 
even a temporary rise in pH will cause an irreversible rise in 
diastolic force. The changes in function that occur over time 
will depend upon species, muscle type, temperature, and 
stimulation frequency. The experimentalist must check to be sure 
that pH is maintained throughout the experiment.

MATERIALS AND EQUIPMENT

Basic laboratory supplies must be available including glassware, 
double-distilled 18 MΩ water (ddH2O), refrigerator, pH meter, 
stir plate, ice, 100% O2 with regulator at 35 kPa (5 psi), tubing, 
and bubbling stones to deliver O2.

Solutions
The solutions used in the preparation and examination of intact 
muscle are crucial to recording excitable muscle function. There 
are many solutions that have been used successfully. We provide 
here only one set of solutions that are useful for testing, 
demonstration, and practice. The user could use these solutions 
to answer many experimental questions, but ultimately must 
select solutions that will be most applicable for the physiological 
processes under investigation.

The Dissection Solution outlined in Table  1 is a HEPES-
based, low Ca2+ Krebs-Ringer Solution useful for muscle 
preparation and not for recording muscle function. The Recording 
Solution outlined in Table  2 is a HEPES-based Krebs-Ringer 
Solution useful for functional analyses. Both solutions were 
proposed by Dr. Pieter de Tombe for use in investigating 
papillary muscles (de Tombe and Little, 1994). The use of 
HEPES rather than sodium bicarbonate as the buffering system 
makes it easier to maintain pH in vitro. However, be  aware 
that many physiological processes rely upon bicarbonate, which 
is present in vivo.

The presence of 2,3-Butanedione Monoxime (BDM) in the 
Dissection Solution prevents muscle contraction during the 
dissection process and therefore preserves the muscle during 
preparation (Mulieri et  al., 1989). The BDM will wash out of 
the muscle prior to recording function. Make the solutions 
according to the steps below.
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TABLE 2 | Recording solution.

2 L 1 L 500 ml 250 ml

NaCl (137 mM) 16.00 g 8.00 g 4.00 g 2.00 g
KCl (4.5 mM) 0.68 g 0.34 g 0.17 g 0.09 g
CaCl2 (1.8 mM) 3.60 ml 1.80 ml 0.90 ml 0.45 ml of 1 M 

Stock
MgCl2 (1.0 mM) 2.00 ml 1.00 ml 0.50 ml 0.25 ml of 1 M 

Stock
Glucose 
(10 mM)

3.60 g 1.80 g 0.90 g 0.45 g

HEPES 
(10 mM)

4.80 g 2.40 g 1.20 g 0.60 g

This solution is useful for recording function, such as twitch force, and can be used over 
a range of temperatures 15–40°C and must be oxygenated with 100% O2.

 1. Put ~90% of specified volume of ddH2O into a beaker or 
Erlenmeyer flask.

 2. Add stir bar and stir.
 3. Add each component listed in the table.
 4. pH Dissection Solution to 7.35–7.40 at ~4°C (on ice) 

with NaOH.
 5. pH Recording Solution to 7.35–7.40 at the temperature that 

will be  used during recording with NaOH. Do not use 
KOH, which will add unwanted K+.

 6. Take out the stir bar and pour into volumetric flask. Add 
ddH2O to final volume.

 7. Filter and pour into clean, closable glass container.
 8. Label (e.g., Krebs+HEPES+BDM or Krebs+HEPES+1.8Ca2+) 

and date
 9. Close the container and store at 4°C.

When the solutions are needed for tissue dissection and data 
recording, be  sure to bring the solutions to their respective 
temperatures, check pH and adjust if applicable, and bubble with 
100% O2 prior to use. When long dissection periods are expected 
(e.g., >5 min), bubble with 100% O2 continuously. These solutions 
are best used fresh but can be kept at 4°C for up to 1 or 2 weeks.

Other Considerations Regarding Solutions
The presence of Ca2+ in the Recording Solution is essential 
for cardiac muscle, which requires extracellular Ca2+ to induce 
muscle contraction. The extracellular Ca2+ concentration can 
change depending upon the function under investigation and 
the species. Higher concentrations of extracellular Ca2+ (often 
reported up to 2.5 mM) will induce higher peak systolic force 
but can also induce higher diastolic force, which is undesirable. 
The experimentalist should be  wary of this caveat and choose 
the extracellular Ca2+ concentration carefully.

In humans, the total plasma calcium is on the order of 
2.2–2.6 mM and about half (1.1–1.3 mM) is in the form of 
ionic calcium (Pagana and Pagana, 2014). Anecdotally, the 
concentration of Ca2+ often appears in published studies to 
mimic more closely the total plasma calcium rather than ionic, 
for example, 2.4 mM in Runte et  al. (2017). The range of total 
plasma calcium in mouse is dependent upon the mouse strain 
and encompasses 2.1–2.7 mM (Tordoff et  al., 2007). The range 
of total plasma calcium for rats, rabbits, and other small 
mammals falls within the ranges of human and mouse, although 
the normal range for guinea pig can span 1.3–3.0 mM 
(Washington and Van Hoosier, 2012). The use of 1.8 mM Ca2+ 
as noted in Table 2 is a good starting point. Reasonable systolic 
and diastolic function would be expected, but this concentration 

FIGURE 6 | Starting muscle length. (A) When sarcomeres are not visible, the optimal muscle length can be determined by lengthening the muscle until the peak 
twitch force (systolic minus diastolic force) is maximized while the diastolic force is minimized. In this example, stimulation was repeated at 1 Hz. (B) In cardiac slices 
of ~0.2 mm thickness, sarcomeres are clearly visible using light microscopy and can be used to adjust sarcomere length. In this example, sarcomere length is 2.0 μm.

TABLE 1 | Dissection solution.

2 L 1 L 500 ml 250 ml

NaCl (137 mM) 16.00 g 8.00 g 4.00 g 2.00 g
KCl (5.4 mM) 0.80 g 0.40 g 0.20 g 0.10 g
CaCl2 (0.2 mM) 0.40 ml 0.20 ml 0.10 ml 0.05 ml of 1 M 

Stock
MgCl2 (1.0 mM) 2.00 ml 1.00 ml 0.50 ml 0.25 ml of 1 M 

Stock
Glucose 
(10 mM)

3.60 g 1.80 g 0.90 g 0.45 g

HEPES 
(10 mM)

4.80 g 2.40 g 1.20 g 0.60 g

BDM (30 mM) 6.0 g 3.0 g 1.5 g 0.75 g

This solution is useful for dissection and muscle preparation only and typically 
maintained cold ~ 4°C and oxygenated with 100% O2. Final concentrations are given in 
parentheses.
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should be  adjusted according to the experimentalists needs 
and the physiology under investigation.

Those processes that require bicarbonate may be  less 
physiological if using the HEPES-based solutions. For 
example, a HEPES-based solution resulted in a lower 
intracellular pH (~7.2) compared to a bicarbonate-HEPES 
solution (~7.3), and whole heart function was reduced (Imahashi 
et  al., 2007). Bicarbonate can be  added to the solution recipes 
in Tables 1 and 2, but sodium balance must be  maintained. 
For example, the addition of 25 mM sodium bicarbonate 
(NaHCO₃) will require a concomitant reduction of 25 mM 
NaCl. And it will be  necessary to bubble the solution with 
95% O2-5% CO2 before and during the pH’ing process and 
to maintain pH during recording.

Stations
Three stations that must be available: a gross dissection station, 
a muscle preparation station, and a recording station.

The gross dissection station is used to anesthetize and 
euthanize the animal subject and allows for removing the heart 
humanely. We  will not provide information here about 
anesthetizing and euthanizing an animal or about removing 
the heart. Those procedures typically require training with a 
local veterinarian or physiologist, whose guidance will depend 
upon local laws and accepted practices of the experimentalist’s 
country, professional societies, and institution where the work 
is performed.

The muscle preparation station allows the experimentalist 
to remove the papillary muscles from the left ventricle and 
prepare the papillary muscles for recording and will 
be  described below.

The recording station allows the recording of functional 
data from the papillary muscle and will also be  described.

Muscle Preparation Station
The muscle preparation station must provide the following 
(Figure  7): (a) excellent lighting, (b) dissection microscope 
(10X magnification may be sufficient, but variable magnification 
up to 60X is preferable), (c) cooling plate and circulator (can 
be  substituted with ice if a cooling plate and circulator are 
not available), (d) bubbling stone for delivering gases, (e) at 
least one shallow glass dish with a clear silicon or rubber 
bottom and dissection pins filled half way with Dissection 
Solution, (f) small scissors (~10–20 mm blade), (g) smaller 
scissors (~2–4 mm blade), (h) at least two pairs of forceps, 
(i) at least two platinum omega-shaped clips in a small glass 
or clear plastic dish, (j) 7-O silk suture with at least two 
double-thrown loops also in the dish, and (k) laboratory tissues. 
It is also important to have transfer pipettes, ice bucket, and 
additional Dissection Solution readily available.

Recording Station
The recording station typically includes the following 
(Figure 8): (a) force transducer, length adjuster and chamber, 
(b) inverted microscope with 20X, 25X, or 40X fluorescence 
objective, (c) bridge amplifier for force transducer, (d) electronic 
interface and computer required for data collection, (e) 
stimulator, (f) motor controller, (g) peristaltic circulating 
pump, (h) tubing for delivery and withdrawal of circulating 
solution, (i) in-line heater to warm the solution prior to 
delivery to chamber, (j) rack for holding beakers or tubes 

FIGURE 7 | Muscle Preparation Station. The equipment and tools required to prepare muscle are shown here. (a) lighting, (b) dissection microscope, (c) cooling plate 
and circulator, (d) bubbling stone for delivering gases, (e) at least one shallow glass dish with a clear silicon or rubber bottom and dissection pins filled half way with 
Dissection Solution, (f) small scissors (~10–20 mm blade), (g) smaller scissors (~2–4 mm blade), (h) at least two pairs of forceps, (i) at least two platinum omega-shaped 
clips in a small glass or clear plastic dish (see inset), (j) 7-O silk suture with at least two double-thrown loops also in the dish (see inset), and (k) laboratory tissues.
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containing perfusion solutions, (k) bubbling stone to deliver 
gases to the perfusion solutions. It is also important to have 
transfer pipettes and additional Recording Solution available. 
It is useful to have magnifying glasses, sometimes called 
jeweler’s magnifiers, for loading muscle into the chamber. 
Standard 1.75X magnification with 35 mm (14 in) focal length 
is recommended.

DISCUSSION

The cardiac papillary muscle has been studied for decades and 
represents a staple experimental model system for studying 
cardiac muscle physiology (de Tombe and Little, 1994). Similar 
linear preparations, such as cardiac trabeculae or strips, can 
be examined using similar methods provided the tissue consists 
of cells oriented in parallel along the long axis of the preparation 
(Chung et  al., 2017; Runte et  al., 2017). The cardiac slice is 
relatively new, at least in its widespread adoption (Pitoulis et al., 
2020), and represents a robust model system that can remain 
viable for weeks (Fischer et  al., 2019; Moretti et  al., 2020). 
Both types of model systems, linear preparations and cardiac 
slices, can be subjected to length changes that mimic the cardiac 
pressure–volume relationship (Taberner et al., 2011). Furthermore, 
due to its longevity, the cardiac slice can be  subjected to a 
specified pressure–volume profile long enough to undergo cardiac 
remodeling that mimics the in vivo response to pressure overload 

or volume overload (Pitoulis et  al., 2021). The cardiac slice, 
again due to its longevity, can also support transfections of 
novel or mutant proteins. In these ways, the cardiac slice offers 
some advantages over linear preparations and isolated cardiac 
myocytes as a versatile experimental model system. The cardiac 
slice also offers routine visualization of sarcomere length, which 
is not possible in papillary muscles or whole hearts. It is likely 
that the cardiac slice will become the model system of choice 
as more laboratories begin to take advantage of its broad utility 
and relative ease of preparation (Watson et  al., 2017).

Both the linear preparations and cardiac slices can be loaded 
with fluorescent dyes to examine calcium regulation (Runte 
et  al., 2017) or action potential (Pitoulis et  al., 2020). Action 
potentials over an entire cardiac slice can also be recorded 
with an array of microelectrodes (Halbach et al., 2006). With 
the various methods and assays available using the model 
systems presented here, several physiological phenomena could 
be  explored. For example, the effects of sarcomere length on 
calcium dynamics or action potential can be  examined; the 
effects of extracellular inorganic phosphate on cardiac function 
can be  examined; the effects of protein mutations on length-
dependent force activation can be examined in an intact muscle 
sample. These are just a few examples of the many possible 
experiments that could be  performed with these models. 
We anticipate that several more physiological questions, protocols, 
and experimental measurement tools will arise as these model 
systems become more widely employed.

FIGURE 8 | Recording Station. The equipment and tools required to record data associated with muscle function are shown here. (a) chamber fitted with force 
transducer and length adjuster, (b) inverted microscope with 20X, 25X, or 40X fluorescence objective, (c) bridge amplifier for force transducer, (d) electronic interface 
and computer required for data collection, (e) stimulator, (f) motor controller, (g) peristaltic circulating pump, (h) tubing for delivery and withdrawal of circulating 
solution, (i) in-line heater to warm the solution prior to delivery to chamber, (j) rack for holding beakers or tubes containing perfusion solutions, (k) bubbling stone to 
deliver gases to the perfusion solutions.
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Limitations of These Model Systems
While the linear preparation and the cardiac slice have much 
to offer, there are a few limitations the experimentalist should 
be  aware of. For example, recording fluorescence from these 
preparations will often be  accompanied by motion artifact. In 
the case of isolated myocytes, the field of view and depth of 
field can be  chosen to encompass the entire myocyte, and 
total fluorescence from a single myocyte is negligibly affected 
by its motion. This is not the case in the more macroscopic 
preparations, although reasonably useful fluorescence signals 
are possible if care is taken to physically stabilize the sample 
in the field of view.

Papillary muscle and other linear preparations can experience 
a lack of metabolites at their core due to diffusion limitations. 
This phenomenon can hinder or prevent muscle performance 
when metabolite demands are high (Han et  al., 2011). For 
this reason, linear preparations on the order of 200 mm diameter 
or smaller are required when high function and high stimulation 
rates are expected (Han et  al., 2011). Again, the cardiac slice 
with a thickness under 250 μm will mitigate much of the issue 
related to diffusion limits.

Conclusion
With the growing use of molecular methods to probe muscle 
physiology at the protein and sub-protein levels, there is a 
generation of muscle physiologists without much if any first-
hand experience collecting function data at a level higher than 
the molecular. Yet the methods and skills required to collect 
functional data from macroscopic muscle preparations, like 
the papillary muscle or cardiac slice, are well established, clearly 
valuable, and still accessible to anyone willing to try. Much 
of the value in examining the macroscopic preparation stems 
from the preservation of in vivo structures that are lost or 
modified when single myocytes or molecules are isolated. The 
data collected with these model systems make for relatively 
easy translation to whole heart function and should be considered 
important components of assessing cardiac muscle function 
due to protein modification or response to drugs. With that 

need in mind, we  have provided here some of the most basic 
methods for cardiac muscle preparation that are suitable for 
beginners and intermediate experimental physiologists.
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Striated muscle contraction and relaxation is regulated by Ca2+ at the myofilament level 
via conformational modulations of the troponin complex. To understand the structure–
function relationship of troponin in normal muscle and in myopathies, it is necessary to 
study the functional effects of troponin isoforms and mutations at the level of allosteric 
conformations of troponin subunits. Traditional methodologies assessing such conformational 
studies are laborious and require significant amounts of purified protein, while many current 
methodologies require non-physiological conditions or labeling of the protein, which may 
affect their physiological conformation and function. To address these issues, we developed 
a novel approach using site-specific monoclonal antibodies (mAb) as molecular probes to 
detect and monitor conformational changes of proteins. Here, we present examples for 
its application in studies of two subunits of troponin: the Ca2+-binding subunit, TnC, and 
the tropomyosin-binding/thin filament-anchoring subunit, TnT. Studies using a high-
throughput microplate assay are compared with that using localized surface plasmon 
resonance (LSPR) to demonstrate the effectiveness of using mAb probes to assess ligand-
induced conformations of troponin subunits in physiological conditions. The assays utilize 
relatively small amounts of protein and are free of protein modification, which may bias 
results. Detailed methodologies using various monoclonal antibodies (mAbs) are discussed 
with considerations for the optimization of assay conditions and the broader application 
in studies of other proteins as well as in screening of therapeutic reagents that bind a 
specific target site with conformational and functional effects.

Keywords: protein conformation, ELISA, LSPR, monoclonal antibody, high-throughput screening, troponin, 
ligand-protein binding

INTRODUCTION

The troponin complex plays a crucial role in regulating striated muscle contraction and 
relaxation by allosterically modulating the configuration of tropomyosin (TM) on the actin 
thin filament, thus regulating myosin cross-bridge cycling (Gordon et  al., 2000). Troponin 
is a heterotrimer consisting of troponin C (TnC, Ca2+-binding subunit), troponin I  (TnI, 
actomyosin ATPase inhibitory subunit), and troponin T (TnT, TM-binding subunit). 
Muscle  contraction starts with initial conformational changes in TnC upon Ca2+ binding, 
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which confers further conformational changes in TnI and 
TnT to release the inhibition of myosin ATPase and permit 
the movement of TM for cross-bridge formation (Zhang 
et  al., 2011). Owing to the essential nature of the allosteric 
functions of troponin subunits in muscle contraction and 
relaxation, understanding their structure-conformation 
relationship and the conformational states relevant to muscle 
contraction and relaxation is vital to understanding how 
striated muscle functions.

Two homologous genes encode muscle-fiber type specific 
TnC isoforms, one expressed in fast skeletal muscle and the 
other in cardiac and slow skeletal muscles. Both isoforms 
contain four E-F hand divalent metal ion binding sites, two 
high affinity sites in the C-terminal domain that competitively 
bind both Ca2+ and Mg2+, and two low affinity sites in the 
N-terminal domain that favor binding of Ca2+ (Robertson et al., 
1981). The two TnC isoforms differ in that all ion-binding 
sites are active in fast skeletal muscle TnC, while one of the 
N-terminal sites (Site 1) in cardiac/slow skeletal muscle TnC 
is inactive (van Eerd and Takahashi, 1975; Putkey et al., 1991). 
In both isoforms, the N and C domains are connected by a 
linker region which forms an alpha helical arrangement in 
fast skeletal TnC but is less well-resolved in the X-ray 
crystallography structure of cardiac/slow skeletal muscle TnC, 
suggesting this region may be  highly flexible in the latter 
isoform (Vinogradova et  al., 2005). In muscle cells, the C 
domain metal-binding sites are constantly occupied by Mg2+, 
whereas the rising cytosolic Ca2+ ions during muscle activation 
preferentially bind the N domain of TnC to initiate the 
conformational changes that confer contraction (Grabarek, 
2011). Experimental data suggest that Mg2+ may be  able to 
compete to some degree with Ca2+ for binding to the N domain 
of TnC though it cannot initiate conformational changes (Potter 
and Gergely, 1975; Leavis and Kraft, 1978; Rayani et  al., 2021).

Three TnT isoforms exist in fast skeletal, slow skeletal, and 
cardiac muscles, respectively (Wei and Jin, 2016). The N-terminal 
domain of TnT is a hypervariable region with a highly diverged 
structure among isoforms and undergoes alternative splicing 
during muscle development (Jin et  al., 2008). The N-terminal 
structural variations have been shown to modulate the 
conformation and function of the middle and C-terminal 
conserved regions of TnT (Biesiadecki and Jin, 2002; Zhang 
et  al., 2006). An intriguing feature of the N-terminal variable 
region of avian fast skeletal muscle TnT is an alternatively 
spliced Glu and His rich segment uniquely expressed in adult 
pectoral muscles of the avian orders of Galliformes (Jin and 
Smillie, 1994; Ogut and Jin, 1998). This N-terminal variable 
segment of Galliformes fast skeletal muscle TnT contains repeating 
[H(E/A)EAH] motifs designated the Tx segment (Smillie et al., 
1988), which has been shown to bind transition metal ions 
(Jin and Smillie, 1994). While this unique feature is not present 
in muscles of other species and is therefore not required for 
the basic function of troponin T, research from our lab has 
previously demonstrated that binding of Zn2+ to the N-terminal 
domain of chicken fast skeletal muscle TnT alters the local 
and global molecular conformations with functional impacts 
(Ogut and Jin, 1996; Wang and Jin, 1998).

Traditional approaches to study folded protein structure 
include methods such as X-ray crystallography, nuclear magnetic 
resonance spectroscopy, circular dichroism, and Förster 
resonance energy transfer (FRET). These methods often demand 
large amounts of purified protein at high concentration and 
highly specialized equipment, or they require external labeling 
of the protein, which can interfere with the very native 
structure seeking to be  investigated (Alberts et  al., 2002; Liu 
and Hsu, 2005; Raicu and Singh, 2013). The now widespread 
availability of computational models has expanded the ability 
to model protein structure in silico, but such methods still 
rely on experimentally determined conformation data and 
the need for empirical validation through biochemical and 
biophysical studies (Bhasin and Raghava, 2006). Therefore, 
there remains a need to assess native protein conformation 
and physiological structure–function relationship through assays 
that can be  readily performed in the laboratory of 
individual investigators.

Antibodies are ubiquitously used in research laboratories. 
The binding of an antibody (immunoglobulin) to an antigen 
protein is a protein–protein interaction dependent on the 3-D 
conformational fit between the topology of the epitope and 
the variable region of the antibody. The affinity of an antibody 
to an antigen reflects the degree of structural fit (Figure  1). 
Generation of antibodies in vivo is mediated by antigen presenting 
cells, which process an immunogen and present it in the form 
of short peptides to activate B cells (Avalos and Ploegh, 2014). 
Therefore, antibodies generated by various forms of immunogens, 
such intact proteins, either denatured or native, as well as 
protein fragments or synthetic peptides can potentially be useful 
as conformational probes as long as their epitopes are related 
to the conformation-sensitive structures of a desired protein. 
Hybridoma technology has expanded the ability to produce 
site-specific monoclonal antibodies (mAbs) (Köhler and Milstein, 
1975), allowing for the production of reagents which recognize 
various antigenic epitopes with high specificity.

It is widely recognized that the high throughput enzyme-
linked immunosorbant assay (ELISA) (Plested et  al., 2003), 
typically performed in a 96-well microtiter plate, can rapidly 
titrate and quantitatively compare antibody-protein bindings. 
The ELISA method is easily adaptable to a wide array of study 
designs, among which we  have explored its novel application 
in mAb protein conformational studies (Figure  2; Wang and 
Jin, 1998; Jin and Root, 2000; Chong and Jin, 2009).

Localized surface plasmon resonance (LSPR) is a technique 
which takes advantage of the oscillations of conduction band 
electrons in a metallic nanoparticle following stimulation by 
irradiated light. When probed with a light wave, the electron 
cloud will oscillate in a predictable manner, which will further 
shift with local changes at the surface of the nanoparticle. By 
functionalizing the nanoparticle, various proteins can be bound 
to the surface, and interactions with other proteins will disrupt 
the resonant wavelength in a quantitative manner (Petryayeva 
and Krull, 2011). This method can analyze a bound protein 
of interest using specific mAbs, in which empirical antibody–
antigen binding data can be fit to a model to estimate association 
(Ka) and dissociation (Kd) constants. By using LSPR in conjunction 
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with a high-throughput method like ELISA, a fuller picture 
of antibody–antigen binding can be efficiently studied (Figure 3).

In the present work, we  employed a diverse range of site-
specific mAbs to assess conformations of TnC and TnT for 
functional significance, with a focus on quantifying ligand-
induced changes upon ion binding. We investigated Ca2+-induced 
changes in the molecular conformation of TnC at regions 
related to the E-F hand domains, as well as remote ligand-
induced effects. We  also explored how binding of transition 
metal ions to the N-terminal Tx segment affect local and 
overall conformation of avian pectoral muscle TnT. Site-specific 
mAbs are employed based on their epitope locations in TnC 
or TnT. LSPR is utilized to understand changes in TnC structure 
upon Ca2+ binding. We  further discussed the utility of site-
specific mAbs to investigate protein conformation, with an 
emphasis on optimization of assay conditions and the applicability 
of mAb analysis of protein conformational differences and 

changes for broader use in other systems, including the screening 
of therapeutic reagents that bind a specific target site with 
conformational and functional effects.

MATERIALS AND METHODS

Proteins Used in Study
Recombinant chicken fast skeletal TnC and mouse cardiac/
slow skeletal muscle TnC were expressed in BL21(DE3)pLysS 
Escherichia coli and purified as previously reported (Jin et  al., 
2007). Recombinant chicken fast skeletal muscle TnT8e16 protein 
was expressed in BL21(DE3)pLysS E. coli and purified as 
previously reported (Ogut and Jin, 1998). Recombinant chicken 
fast skeletal muscle TnT1 fragment 1–165 (N165) was expressed 
in BL21(DE3)pLysS E. coli and purified as previously reported 
(Ogut and Jin, 1996).

FIGURE 1 | Antibody as probe to detect protein conformational change. Antibody–antigen binding is a protein–protein interaction whose affinity is determined by 
3-D structural fitting of the antigenic epitope and the variable region of antibody. Changes in the epitope conformation can be reflected in the antibody binding 
affinity, where an alteration of the epitope conformation can shift an antibody–antigen interaction from a better fit with higher affinity (left) to a partial fit with lower 
affinity (right) and vice versa.

FIGURE 2 | ELISA-based mAb epitope analysis. Protein of interest was coated on a microtiter plate in a buffer containing the desired additives, which can be used 
as the buffer throughout the entire assay or modified in later steps. After blocking the plate, the mAb conformational probe was incubated in serial dilutions, followed 
by washes and incubation with horse radish peroxidase (HRP)-conjugated secondary antibody. After final washes, the binding of mAb probes was detected via 
H2O2-ABTS colorimetric substrate reaction and recording the development of absorbance at 420 nm.
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Concentrations of protein stocks were determined using 
Bradford reagent (BioRad) with a linear fit standard curve of 
serial dilutions of bovine serum albumin (BSA). Absorbances 
were determined at A595  nm using an automated microplate 
reader (BioTek Synergy H1).

Monoclonal Antibodies Used in Study
Development and immunological characterization of anti-TnC 
and anti-TnT mAbs were completed using the methods reported 
previously (Wang and Jin, 1998). Briefly, Balb/c mice were 
immunized with purified antigen using a short term protocol 
including a primary injection with Freund’s complete adjuvant 
and three daily pre-fusion boosts without adjuvant. Two days 
after the final boost, spleens cells were harvested and fused 
with SP2/0 mouse myeloma cells. Hybridoma clones were 
screened using ELISA against the antigen protein immobilized 
on 96-well microplate. The antibody-secreting hybridomas were 
subcloned three or more times to establish stable cell lines 
for use in the production of mAb-enriched mouse ascites fluid.

Anti-chicken fast skeletal muscle TnC mAbs 4E7, 2C3, and 
2D10 were prepared as reported previously, through immunization  
with purified chicken fast skeletal muscle TnC (Jin et  al., 2007). 

Anti-chicken fast skeletal muscle TnT mAbs 6B8, 3E4, 3H12, 
and 4C3 were prepared as described previously through 
immunization with purified chicken breast muscle TnT or leg 
muscle TnT (Wang and Jin, 1998). An anti-Tx peptide mAb 
3C11 was produced as reported previously through immunization 
with a Tx3 peptide fused to ApoE protein with Freund’s complete 
adjuvant (Liu, 2016).

To partially purify mAbs from mouse ascites fluid, saturated 
ammonium sulfate solution was added dropwise to 1 ml of 
ascites fluid to arrive at 30% saturation. The mixture was 
permitted to equilibrate at 4°C with mixing for 1 h and then 
was centrifuged at 20,000 × g at 4°C for 15 min. The supernatant 
was collected, and the volume was measured. Saturated 
ammonium sulfate solution was added dropwise to the 30% 
saturation supernatant to arrive at 60% saturation, equilibrated 
at 4°C for 1 h, and centrifuged at 20,000 × g at 4°C for 15 min. 
The resulting pellet containing enriched IgG was collected and 
resuspended in phosphate buffered saline (PBS) for use.

SDS-PAGE and Western Blotting
TnC and TnT proteins were analyzed via SDS-PAGE and 
Western blotting to determine the recognition by specific mAbs. 

FIGURE 3 | Localized surface plasmon resonance-based mAb epitope analysis. Protein of interest was attached to a carboxy-functionalized gold nanoparticle via 
covalent bonding with lysine residues. The protein was permitted to equilibrate in running buffer, and then the mAb probe diluted in the same buffer was permitted to 
flow over the chip and interacts with the protein. Interactions were measured via local changes in refractive index that are reflected in optical signal detection. 
Running buffer was then flushed over the chip to promote mAb dissociation. The resulting signal measured by the optical detector is plotted against time to 
calculate antibody association and dissociation rate constants.
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Briefly, purified proteins in SDS-PAGE sample buffer were 
resolved on 14% Laemmli gel with an acrylamide-to-
bisacrylamide ratio of 180:1 and were visualized using Coomassie 
blue R250 staining or electrically transferred to nitrocellulose 
membrane using a semi-dry apparatus (Bio-Rad). The membranes 
were blocked with Tris-buffered saline (TBS) containing 1% 
BSA, followed by incubation in TBS containing 0.05% Tween-20 
(TBS-T), 0.1% BSA, and pre-titrated concentrations of mAbs 
at 4°C overnight. Membranes were washed using TBS containing 
0.5% Triton X-100 and 0.1% SDS, and incubated with alkaline 
phosphatase-conjugated anti-mouse IgG secondary antibody 
(Santa Cruz) in TBS-T + 0.1% BSA at room temperature for 
1 h. Membranes were washed again and developed in 5-bromo-
4-chloro-3-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) 
to visualize the target protein bands.

Microtiter Plate Antibody Epitope Analysis 
of TnC and TnT Conformational Changes
As outlined in Figure  2, antibody epitope analysis using solid-
phase ELISA was performed to assess changes in protein 
conformations via titration of antibody-protein binding affinities. 
To study the troponin subunits, a standard buffer mimicking 
the intracellular ionic environment (10 mM Tris–HCl, pH 8.0, 
and 100 mM KCl) was used with assay-specific additives described 
below. All assays were run in 96-flat bottom well microplates 
in triplicate.

To study Ca2+/Mg2+-dependent conformations of fast TnC, 
purified chicken fast skeletal muscle TnC was coated on 
microtiter plates at 2 μg/ml, 100 μl per well, in the standard 
buffer plus either 0.1 mM ethylene glycol tetraacetic acid 
(EGTA), 0.1 mM CaCl2, 3 mM MgCl2 + 0.1 mM EGTA, or 
3 mM MgCl2 + 0.1 mM CaCl2, at 4°C overnight. Plates were 
washed three times 5 min each using the standard buffer 
with the corresponding assay-specific additives plus 0.05% 
Tween-20 to remove unbound protein, and the remaining 
plastic surface was blocked using 1% BSA in the washing 
buffer for 30 min. The immobilized protein was then incubated 
with serial dilutions of ascites fluid of anti-fast TnC mAbs 
2C3, 4E7, or 2D10  in standard buffer plus 0.1% BSA, 0.05% 
Tween-20, and the assay-specific additives at 100 μl per 
well  at room temperature for 2 h. Same as above, the plates 
were washed and further incubated with horse radish 
peroxidase (HRP)-conjugated anti-mouse secondary antibody 
(Santa Cruz) at room temperature for 1 h. Washed again 
to remove unbound secondary antibody, H2O2–2,2′-azinobis 
(3-ethylbenzthiazolinesulfonic acid; ABTS) substrate was 
added at 100 μl per well for color development at room 
temperature for 30 min. A420  nm of each assay well was 
measured at a series of time points using an automated 
microplate reader (BioTek Synergy H1). Values in the linear 
range of color development were used to construct affinity 
titration curves after background subtraction.

To study the effects of transition metal binding to the 
N-terminal Tx element of avian pectoral muscle fast TnT on 
local and global molecular conformation, purified chicken fast 
TnT8e16 was coated at 4 μg/ml in the standard buffer containing 

0.1 mM ethylenediaminetetraacetic acid (EDTA) or 0.1 mM 
ZnCl2. Microplate epitope analyses were performed as above 
using mAbs 3C11, 3E4, 4C3, 2C8, or 3H12.

Localized Surface Plasmon Resonance 
Epitope Analysis of Antibody Kinetics
As illustrated in Figure  3, LSPR was employed to study 
TnC  epitope conformation via determining the binding 
kinetic  rate constants of mAbs. Chicken fast skeletal muscle 
TnC was covalently immobilized on a carboxyl sensor chip 
of the Open  SPR™ instrument (Nicoya Lifesciences, Canada), 
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 
and N-hydroxysuccinimide (NHS) to activate the carboxyl 
groups by producing an activated NHS-ester intermediate, which 
was then displaced by primary amines from lysine groups of 
the protein of interest. A 200 μl injection of fast TnC at 50 μg/
ml in sodium acetate buffer pH 5 was allowed to bind to the 
chip over 5 min at a flow rate of 20 μl/min, followed by a 
blocking solution (Nicoya Lifesciences, Canada) to block any 
remaining activated esters on the chip.

To study antibody binding to the immobilized protein, 
ammonium sulfate-enriched mAb stock was diluted in the 
running buffer at 50 and 10 μg/ml to a negligible amount 
of ammonium sulfate. The mAb was permitted to bind to 
the immobilized protein over 300 s at a flow rate of 20 μl/
min, followed by fresh running buffer for 180 s at 20 μl/min 
to allow for dissociation. The chip was regenerated with 3 M 
KCl (or HCl, pH 1.5, if salt was not sufficient to promote 
full regeneration). If a buffer change was required, the buffer 
was perfused through the instrument at 20 μl/min for 10 min 
for complete solution exchange. The data were retrieved and 
analyzed using TraceDrawer software, and the curves were 
fit to a one-to-one model to estimate binding constants 
(Myszka et  al., 1997; Önell and Andersson, 2005; Rich and 
Myszka, 2010).

The effect of Ca2+ on TnC conformation was studied in 
buffers at pCa 10.0, 9.0, 8.0, 7.5, 7.0, 6.5, 6.3, 6.0, 5.5, 5.0, 
4.5, and 4.0 prepared by mixing pCa 10.0 and 4.0 buffers 
[10 mM piperazine-N,N′-bis(2-ethanesulfonic acid) pH 7, 100 mM 
KCl, 3 mM MgCl2, 10 mM EGTA, 3 μM, or 10.06 mM CaCl2] 
calculated using the UC Davis Ca-Mg-ATP-EGTA v1.0 computer 
program1 and mixed at various ratios as described previously 
(Feng and Jin, 2020).

RESULTS

Conformational Effects of Ca2+ and/or Mg2+ 
Binding to N and C Domains of Fast 
Skeletal Muscle TnC Detected Using mAb 
ELISA
Domain-specific anti-chicken fast skeletal muscle TnC mAbs 
4E7, 2C3, and 2D10 were employed to assess conformational 

1 https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/
CaMgATPEGTA-NIST.htm
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changes of fast TnC induced by the binding of Ca2+ and Mg2+. 
The epitope locations of the mAbs have been previously reported 
(Jin et  al., 2007), with 4E7 and 2C3 against the N domain 
fragment (amino acids 1–91) and 2D10 against the C domain 
fragment (amino acids 89–163; Figure 4A). Chicken fast skeletal 
TnC contains 4 E-F hand metal-binding sites: the high-affinity 
C domain sites bind Mg2+ or Ca2+, while the low-affinity 
N domain sites preferentially bind Ca2+ (Figure 4B; Vinogradova 
et  al., 2005; Sehnal et  al., 2021). The three mAbs were used 
as probes in an ELISA microtiter plate solid-phase assay to 
assess changes in fast TnC conformation with Ca2+ and/or 
Mg2+ binding and with an EGTA control for the metal-free 
apo form.

The ELISA mAb titration curve in Figure  5A shows that 
fast TnC at the physiological activation state (two-Mg2+ and 
two-Ca2+) exhibits significantly higher affinity for 4E7  in 
comparison to that of the EGTA-apo state. Occupation of 
the C domain metal binding sites by Ca2+ further increases 
the affinity to mAb 4E7 (Figure 5A). The Mg2+-only relaxation 
state shows an intermediately higher binding affinity than 
that of apo state (Figure 5A). The results, therefore, indicate 
that the binding of Ca2+ to the N domain of TnC during 

muscle activation reconfigures the N domain conformation 
in a detectable manner via change of mAb 4E7 affinity. 
The effects of four-Ca2+ vs. Ca2+ + Mg2+ on increasing mAb 
4E7 affinity further demonstrate a cross talk between the 
C and N domains.

The anti-C domain mAb 2D10 shows higher affinity than 
that of the metal free-apo state in the presence of either 
Ca2+ alone or Ca2+ + Mg2+ ions (Figure  5B), indicating 
structural effects regardless of which ion occupies the C 
domain binding sites. The detectable difference between the 
Mg2+ only state and the Ca2+ + Mg2+ state (Figure  5B) 
indicates a Ca2+-N domain binding-induced conformational 
change in the C domain.

In contrast, the affinity of mAb 2C3 was not dramatically 
affected by the binding of Ca2+ and Mg2+ as compared to the 
EGTA-apo state (Figure 5C). In addition to confirming consistent 
coating of TnC protein on the microtiter plate regardless of 
metal additives, the result suggests that the mAb 2C3 epitope 
may lie in the central helical linker region near the end of 
the N domain peptide of fast skeletal TnC (Figure  4A) and 
may be  conformationally independent of the four metal 
ion-binding sites.

A

B

FIGURE 4 | Structure of chicken (Gallus gallus) fast skeletal muscle TnC. (A) A linear map showing locations of epitopes recognized by anti-TnC mAbs 4E7, 2C3, 
and 2D10 used as conformational probes in the present study. Fast TnC consists of N and C terminal domains containing four E-F hand Ca2+-binding motifs, along 
with a central helical linker to connect the domains. N-terminal (amino acids 1–91) and C-terminal (89–163) fragments were employed to map epitopes of the mAbs. 
(B) A crystal structure of fast TnC in the Ca2+-saturated state (PDB: 1YTZ; Ca2+ ions are present as green spheres). The N and C termini, and the boundary of the 
N- and C-terminal fragments used for mAb epitope mapping are indicated.
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Ca2+ Sensitivity of Fast Skeletal Muscle 
TnC Titrated With LSPR
Using mAbs 2C3 and 4E7  in LSPR infused with buffers 
containing 3 mM Mg2+ and differing [Ca2+], mAb 2C3 affinity 
to fast skeletal muscle TnC is nearly identical at pCa 9.0 and 
4.0 (Figure  6A), consistent with the results from the ELISA 
titrations. mAb 4E7, on the other hand, shows a low association 
rate with fast skeletal muscle TnC at pCa 9.0 with a dramatic 
increase at pCa 4.0 (Figure  6B). Infusing mAb-free buffer to 
promote dissociation quickly returns the pCa 9.0 curve to 
baseline, conditions which mimic the post-wash endpoint 
readings in ELISA.

Over the range from pCa 10.0 to 4.0, a shift in mAb 4E7 
affinity is observed with [Ca2+] at and above pCa 8.0 (Figure 6C). 
The Ca2+-induced conformational changes at the mAb 4E7 
epitope, reflected by the equilibrium dissociation constant KD, 
mirror the equilibrium endpoint measured in ELISA. While 
Bmax, the maximum possible binding to the fast TnC chip, 
increases with increasing [Ca2+], KD decreases, reflecting a 
higher affinity of mAb 4E7 for fast TnC in the Ca2+-bound 
state. In our previous work using skinned cardiac muscle fiber 
preparations with similar buffer conditions, pCa 5.8 is 
approximately the concentration of half maximal force activation, 
indicating a Ca2+ concentration sufficient to induce TnC 
conformational changes that instigate muscle contraction (Wong 
et  al., 2019). Of note, both measures of antibody kinetics, Bmax 
and KD, reach an equilibrium value at approximately pCa 7.0. 
The results implicate that fast TnC can be sufficiently “primed” 
at this pCa prior to the fiber activation of contraction at pCa 
5.8, similar to the four-state model of calcium regulation of 
muscle contraction proposed in a previous study of cardiac 
muscle (Sun and Irving, 2010).

The results of an ELISA pCa titration of mAb 4E7 binding 
to fast TnC further validate the results observed in LSPR 
(Figure  6D), where 4E7 shows a dramatic increase in affinity 

from pCa 10 to 7.5 followed by a gradual decrease to reach 
a plateau level at pCa 5.5. With the presence of two Ca2+ 
binding sites in the N domain of fast TnC, we  posit that the 
early phase of mAb 4E7 epitope conformational change from 
pCa 10 to 7.5 may be  reflective of one vs. two Ca2+ state 
binding, whereas the second phase conformational change 
between pCa 7.5 and 5.5 induces myofilament activation and 
force production, though more work needs to be  done to 
further validate this hypothesis.

Conformational Effect of Transition Metal 
Ion Binding to Tx-Segment of Avian 
Pectoral Muscle TnT
Site specific mAbs 3C11, 3E4, 2C8, 4C3, and 3H12 against the 
pectoral splice form of chicken fast skeletal muscle TnT were 
employed to assess conformational changes with metal ion 
binding. Previous characterizations have shown that mAb 3C11 
is specific to the metal binding Tx peptide, mAb 3E4 is against 
an epitope lying in the adjacent exon 7-encoded linker region, 
and mAb 2C8 epitope lies downstream in the exons 10–11 
encoded segment (Figure  7A; Wang and Jin, 1998; Jin and 
Chong, 2010; Liu, 2016). The Western blots and ELISA titrations 
against intact TnT8e16 and the T1 segment of chicken fast 
skeletal TnT1, N165, further determined the epitope locations 
of the anti-TnT mAbs used in the present study. mAb 2C8, 
used as a positive control, recognizes the N165 peptide and 
displays equal reactivity to N165 and TnT8e16  in both Western 
blot and ELISA (Figures  7B,C). mAbs 3C11 and 4C3 showed 
similar reactive pattern to TnT8e16 and N165  in ELISA and 
thus also possess epitopes within the T1 segment. N165 lacks 
the exon 7-encoded segment, and thus mAb 3E4 displays reactivity 
to TnT8e16 but not to N165. Both mAbs 3C11 and 4C3 lacked 
strong reactivity to N165 in Western blot, suggesting low affinity 
under the SDS-PAGE denaturing conditions as compared to 

A B C

FIGURE 5 | Conformational effect of Ca2+ and/or Mg2+ binding to fast TnC detected in microtiter plate ELISA. (A) The ELISA titration curves show that mAb 4E7 
against the N domain of fast TnC exhibits a low affinity in the metal-free condition. The presence of Mg2+, which binds to the C domain sites, significantly increased 
the affinity of mAb 4E7, indicating an effect on the N-domain conformation. Binding of Ca2+ to the N-domain sites in the presence of 3 mM Mg2+ further increased 
the affinity of mAb 4E7. The highest affinity of mAb 4E7 was seen in the four-Ca2+ state, indicating that the occupations of the C domain sites by Ca2+ or Mg2+ have 
different conformational effect on fast TnC. (B) mAb 2D10 against the C domain of fast TnC shows higher affinities in the four-Ca2+ or Ca2+ + Mg2+ state than that of 
Mg2+ alone while the metal free-apo state has the lowest affinity, indicating both ions bind to the C-domain with similar conformational effect whereas Ca2+ binding to 
the N domain increases the affinity for mAb 2D10. (C) mAb 2C3 detected a conformation-independent epitope that displays similar affinity for fast TnC in the 
presence or absence of Ca2+ and Mg2+ ions.
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the native conformation observed in ELISA. mAb 3H12 does 
not react to N165  in Western blot or ELISA, indicating its 
epitope is outside of the T1 segment in the C-terminal T2 region.

Binding affinities of those mAb probes to TnT8e16 were 
compared between the Zn2+-bound and EDTA-apo states to 
investigate the metal-Tx binding-induced conformational changes. 

A

C

D

B

FIGURE 6 | Conformational effect of Ca2+ binding to fast TnC detected in quantitative LSPR assay. (A) Changes in buffer pCa did not affect the binding of mAb 
2C3, consistent with the observation in ELISA that mAb 2C3 binding to fast TnC remains constant regardless of ion binding. In addition, the binding signal of mAb 
2C3 confirms constant protein coating on the LSPR chip. (B) In contrast, the binding of mAb 4E7 against the N domain of fast TnC changes with the change in 
pCa. A significant decrease in association rate and increase in dissociation rate at pCa 9.0 vs. pCa 4.0 are detected, indicating weaker binding of the mAb probe in 
the Ca2+-free state. (C) The physiological range pCa titration curve of mAb 4E7 binding with LSPR indicates that fast TnC changes conformation when [Ca2+] 
increases. The maximum binding of mAb 4E7 to the fast TnC chip, Bmax, increased in a gradual manner to a plateau level when [Ca2+] reached pCa 7.0, while KD, the 
equilibrium dissociation constant, started to decrease when [Ca2+] increases to pCa 8.0 and rapidly minimized at pCa 7.0. (D) The ELISA titration curves of mAb 4E7 
binding to fast TnC at the same range of pCa (left panel) show a dramatic increase in affinity from pCa 10.0 to pCa 8.0. At sub-saturated concentration of mAb 4E7 
(10−5 dilution, right panel), the [Ca2+] titration curve reveals three-phases of binding affinity changes: A rapid increase from pCa 10 to 7.5, a small decrease from pCa 
7.5 to 5.5, and a plateau above pCa 5.5.
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Owing to the large number of site-specific mAbs available, 
we  were able to map conformational changes directly at the 
Tx segment as well as highlight ligand-induced effects felt 
further from this domain. mAb 3C11 displayed a clear detection 
of the local conformational effect of Zn2+ binding on the Tx 
cluster, whereby which the affinity of mAb 3C11 was significantly 
decreased relative to the EDTA-apo control (Figure  8A), as 
previously observed in other anti-Tx mAbs (Wang and Jin, 
1998). The binding of mAb 3E4 against a closely downstream 
epitope also displayed a decrease in affinity with Zn2+ binding, 
though the effect was less dramatic, indicating a propagated 
conformational change (Figure  8B).

Interestingly, mAbs 2C8 and 4C3 recognizing epitopes further 
downstream detected similarly increased affinities to TnT8e16 in 
metal-Tx-bound state than that to the EDTA-apo state 

(Figures  8C,D). This effect suggests the entire T1 segment 
may be  highly flexible and responds with metal ion binding 
to change conformation and function.

The results also indicate that mAbs raised during 
immunizations may differentiate to have their variable regions 
fit with either metal-bound or metal-free state of TnT8e16. 
Since the antigenic epitopes are presented to the B lymphocytes 
in short peptides, and the 2C8 and 4C3 epitopes are remote 
from the N-terminal Tx segment (Figure  7A), the yield of 
mAbs with higher affinity for the metal bound state indicates 
that the metal-Tx binding induced conformational reconfiguration 
in the middle region of avian pectoral muscle TnT reflects an 
intrinsic property present in isolated antigenic peptides.

In contrast, the affinity of mAb 3H12 did not change with 
the binding of Zn2+ to the N-terminal Tx element (Figure 8E). 

A

C

B

FIGURE 7 | Linear structure of chicken fast skeletal muscle TnT8e16 and epitope mapping of anti-TnT mAbs. (A) Locations of the epitopes recognized by anti-TnT 
mAbs used in the present study are indicated on a linear map of chicken fast TnT8e16. The Tx segment of chicken fast TnT, consisting of seven repeated H(E/A)
EAH transition metal binding motifs, is encoded by alternatively-spliced exons. (B) Western blotting and (C) ELISA using intact chicken TnT8e16 and N-terminal T1 
fragment N165 demonstrated that mAbs 2C8, 4C3, and 3C11 epitopes are contained within the N165 peptide, while the 3H12 epitope is outside of N165. mAb 
3E4 had no reaction with N165 due to the lack of exon 7-encoded segment, serving as a background control.
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The epitope of mAb 3H12 is contained within the C-terminal 
T2 segment, remote from the Tx region, implying that the 
C-terminal T2 domain conforms independently of the T1 
domain and is insensitive to metal ion-Tx-binding induced 
conformational changes. The results of mAb 3H12 binding 
also confirm consistent protein coating regardless of buffer 
conditions, serving as a control and validating the ELISA system 
for use in the comparison of anti-TnT8e16 mAbs.

DISCUSSION

The methods and results described the present study highlight 
the utility of mAbs as site-specific probes to study protein 
conformation and changes. Our goal is to provide a framework 
for designing experiments, which measure changes both 
locally at the effector site as well as at remote allosteric 
regions. We employed two subunits of the troponin complex, 
TnC and TnT, to test the effects of metal ligand binding 
and demonstrate this novel approach in ELISA and 
LSPR. Several points on the methodology as well as findings 
on TnC and TnT structure–function relationships are 
summarized as follows.

mAbs As Conformational Probes to Study 
Protein Structure–Function Relationships
The use of antibodies to measure epitopic structure and 
conformational changes of proteins has many advantages. Typically, 
only small amounts of protein are required for such assays, and 
no protein labeling is required, avoiding bias in the results. 
Furthermore, the results of our study illustrate how mAb-based 
structural epitope assays can be designed in both high throughput, 
semi-quantitative (ELISA), and kinetically quantitative (LSPR) 
manners. Of particular interest is whether protein structure and 
conformation, when perturbed, change in a gradual or quantum 
fashion. For example, the pattern of changing affinity of anti-TnC 
mAbs with changes in pCa shown in the present study may 
reflect how troponin conformation responds to the rising of 
intracellular Ca2+ during the activation of muscle contraction. 
Although the results may be  reflective of an averaging effect at 
the surface of the microtiter plate or LSPR chip, whereby which 
at threshold pCa levels, some TnCs are Ca2+-bound while others 
are not, the condition is similar to that of TnC immobilized in 
myofilament and is therefore physiologically informative.

Crucial to the execution of the approaches is the availability 
of a range of mAbs raised against different portions of the protein 
of interest. With the advent of hybridoma technology, there is 

A B

C D E

FIGURE 8 | Conformational effect of metal ion binding to chicken fast skeletal muscle TnT8e16 detected by ELISA epitope analysis. (A) Zn2+-binding to the 
N-terminal Tx segment of TnT8e16 resulted in a dramatic decrease in the affinity of anti-Tx mAb 3C11 as compared to the ethylenediaminetetraacetic acid (EDTA) 
control. (B) mAb 3E4 raised against an epitope related the exon 7-encoded segment downstream of the Tx metal binding site also showed decreased affinity with 
the binding of Zn2+, though less dramatic, reflecting conformational effects propagated from the metal-Tx binding. (C) Zn2+ binding to the Tx segment enhanced the 
binding of mAb 2C8 against the exons 10–11 encoded segment further downstream in comparison to the EDTA control. (D) mAb 4C3 shows an effect similar to 
that of mAb 2C8. (E) mAb 3H12 against an epitope in the T2 domain of TnT8e16 remote from the Tx segment did not detect any Zn2+ binding-induced 
conformational change. In addition to reflecting that the T2 domain of TnT may conform largely independent of the N-terminal variable region, the result served as a 
protein coating control.

112

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Rasmussen and Jin Epitope Analysis of Protein Conformation

Frontiers in Physiology | www.frontiersin.org 11 March 2022 | Volume 13 | Article 828144

an ability to raise a large number of hybridoma clones in a 
single immunization and then screen for mAbs of various epitope 
specificity. Many commonly available mAbs against various proteins 
of interests can also be evaluated for use as conformational probes 
in the approaches described in the present study.

The immunogenicity of epitope structure of proteins may 
limit the ability to develop mAbs against certain parts of a 
protein, and there is a need to map the epitopes recognized 
by available mAbs in order to design an informative study. 
Still, once characterized, specific mAbs possess high utility and 
can be  adapted to many study designs. To further optimize 
study design, one can take advantage of the high-throughput 
nature of ELISA to perform a broad screening of available mAbs, 
mapping epitopes, optimizing dilutions, and testing a large range 
of biochemical, physiological, and pathological conditions which 
may alter protein structure. LSPR can be  of complementary 
use to provide a quantitative measurement of antibody affinity 
once study conditions have been determined, and the data in 
tandem give a holistic picture of a given protein’s structure and 
serve to independently validate results. Main features of the 
ELISA and LSPR approaches are summarized in Table  1.

Ca2+ and Mg2+ Modulate Local and Remote 
Conformational Changes in TnC
TnC belongs to the calmodulin family of Ca2+-binding proteins, 
and the data obtained in the present study demonstrate how 
Ca2+ binding to the N domain of fast TnC induces conformational 
modulations which can be  clearly displayed as changes in the 
affinity of mAb 4E7 (Figure 5A). LSPR data confirm the results 
of ELISA with quantitative antibody association and dissociation 
rates (Figure  6).

An interesting observation is that Mg2+ binding to the C 
domain sufficiently flexes the N domain to induce measurable 
changes (Figure  5A). On the other hand, Ca2+ binding to the 
N domain does not dramatically alter the molecular conformation 
of C domain, as shown by the relatively small change in the 

affinity of mAb 2D10 (Figure  5B). It is also worth noting 
that while the conformational cross talk between the N and 
C domains of fast TnC is anticipated to transmit via the central 
helical linker (Figure  4B), the helix per se seems to have no 
significant change in epitopic conformation as shown by the 
lack of change in mAb 2C3 affinity (Figure  5C).

Since it is not possible through our studies, both ELISA 
and LSPR, to distinguish the ligand-induced conformational 
changes of a single protein, we  must consider our data to 
be  the result of an averaging of the population of TnC’s bound 
and reflective of TnC-Ca2+ binding at equilibrium, whereby 
which at an intermediate pCa, some TnC’s may be  ion-bound 
while others are not. In our work, we  consider that TnC-Ca2+ 
binding during muscle fiber activation arising from the increase 
cytosolic Ca2+ models a similar situation, with muscle fiber 
activation resulting from the conformational change of multiple 
troponin repeats along the thin filament. Our observed feature 
of the three phase responses of fast TnC to rising [Ca2+] 
(Figure 6D) may reflect the contractile kinetics of myofilaments 
with physiological and pathological significance.

The Unique Transition Metal Binding 
Cluster Tx in Avian Flight Muscles and 
Potentially Functional Role of Metal-Ion 
Induced Conformational Modulation
Adult pectoral muscle-specific fast skeletal muscle TnT in 
Galliformes birds, represented by chicken TnT8e16, contains a 
unique transition metal ion binding Tx segment that can 
be targeted to induce local and remote conformational changes 
in TnT. Using a battery of site-specific anti-TnT8e16 mAbs, 
we  were able to investigate epitopic conformational changes 
at five different points (Figure  7A) for how metal ion-Tx 
binding alters the structure and function of TnT.

While the dramatically decreased affinity of the anti-Tx 
mAb 3C11  in 0.1 mM ZnCl2 (Figure  8A) confirms previous 
observation that metal binding significantly alters the local 
conformation of the Tx segment, mAb 3E4 against a nearby 
epitope (Figure  7A) detected a weaker secondary effect 
propagated from the Tx site (Figure  8B), demonstrating the 
conformational modulatory role of Tx-metal binding.

Monoclonal antibodies 2C8 and 4C3 against epitopes in 
the middle region of TnT (Figure  7A) both detected metal 
binding-induced conformational changes (Figures  8C,D). In 
contrast to the metal-binding induced decreases in the affinities 
of anti-Tx mAb 3C11 and mAb 3E4 against a nearby epitope, 
the binding of Zn2+ to the N-terminal Tx segment induced 
increased affinities for mAbs 2C8 and 4C3. This finding suggests 
that Zn2+ binding to the Tx segment likely increases the flexibility 
of the middle region of TnT, allowing increased compliance 
and fitting to the variable region of the mAb probes. The 
alternative splicing regulated Tx segment is specifically expressed 
adult avian flight muscles. The data may imply that the trace 
amount of Zn2+ in avian pectoral muscle cells may bind to 
Tx to produce a remote conformational effect on the function 
of the TM binding site 1  in the T1 region with functional 
importance, a hypothesis worth further investigation.

TABLE 1 | Comparison of advantages and disadvantages of ELISA vs. localized 
surface plasmon resonance (LSPR) technology.

ELISA LSPR

Higher through-put using microplates Lower through-put

Provides only endpoint monoclonal 
antibodies (mAb) binding

Provides estimation of mAb kinetic on- 
and off-rates

Buffer change possible in each step 
of assay

Buffer change possible in each step of 
assay

Assays run on multiple mAb 
populations in parallel

Assays run on single mAb population 
that is regenerated

No plate regeneration necessary Background signal reduction and chip 
regeneration optimization crucial for 
quality data

Uses standard microplate readers 
and lower cost microtitering plates

Requires specialized instrument and 
higher cost LSPR chips

Useful for broad screening of multiple 
assay conditions and mAbs

Useful for quantitative and kinetic validation 
of single mAb-antigen interaction
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The anti-T2 region mAb 3H12 did not detect any 
conformational change (Figure  8E). Therefore, the N-terminal 
originated conformational modulations seem predominantly 
through changes in the T1 region (Figure  7A).

High Throughput ELISA mAb Epitope 
Confirmational Analysis
Enzyme-linked immunosorbent assay is a high throughput, 
well-established methodology platform using microtiter plates 
of 96- or 384-well format of which the former is commonly 
used with standard plate readers. Even with manual operations, 
a trained operator can readily handle 4–6 plate in daily assays 
of several hundreds of samples or testing conditions. The steps 
of microtiter plate ELISA can be  automated by using a plate 
washer and a multi-channel sample handler to maximize the 
high throughout benefit.

The ELISA mAb conformational analysis described in the 
present study provides a generally practical approach to conduct 
high throughput investigation on protein structure–function 
relationships and ligand-induced functional changes in various 
proteins. The assay can be  done in physiological buffers to 
mimic in vivo conditions. One valuable feature of the microtiter 
plate assay is that the buffer and environmental conditions 
can be different for the protein coating, ligand binding, antibody 
incubation, and washing steps to compensate for the solubility 
of reagents and optimal temperature and pH of the reactions. 
Specific interactions identified using high throughput ELISA 
screening can be  further investigated using more quantitative 
or high resolution but low throughput approaches for in 
depth characterization.

Broader Applications
Protein conformation is directly related to function. The mAb 
epitope conformational analysis approach can be  considered for 
various applications in addition to myofilament protein studies. 
For example, while the current work focused on ligand-induced 
changes in the ion-binding subunits of troponin, N-terminal 
phosphorylation of cardiac TnI is a well-documented phenomenon 
with functional effects (Solaro et al., 1976), and phospho-specific 
mAbs have been developed to assess phosphorylation states 
(Al-Hillawi et al., 1998). Previous work from our lab has shown 
that N-terminal phosphorylation or restrictive truncation induced 
conformational changes in a remote region of cardiac TnI are 
detectable via an mAb probe (Akhter et  al., 2012). Future 
directions may focus on understanding how TnI conformation 
changes with phosphorylation and what role this plays in the 
inhibitory function of cardiac TnI.

Pathogenic mutations represent another avenue with implications 
for human health. Disease-causing mutations in a protein may 
not be  directly at the functional site responsible for the disease 
phenotype but instead may act through remote or global 
conformational effects. Therefore, one can use mAb conformational 
analysis to detect such effect of pathogenic mutations of a protein 
and obtain insights into possible therapeutic intervention.

Comparing the mAb epitope analysis with other methods 
for conformational studies, as well as combining ELISA’s high 
throughput nature with LSPR kinetic analysis, another example 
for broader applications of the mAb epitope conformational 
analysis is drug screening. With a conformationally sensitive 
mAb against the target protein, ELISA can sensitively detect 
conformational changes induced by ligand binding. The sensitivity 
can be  increased by using combinations of two or more mAbs 
against different epitopes or use a polyclonal antibody at proper 
dilution. Upon identification of promising compounds that 
induce conformational changes in the target protein, biochemical, 
cellular, and organ level functional studies can be conducted 
to further select candidates for therapeutic development.
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Skeletal muscle is composed of syncytial muscle fibers, and by various mononucleated
cellular types, such as muscle stem cells, immune cells, interstitial and stromal
progenitors. These cell populations play a crucial role during muscle regeneration, and
alterations of their phenotypic properties have been associated with defective repair
and fibrosis in aging and dystrophic muscle. Studies involving in vivo gene modulation
are valuable to investigate the mechanisms underlining cell function and dysfunction
in complex pathophysiological settings. Electro-enhanced transfer of plasmids using
square-wave generating devices represents a cost-effective approach that is widely
used to transport DNA to muscle fibers efficiently. Still, it is not clear if this method
can also be applied to mononuclear cells present in muscle. We demonstrate here that
it is possible to efficiently deliver DNA into different muscle–resident cell populations
in vivo. We evaluated the efficiency of this approach not only in healthy muscle but also
in muscles of aging and dystrophic animal models. As an exemplificative application of
this method, we used a strategy relying on a reporter gene-based plasmid containing
regulatory sequences from the collagen 1 locus, and we determined collagen expression
in various cell types reportedly involved in the production of fibrotic tissue in the
dystrophic settings. The results enclosed in this manuscript reveal the suitability in
applying electro-enhanced transfer of plasmid DNA to mononucleated muscle-resident
cells to get insights into the molecular events governing diseased muscle physiology.

Keywords: muscle stem cells, endothelial cells, fibroadipogenic progenitors, electroporation, collagen, muscular
dystrophy, aging

INTRODUCTION

The basic functional cell units of skeletal muscle are the myofibers, which consists of single
elongated multinucleated cells formed during development following proliferation and fusion
process of muscle progenitor cells (Biressi et al., 2007; Bryson-Richardson and Currie, 2008; Comai
and Tajbakhsh, 2014). Following injury, the skeletal muscle has a remarkable capacity to regenerate
and restore its physiological tissue architecture and functionality. Skeletal muscle regeneration
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consists of several highly coordinated cellular processes, which
lead to the formation of tissue similar to the uninjured muscle
(Kuang and Rudnicki, 2008; Baghdadi and Tajbakhsh, 2018).
Muscle regeneration requires the orchestrated contribution of
at least two different classes of cellular players in the tissue:
(1) the muscle stem cells (also known as muscle satellite
cells, MuSCs), which are quiescent in uninjured muscle, but
become activated after an injury, proliferate and eventually
fuse to differentiate into new myofibers (Scharner and Zammit,
2011); (2) support cells, which consist of a heterogeneous
group of cells found in the interstitial spaces between myofibers
or associated to the vasculature (Wosczyna and Rando,
2018). They include tissue-resident cells and cells infiltrating
from the circulation, and the disruption of their normal
contributions has been associated with incomplete regeneration.
This aspect is highlighted by mesenchymal stromal cells, called
fibroadipogenic progenitors (FAPs), which are required for
muscle regeneration and maintenance (Joe et al., 2010; Uezumi
et al., 2010; Wosczyna et al., 2019). Moreover, experiments
conducted by multiple groups have identified endothelial cells,
pericytes and different subpopulations of immune cells, including
macrophages, eosinophils and regulatory T cells, as necessary
components for proper MuSCs function and effective muscle
restoration (Shen et al., 2008; Burzyn et al., 2013; Heredia et al.,
2013; Kostallari et al., 2015; Lemos et al., 2015; Latroche et al.,
2017; Liu et al., 2017; Verma et al., 2018).

The homeostatic importance of skeletal muscle regeneration
appears clear when considering physiological aging or genetic
pathologies such as muscular dystrophies. Both intrinsic and
extrinsic cues negatively impact MuSCs regenerative properties
in old muscles (Muñoz-Cánoves et al., 2020; Rando and Jones,
2021). MuSCs from dystrophic muscles reportedly present
several abnormalities (Morgan and Cohen, 1974; Ionasescu
and Ionasescu, 1982; Blau et al., 1983; Delaporte et al., 1984,
1990; Jasmin et al., 1984; Melone et al., 1999; Furling et al.,
2001; Alexakis et al., 2007; Rhoads et al., 2013; Biressi et al.,
2014; Dumont et al., 2015; Pessina et al., 2015). The functional
interactions between MuSCs and support cells and among
different subpopulations of inflammatory and stromal cells also
appear to be compromised in aging and diseased muscle (Villalta
et al., 2009; Mozzetta et al., 2013; Wang et al., 2015). These
alterations are likely contributing to the defective regeneration
and lead to the chronic accumulation of inert fibrotic tissue
that is observable in aging and dystrophic muscle (Serrano and
Munoz-Canoves, 2010). Little is known about the mechanisms
underlining fibrosis in diseased muscle tissue, and different
cellular sources have been reported to contribute to the excessive
accumulation of extracellular matrix components. FAPs (or their
derivatives) have been proposed as major contributors (Uezumi
et al., 2011; Mueller et al., 2016). However, an increasing
amount of evidence indicates that other cell types can potentially
contribute to fibrosis. MuSCs have the propensity to adopt
fibrogenic phenotypes in the setting of both aged and dystrophic
muscle (Brack et al., 2007; Biressi et al., 2014; Pessina et al., 2015).
This parallels a similar behavior documented for endothelial cells
and cells belonging to the hematopoietic lineage in the dystrophic
settings (Pessina et al., 2015; Wang et al., 2016).

The in vivo alteration of gene expression is a powerful tool
to investigate muscle biology, including the properties of MuSCs
and other muscle cell populations. Genetic or pharmacological
down- and up-regulation of various genes have been widely
exploited to get insights into the basic mechanisms controlling
productive regeneration in healthy muscle and pathological
defective repair. Therapeutic gene expression and nucleic acid
delivery have been induced in different animal models to restore
physiological gene expression and counteract the progression
of various muscle genetic diseases, and recently also entered
the clinical arena (Bengtsson et al., 2016; Chamberlain and
Chamberlain, 2017; Schneider and Aartsma-Rus, 2021). Genetic
manipulation by transient or stable transfer of nucleic acids
in the tissues of live organisms has been applied to skeletal
muscle by different approaches, involving both viral vectors and
non-viral strategies (Braun, 2008; Hollinger and Chamberlain,
2015). Among the non-viral strategies, electro-enhanced plasmid
transfer (i.e., electroporation) has gained a special position over
the last three decades due to its simplicity, safety, and cost-
effectiveness that perfectly suit the time and practical constraints
typical of the academic research. In vivo electro-enhanced
plasmid transfer consists of a physical method of gene delivery
relying on the cellular uptake of plasmid DNA facilitated by an
electric field transmitted by electrodes placed on each side of the
injection site and connected to a square-wave pulse generator
(Somiari et al., 2000; Bloquel et al., 2004; Sokołowska and
Błachnio-Zabielska, 2019). Specialized technical skills or complex
instrumentation are not needed to electroporate skeletal muscle.
Therefore, it is not surprising that electro-enhanced plasmid
delivery has become one of the elective methods to be used
in gain- or loss-of-function studies targeting skeletal muscle,
particularly at the preclinical laboratory level.

Noteworthy, the great majority of the studies in this
field have been centered on the delivery of nucleic acids to
multinucleated muscle fibers, and little focus has been given
to the mononucleated cells that are coexisting with mature
fibers in the muscle tissue. Lentiviral vectors have been reported
to target muscle stem cells (Kobinger et al., 2003; Kimura
et al., 2010; Jonuschies et al., 2014). Nevertheless, conflicting
information is available for non-viral delivery methods, such as
electroporation (Peng et al., 2005; Wong et al., 2005). Despite
circumstantial evidence in immune and interstitial cells, a
systematic quantification of the efficiency of electro-enhanced
plasmid transfer to muscle-resident mononucleated cells that are
different from MuSCs still needs to be performed (Dupuis et al.,
2000; Grønevik et al., 2003; Ratanamart et al., 2010). Through
a cytofluorimetric analysis based on well-established lineage
markers, we demonstrate here that it is possible to target various
defined mononucleated cell subtypes (i.e., FAPs, endothelial cells,
cells of the hematopoietic lineage, MuSCs) that reside in skeletal
muscles by using an electro-enhanced plasmid delivery protocol.
Notably, we characterized the process of electro-enhanced DNA
transfer to mononucleated cells in healthy muscle and muscles
affected by alterations in structure and function, such as
muscles of aging and dystrophic animal models. Moreover, by
applying a strategy relying on the electroporation of a reporter
gene-expressing plasmid, we determined the extent of collagen
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expression in various cell types present in fibrotic dystrophic and
old muscles. The results enclosed in this manuscript reveal the
suitability of electro-enhanced DNA delivery in targeting muscle-
resident cells to get insights into the cellular and molecular events
governing diseased muscle physiology.

MATERIALS AND METHODS

Mice
Animals were maintained with access to food and water
ad libitum and kept at a constant temperature on a 12:12 h
light/dark cycle. C57BL/6J mice (The Jackson Laboratory, no.
000664) were used as wild type animals. B6Ros.Cg-Dmdmdx−4Cv/J

mice (The Jackson Laboratory, no. 002378, herein referred to
as mdx4Cv) were used as dystrophic mice. Animal care and
experimental procedures were conducted in accordance with the
Ethical Committee of the University of Trento and were approved
by the Italian Ministry of Health (Authorization No. 62/2020-
PR).

In vivo Gene Transfer and
Electroporation
Tibialis anterior (TA) muscles were electroporated as previously
described with minor modifications (Magarò et al., 2021). Briefly,
mice were anesthetized by inhaled isoflurane, the hindlimb skin
was shaved and disinfected with 70% ethanol. Plasmids were
injected with a 0.5 ml insulin syringe through a 27-gauge needle
into TA muscles in a constant volume of 40 µL. Plasmid DNA
was purified using endofree plasmid kits (Qiagen) and dissolved
in sterile PBS at the concentration of 2 µg/µL. The following
expression vectors were used: pCMV-LacZ (Clontech), pEGFP-
N3 (Clontech, hereinafter referred to as GFP), ptdTomato-N1
(Clontech, hereinafter referred to as tdTomato), pOBCol2.3-
GFPemd (hereinafter referred to as Col1-GFP). pOBCol2.3-
GFPemd was a gift from David Rowe (Addgene plasmid #
1102101). For specific experiments a mix of GFP- and tdTomato-
expressing plasmids (in 10:1 ratio) or a mix of Col1-GFP- and
tdTomato- expressing plasmids (in 10:1 ratio) was injected.
Unless otherwise stated, PBS was injected in samples used as
negative controls. Platinum plated 5 mm tweezer-style electrodes
(BTX) were then applied over the muscle to encompass the
injection area. Electrode jelly was used on the electrode plates
to ensure conduction. Current was delivered 5 min after DNA
injection as a constant current, square-wave pulse with a digital
Stimulator (Intracel TSS20 Ovodyne electroporator combined
with Intracel EP21 current amplifier). The characteristics of the
electric field applied were 200 V/cm, 20 ms amplitude, 1 Hz, eight
consecutive pulses. Two series of pulses were applied, one on the
most proximal part of the TA and the other on the most distal
one. An analgesic was administered subcutaneously at the end
of the procedure. Animals were kept warm until recovery, and
then returned to their cages. When indicated, mdx4Cv TA muscles
were injected with 25 µl of bovine hyaluronidase (H-4272; Sigma)
at the concentration of ∼0.4 U/l in saline 2 h prior to plasmid

1http://n2t.net/addgene:110210; RRID:Addgene_110210

injection and electroporation, as previously described (McMahon
et al., 2001; Gollins et al., 2003; Molnar et al., 2004).

Muscle Injury
Mice were anesthetized with isoflurane, hindlimb skin was
shaved, and 50 µl of cardiotoxin from Naja pallida snake venom
(Latoxan) resuspended at the concentration of 0.1 mg/ml in PBS
were injected into the mid-belly of TA muscles. Depending on
the experiment, muscle damage was induced 1.5 days prior to
electroporation or 1 week after electroporation.

Immunofluorescence
For immunofluorescence studies, muscles were fixed for 4 h
using 0.5% paraformaldehyde and transferred to 30% sucrose
overnight. Muscles were frozen in optimum cutting temperature
compound (OCT) (Histo-Line Laboratories). Cryosections (8
µm) were fixed with 4% paraformaldehyde for 10 min at
room temperature, and processed for immunofluorescence
according to standard protocols with primary antibodies
(rabbit anti-GFP, Invitrogen, 1: 500; rat anti-mouse F4/80,
Biolegend, 1:50) followed by incubation with Alexa Fluor
488/594 donkey secondary antibodies (Invitrogen). Incubation
for 10 min with 10 µg/ml Hoechst in PBS was used to stain
the nuclei. Samples were mounted using Fluroshield histology
mounting medium (Sigma).

X-Gal Staining
X-gal staining was used to detect the LacZ reporter
gene expression after pCMV-LacZ plasmid injection and
electroporation. Muscles were dissected 1 or 3 weeks after
electroporation and fixed in 4% paraformaldehyde at 4◦C for
15 min, then washed in PBS and stained at 37◦C for 3-5 h in X-gal
buffer [1 mg/ml 5 bromo-4-chloro-3-indolyl-β-D-galactoside,
5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, 2 mM MgCl2 in PBS].
When the β-galactosidase (β-gal) was expressed by the muscles,
a typical blue color was observed. The X-gal buffer was removed
and muscles were washed in PBS prior to images acquisition.

Imaging
X-gal images were acquired using an optical stereomicroscope
(MZ10F; Leica) and processed using LAS X software (Leica). The
GFP and tdTomato intensities of dissected muscles and in vivo
muscle were acquired using the Bruker In Vivo Xtreme I imaging
system. Prior to the in vivo analysis, mice were anesthetized
by inhaled isoflurane, the hindlimb skin was shaved and the
animals were placed inside the instrument with the TA facing the
camera. The GFP and tdTomato intensities were then evaluated
with the Bruker MISE software as number of photons/sec/mm2.
Immunofluorescence images were acquired using a Zeiss Axio
Observer Z1 optical microscope equipped with a monochrome
camera (AxioCam 503 mono D).

Muscle Single Cells Isolation and
Fluorescence-Activated Cell Sorting
Analysis
Hindlimb muscles from young C57BL/6J (∼2 months-old),
adult C57BL/6J (∼1 year-old), old C57BL/6J (∼24-26 months-
old) and adult mdx4Cv (∼1 year-old) mice were dissected 1,
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2 or 3 weeks after the in vivo gene transfer and processed as
previously described to obtain mononucleated cells (Liu et al.,
2015). Muscles were washed in Wash Medium (Ham’s F-10
supplemented with 10% FBS, 1% L-glutamine and 1% penicillin-
streptomycin), added to Muscle Dissociation Buffer [500 U/ml
collagenase II (Worthington Biochemical Corporation) prepared
in Ham’s F-10], minced with scissor, incubated in a 37◦C water
bath with agitation (70 rpm) for 40 min. After incubation samples
were centrifuged at 500g for 5 min, and the pellet was dissolved
in dispase (11 U/ml, GIBCO) and collagenase II (2000 U/ml)
and triturated with a 10-ml serological pipette. Samples were
incubated in a 37◦C water bath with agitation (70 rpm) for
20 min, then passed through 18- and 19-gauge needles by using
a 10-ml syringe to allow mechanical dissociation into single
cells. Samples were centrifuged at 500g for 10 min at 4◦C, the
pellet was resuspended and filtered through a 40-µm nylon cell
strainer (Euroclone), centrifuged at 500g for 10 min at 4◦C, then
resuspended in Wash Medium. Cells were incubated on a rotating
wheel (10 rpm) for 45 min at 4◦C with primary antibodies to
mark FAPs, MuSCs, hematopoietic and endothelial cells. A list
of fluorescence-activated cell sorting (FACS) antibodies used
is enclosed in Supplementary Table 1. Samples were washed,
APC Streptavidin (1:100, BioLegend) was added and samples
were incubated on a rotating wheel (10 rpm) for 20 min at
4◦C, then washed and resuspended in a sorting buffer (Wash
Medium + PBS with 1.5 mM EDTA, 2% BSA, 1% L-glutamine
and 1% penicillin-streptomycin, 1:1 ratio). Samples were finally
filtered through cell strainer cap tubes (Thermo Fisher Scientific).

FACSAria III cell sorter (BD Biosciences) was used to analyze
the uptake of the electroporated plasmids in mononucleated
muscle cells. Physical parameters as forward scatter (FSC) and
side scatter (SSC) were used to exclude cell clumps and debris.
Hematopoietic cells were identified by positive selection with
anti-CD45 antibody, endothelial cells were identified by positive
selection with anti-CD31 antibody or negative selection with
anti-CD45 antibody followed by positive selection with anti-
CD31 antibody, MuSCs were identified by negative selection
with anti-CD31, anti-CD45, anti-sca1 antibodies and positive
selection with anti-vcam antibody (Liu et al., 2015), FAPs were
identified by negative selection with anti-CD31 and anti-CD45
antibodies and positive selection with anti-sca1 antibody (Liu
et al., 2015) (Supplementary Figure 1A). Control samples (i.e.,
sample injected with PBS and electroporated or samples not
electroporated) were used in the FACS analysis to set gates
specifically for C57BL/6J or mdx4Cv samples to calculate the
percentage of electroporated cells within each cell population.
In the experiments with the Col1-GFP and tdTomato plasmids
mix, a control sample was used to set the tdTomato+ve (TOM+ve)
cells gates within each cell populations. TOM+ve cells (i.e.,
electroporated cells) were then analyzed for the GFP expression
(i.e., collagen1-GFP expression). The median values of the
tdTomato and GFP intensities within the cell populations were
calculated using the FlowJo software. The tdTomato intensity
was used as a normalizer. For specific experiments, MuSCs,
FAPs, and CD31+ve cells were processed after sorting for
RNA extraction and real time polymerase chain reaction (RT-
PCR).

RNA Extraction and Quantitative
Real-Time PCR
Total RNA was extracted from FACS isolated cells using TRIzol
Reagent (Invitrogen) according to manufacturer’s instructions.
RNA was quantified using NanoDrop spectrophotometer
and reverse transcribed using High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Gene expression
was measured by quantitative RT-PCR using SYBR Green
Master Mix (Thermo Fisher Scientific) and a C1000 Touch
thermocycler-CFX96 Real Time System (Biorad). Primers
spanning exon-exon junctions were used (col1a1 Fw: TCC
GGC TCC TGC TCC TCT TA; col1a1 Rev: GTA TGC AGC
TGA CTT CAG GGA TGT). The level of each transcript
was measured using mouse HPRT (hypoxanthine-guanine
phosphoribosyltransferase) mRNA levels as normalizer (mHPRT
Fw: AAC TGG AAA GAA TGT CTT GAT TGT; mHPRT Rev:
GAA TTT CAA ATC CAA CAA AGT CTG G).

Statistical Analysis
Unless otherwise stated, experiments presented here were
repeated at least three times and quantitative data are presented
as mean ± SEM. Statistical analysis was performed using
GraphPad Prism 8. Unpaired Parametric Student’s t-test (two-
tailed) was performed for comparison between two groups.
Statistical significance is expressed with the p-value (p), which is
reported in each graph.

RESULTS

In vivo Electroporation of Skeletal
Muscles’ Mononuclear Cells
A major aim of this work is to describe to which extent
mononucleated cells present in skeletal muscles are susceptible
to electro-enhanced plasmid transfer. With this goal we
injected a GFP-expressing plasmid in the TA muscle of
adult C57BL/6J mice, we electroporated the injected muscles,
and we measured the GFP intensity through the Bruker In
Vivo Xtreme I imaging system at different time points after
the plasmid injection. In agreement with previous reports,
this approach resulted in a strong GFP signal 1 week after
plasmid delivery (Figure 1A and Supplementary Figure 2A),
which indicated that the electroporation effectively led to the
plasmids uptake in the muscles. Moreover, our in vivo imaging
analysis showed a clear GFP signal in the electroporated
C57BL/6J mice compared to the negative controls from
1.5 days up to 6 weeks after electroporation, indicating a long-
term permanence of the plasmid in electroporated muscles
(Supplementary Figures 2B,H). After having assessed that
our in vivo electroporation effectively leads to the plasmid
uptake in the hindlimb muscles, we aimed to get insights on
the specific cells that are capable of receiving and expressing
the electroporated plasmid. A histological analysis performed
on muscle sections of electroporated C57BL/6J mice revealed
effective plasmid uptake by muscle fibers and by nearby
mononucleated cells (Figure 1B and Supplementary Figure 3A).
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A fraction of the targeted mononucleated cells resulted
positive for the macrophage marker F/480. Nevertheless,
numerous effectively electroporated mononucleated cells were
F/480−ve (Figure 1B and Supplementary Figure 3A). To
further investigate the nature of these cells, we injected a
tdTomato-expressing plasmid in the TA of adult C57BL/6J
and electroporated the same muscles. Three weeks after
the electroporation, muscles were dissected and enzymatically
digested to obtain a suspension of mononucleated cells.
Mononucleated cells were stained with antibodies directed
against surface markers for the identification of specific cell
populations by FACS analysis (Supplementary Figure 1A).
Our cytofluorimetric analysis revealed that up to 31.0% of the
total mononucleated cells expressed the plasmid (Figure 1C).
Within the single cells, up to 29.9% of CD45+ve cells, 41.9% of
CD31+ve cells, 53.4% of FAPs and 25.5% of MuSCs expressed
the electroporated plasmid (Figures 1D–G). Differences among
subpopulations were not statistically significant (p > 0.05).
Negligible fluorescence was observed in control muscles injected
with PBS and electroporated (Figures 1C–G). Plasmid uptake by
muscle mononucleated cells was clear as early as 1.5 days after
electroporation (Supplementary Figures 2C–G). This analysis
demonstrates that, in addition to syncytial muscle fibers, it is
possible to effectively target various muscle mononucleated cells
through electro-enhanced plasmid transfer.

To further characterize the properties of electro-enhanced
plasmid transfer to muscle mononucleated cells, we evaluated
the efficiency of plasmid uptake after simultaneous injection of
two distinct plasmids. In vitro co-electroporation of myotubes
with two different plasmids results in the preferential uptake
of both plasmids by the same cells (Sandri et al., 2003). In
order to assess whether this preferential uptake is occurring
also in mononucleated cells after electroporation in vivo, we
injected adult C57BL/6J muscles with a mix of GFP- and
tdTomato- expressing plasmids. The FACS analysis performed
1 week after the electroporation revealed that 80.7 to 95.9%
of TOM+ve cells also expressed the GFP plasmid in all the
analyzed cell populations (i.e., total single cells, CD45+veCD31+ve
cells, FAPs and MuSCs), suggesting that those cells that are
effectively electroporated have the tendency to uptake both
plasmids (Figures 1H–K and Supplementary Figures 3B–D for
negative controls).

In vivo Electroporation of Injured
Muscles
Pre-treatement with muscle-damaging agents reportedly reduces
the efficiency of whole muscle electroporation (Gollins et al.,
2003). To assess if tissue damage could also affect plasmid uptake
by mononucleated cells, we electroporated C57BL/6J muscles
with the GFP-expressing plasmid 1.5 days after intramuscular
injection of cardiotoxin. As expected, 6 days after electroporation,
the GFP intensity measured in vivo through the Bruker In Vivo
Xtreme I imaging system was reduced in the cardiotoxin-treated
mice compared to uninjured mice (Figure 2A). This protocol
also resulted in a significant decrease in the electroporation
efficiency of all analyzed mononucleated cell populations (i.e.,

total single cells, CD45+ve cells, CD31+ve cells, and FAPs) except
MuSCs, for which the analysis gave variable results (Figures 2B–
F). Intriguingly, a comparable low efficiency of electroporation
(1.9 ± 1.0% for total single cells, 1.4 ± 0.6% for CD45+ve cells,
2.3± 2.4% for CD31+ve cells, 3.5± 3.6% for FAPs, and 1.9± 1.7%
for MuSCs) was also observed when cardiotoxin was injected 1
week after electroporation and the FACS analysis was performed
after 2 additional weeks. This observation suggests that the
integrity of the muscle is crucial for the electroporation outcome.

In vivo Electroporation of Dystrophic
Muscles
The mdx4Cv mouse model is one of the most widely used
animal models to study Duchenne muscular dystrophy (DMD)
(van Putten et al., 2020). Duchenne muscular dystrophy
is characterized by chronic fiber necrosis and regeneration
(Ciciliot and Schiaffino, 2010). Accumulation of fibrotic tissue
characterizes mdx4Cv muscles as compared with age-matched
controls, and collagen depositions is becoming conspicuous
with age paralleling muscle deterioration (Pastoret and Sebille,
1995). Other than contributing to the dystrophic phenotype,
muscle fibrosis potentially represents a physical barrier to the
effective exogenous material uptake, including drugs and cells
which are meant for the disease treatment (Gargioli et al.,
2008). In order to assess if and how efficiently we were able to
deliver an expression vector in the mdx4Cv muscles we injected
a β-gal expressing plasmid (Figure 3A) and a GFP-expressing
plasmid (Figure 3B) in adult C57BL/6J and mdx4Cv hindlimbs
by applying the electroporation protocol. Our analysis of the
GFP intensity performed 1 week after electroporation revealed
clear GFP signals in both the C57BL/6J and the mdx4Cv muscles
in vivo (Figure 3B). Intriguingly, the GFP intensity in the mdx4Cv
mice was significantly reduced compared to the aged-matched
C57BL/6J mice (Figure 3B). A similar trend was apparent also
after whole–mount X-gal staining of muscles injected with β-gal-
expressing plasmids and collected 3 weeks after electroporation
(Figure 3A). The presence of individual fibers characterized
by strong X-gal staining suggests that once plasmids are taken
up by dystrophic fibers they might be maintained for several
weeks (Figure 3A).

We next decided to investigate the extent of plasmid uptake
in mononuclear cells by electroporating tdTomato-expressing
plasmids in dystrophic muscles (Figures 3C–G). In keeping with
our whole muscles’ analysis (Figures 3A,B) the percentage of cells
which received the exogenous plasmid was significantly lower in
mdx4Cv mice compared to the aged-matched C57BL/6J mice for
all the analyzed cell populations. Up to 5.1% of the entire single
cell population (Figure 3C), 6.0% of CD45+ve cells (Figure 3D)
10.1% of CD31+ve cells (Figure 3E), 12.0% of FAPs (Figure 3F)
and 4.9% of MuSCs (Figure 3G) expressed the tdTomato vector
after the electroporation in mdx4Cv. Altogether, these results
indicate that the dystrophic muscle is intrinsically different in
terms of efficiency of plasmid uptake upon electroporation.

Hyaluronidase pre-treatment is reportedly increasing the
efficiency of whole muscle electroporation both in wild type
and mdx mice (McMahon et al., 2001; Gollins et al., 2003;
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FIGURE 1 | In vivo electroporation of whole muscles and single cells. (A) GFP intensity measurement (photons/sec/mm2) of whole gastrocnemius (CNTR–ve) or TA
(ET) from ∼12 months-old C57BL/6J mice injected with GFP plasmid and electroporated (ET) or not injected nor electroporated (CNTR–ve). Scale bar: 2.5 mm.

(Continued)
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FIGURE 1 | White color in the figure indicates photons/sec/mm2 > 5.9e+009. Refer also to Supplementary Figure 2A for the corresponding muscles reflectance
images. The analysis was performed using Bruker In Vivo Xtreme I imaging system. Muscles were collected 1 week after electroporation and scanned ex vivo. N = 5
(CNTR–ve), N = 6 (ET). (B) Representative immunofluorescence of TA from ∼8 months-old C57BL/6J mice injected with GFP plasmid and electroporated. Muscles
were stained with anti-GFP (green), anti-F4/80 (orange) antibodies, and Hoechst (blue). The analysis was performed 1 week after electroporation. BF: Bright Field.
Scale bar: 10 µm. Note the presence of electroporated (GFP+ve) F4/80+ve cells (red asterisks), * and F4/80–ve mononucleated muscle cells (red arrows) nearby
electroporated (GFP+ve) muscle fibers (red circles). White arrows and circles are, respectively, marking examples of non-electroporated (GFP–ve) F4/80–ve

mononucleated muscle cells and muscle fibers. N = 3. Refer to Supplementary Figure 3A for additional images collected from different mice. (C–G)
Representative FACS plot (left) and quantification (right) of electroporated (ET, TOM+ve) single cells (C), CD45+ve (D), CD31+ve (E), FAPs (F) and MuSCs (G) from
TA of ∼5 months-old C57BL/6J mice injected with PBS (CNTR–ve) or with tdTomato plasmid (ET) and electroporated. The analysis was performed 3 weeks after
electroporation. N = 3. (H–K; left) Representative FACS plot showing in Q2 TOM+veGFP+ve cells in single cell (H), CD45+veCD31+ve cell (I), FAPs (J) and MuSCs
(K) populations from TA of ∼4 months-old C57BL/6J mice electroporated with GFP/tdTomato plasmid mix and identified as effectively electroporated with tdTomato
plasmid (ET) as shown in panels (C–G). CNTR–ve [shown only in (H)] represents non-electroporated cells of TA injected with PBS and electroporated. The analysis
was performed 1 week after electroporation. Refer also to Supplementary Figures 3B–D for CNTR–ve FACS plot of (I–K). (H–K; right) Quantification of the
GFP+ve fraction of single cells (H), CD45+veCD31+ve cells (I), FAPs (J), and MuSCs (K) effectively electroporated with tdTomato plasmid (ET) in TA of
∼4 months-old C57BL/6J mice injected with a GFP/tdTomato plasmids mix and electroporated. The analysis was performed 1 week after electroporation. N = 3.
FAPs: CD45–veCD31–vesca1+ve cells; MuSCs: CD45–veCD31–vesca1–vevcam+ve cells.

Molnar et al., 2004). To assess if this approach could also increase
plasmid uptake by mononucleated cells, we electroporated
dystrophic muscles with plasmids expressing reporter genes
after pre-conditioning with hyaluronidase. As expected, 1 week
after electroporation, the GFP intensity measured in vivo and
on dissected muscles through the Bruker In Vivo Xtreme I
imaging system resulted higher in the hyaluronidase-treated mice
compared to mice not injected with hyaluronidase (Figure 4A
and Supplementary Figure 4A). Importantly, this protocol
also resulted in a significant increase in the electroporation
efficiency of mononucleated cells (Figures 4B–F). To further
characterize the properties of electroporation in mononucleated
cells of dystrophic tissues, we evaluated if the co-electroporation
with two different plasmids results in the preferential uptake
of both plasmids by the same cells as previously shown
for wild type muscles. The FACS analysis performed 1 week
after the electroporation with a mix of GFP- and tdTomato-
expressing plasmids revealed that also in the mdx4Cv muscles,
the great majority of TOM+ve cells expressed GFP in all the
analyzed cell populations (Figures 4G–K and Supplementary
Figures 4B–E for negative controls). This aspect is not
influenced by hyaluronidase, as similar results were obtained
without hyaluronidase pre-conditioning (not shown). Altogether,
these data highlight the possibility to effectively target the
mononucleated cells in the dystrophic muscles.

In vivo Electroporation of Old Muscles
Both dystrophic and aging muscles are characterized by excessive
accumulation of fibrotic tissue, but only dystrophic tissues
are actively regenerating in the absence of external damaging
events. To get insights into the relative contribution of fibrosis
and regeneration-associated cellular turnover to the reduced
electroporation efficiency observed in dystrophic muscles, we
directed our attention to old mice. We evaluated the efficiency of
in vivo plasmid electroporation by analyzing both whole muscles
and muscle mononucleated cells in old (∼2 years-old) and
young (∼2 months-old) C57BL/6J mice (Figure 5). Expression
from a β-gal-expressing plasmid was readily observed 1 week
after electroporation at both ages (Figure 5A). Interestingly,
the β-gal expression appeared more intense in the old muscles
compared to the young mice (Figure 5A). This observation was

confirmed by an independent experiment in which a tdTomato-
expressing vector was electroporated. Although the difference
was not statistically significant, 1 week after electroporation
the tdTomato intensity measured through the Bruker In Vivo
Xtreme I imaging system resulted slightly higher in the old mice
compared to the young mice (Figures 5B,C). Two weeks after
the electroporation the plasmid was still expressed in both old
and young muscles, but at comparable levels (Figures 5B,C).
The FACS analysis showed that the electroporated vector was
effectively delivered in the muscle mononucleated cells in both
young and old muscles (Figures 5D–H). Two weeks after the
in vivo electroporation 12.4 to 23.3% of the whole mononucleated
cell population (Figure 5D), 6.7 to 13.4% of CD45+ve population
(Figure 5E), 14.8 to 32.5% of CD31+ve population (Figure 5F),
23.6 to 48.8% of FAPs (Figure 5G) and 11.7 to 31.6% of MuSCs
(Figure 5H) were effectively expressing the vector in both the
young and old muscles. Altogether, these data indicate that
despite the presence of fibrosis, the efficiency of electro-enhanced
plasmid transfer in old muscle is not reduced compared to the
situation in young adults.

Study of Collagen 1 Expression in
Muscle Single Cells Through in vivo
Electroporation
Our data indicate that the electroporation can deliver with
different yet satisfactory efficiency an exogenous DNA vector in
both healthy and compromised (i.e., dystrophic and old) muscles
at the mononucleated cell level. This possibility opens to the
in vivo investigation of the behavior of muscle mononucleated
cells with unprecedented simplicity. As a proof of principle,
we decided to take advantage of the electroporation protocol
to investigate the involvement of various mononucleated cells
to the accumulation of fibrotic tissue in dystrophic and aging
muscle. Collagens are one of the major components of muscle
extracellular matrix and, within all the different members
of collagen superfamily, collagen 1 is the most abundant in
the skeletal muscles (McKee et al., 2019). With the goal to
study collagen 1 expression in muscle mononucleated cells
we used the in vivo electroporation of a plasmid expressing
the reporter gene GFP under the control of a portion of the
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FIGURE 2 | In vivo electroporation of injured muscles. (A) Representative Bruker In Vivo Xtreme I images (left) and GFP intensity measurement (photons/sec/mm2)
(right) of TA muscles from ∼8 months-old C57BL/6J mice uninjured (NOT INJ) or injected with cardiotoxin (INJ). Mice were injected with PBS (CNTR–ve) or GFP
plasmid (ET) and electroporated 1.5 days after cardiotoxin injection. Scale bar: 2.5 mm. White color in the figure indicates photons/sec/mm2 > 3.7e+008, Muscles
were analyzed 5 days after electroporation. N = 3 (ET), N = 1 (CNTR–ve). (B) Representative FACS plot (left) and quantification (right) of electroporated (ET, GFP+ve)
single cells from TA of ∼8 months-old C57BL/6J mice uninjured (NOT INJ) or injected with cardiotoxin (INJ). Mice were injected with PBS (CNTR–ve) or GFP plasmid
(ET) and electroporated 1.5 days after the cardiotoxin injection. The analysis was performed 6 days after electroporation. N = 3 (ET). (C–F) Quantification of
electroporated (ET) CD45+ve cells (C), CD31+ve cells (D), FAPs (E) and MuSCs (F) from TA of the same mice as in panel (B). All CNTR–ve gates were set on control
samples (i.e., sample injected with PBS and electroporated). The percentage of ET cells in each CNTR–ve gate was < 1% for all the analyzed cell populations.

collagen 1 promoter (Col1-GFP) (Kalajzic et al., 2002). Our
observation indicating that two plasmids can be efficiently co-
electroporated in the same cells in both dystrophic and wild
type muscles (see above) allowed the use of a second plasmid
expressing tdTomato under the control of the constitutive
CMV promoter to normalize for the differences in the
efficiencies of DNA transfer between dystrophic and wild
type muscles. We therefore electroporated a mix of Col1-
GFP and tdTomato plasmids in TA muscles of age-matched
C57BL/6J and mdx4Cv mice. Two weeks after electroporation
the muscles were dissected and digested to mononucleated cells.
The GFP and tdTomato fluorescence intensities were measured
by FACS. The level of GFP expression from the collagen 1
promoter was higher in the CD31+ve cells (Figure 6A) and

FAPs (Figure 6B) of the mdx4Cv muscles compared to the
C57BL/6J after normalization with the corresponding tdTomato
intensity. A similar trend, although not statistically significant,
was also observed for MuSCs (Figure 6C). To corroborate
these results, we investigated in parallel the mRNA levels of
collagen1a1 by quantitative PCR. Overall, the quantification of
collagen1a1 transcripts paralleled the results obtained with the
plasmid expressing the reporter from the collagen promoter,
although the difference was statistically significant only for FAPs
(Figures 6G–I). This observation is in keeping with data reported
in previous studies (Biressi et al., 2014; Pessina et al., 2015),
and therefore confirmed the suitability of our electroporation-
based approach to investigate the features of mononuclear cells
in dystrophic tissues.
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FIGURE 3 | In vivo electroporation of dystrophic muscles. (A) Whole-mount X-gal staining of not electroporated (CNTR–ve) and electroporated (ET) TA muscles from
∼16 months-old C57BL/6J (WT) and mdx4Cv (MDX) mice. β-gal plasmid was injected in muscles prior electroporation. Muscles were collected 3 weeks after
electroporation. N = 2. Scale bar: 0.85 mm. (B) Representative Bruker In Vivo Xtreme I images (left) and GFP intensity measurement (photons/sec/mm2) (right) of TA
muscles from 12–14 months-old C57BL/6J (WT) and mdx4Cv (MDX) mice injected with β-gal (CNTR–ve) or GFP plasmid (ET) and electroporated. Scale bar: 2.5 mm.
White color in the figure indicates photons/sec/mm2 > 6.1e+007. Muscles were analyzed 1 week after electroporation. N = 2 (WT CNTR–ve), N = 4 (WT ET; MDX
ET), N = 6 (MDX CNTR–ve). (C) Representative FACS plot (left) and quantification (right) of electroporated (ET, TOM+ve or GFP+ve) single cells from TA of
∼6–9 months-old C57BL/6J (WT) and mdx4Cv (MDX) mice injected with tdTomato or GFP plasmid and electroporated (ET). CNTR–ve samples are hindlimb
untreated muscles or muscles injected with PBS and electroporated. The analysis was performed 1 week after electroporation. N = 4. (D–G) Quantification of
electroporated (ET) CD45+ve cells (N = 3) (D), CD31+ve cells (N = 3) (E), FAPs (N = 4) (F) and MuSCs (N = 4) (G) from muscles of the same mice as in panel (C). All
CNTR–ve gates were set on control samples. The percentage of ET cells in each CNTR–ve gate was < 1% for all the analyzed cell populations.

The same experiment was also performed to compare young
and old C57BL/6J muscle mononucleated cells. We did not
observe a significant increase in GFP expression from the
collagen 1 promoter in the old CD31+ve cells (Figure 6D),

FAPs (Figure 6E), and MuSCs (Figure 6F) compared to their
young counterparts. In line with these results, our mRNA
expression analysis on FACS-isolated CD31+ve cells (Figure 6G)
and FAPs (Figure 6H) from old and young muscles showed
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FIGURE 4 | Hyaluronidase pre-conditioning increases the efficiency of electroporation of mononucleated cells in dystrophic muscles. (A) Representative Bruker In
Vivo Xtreme I images (left) and GFP intensity measurement (photons/sec/mm2) (right) of TA muscles from ∼6 months-old mdx4Cv (MDX) mice injected with
hyaluronidase (HYA) or not injected (NOT HYA). 2 h after hyaluronidase injection TA muscles were injected with PBS (CNTR–ve) or GFP plasmid (ET) and

(Continued)
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FIGURE 4 | electroporated. Scale bar: 2.5 mm. White color in the figure indicates photons/sec/mm2 > 4.0e+008. Muscles were analyzed 1 week after
electroporation. N = 3. Refer also to Supplementary Figure 4A for GFP intensity measurement of the corresponding dissected muscles. (B–F) Quantification of
electroporated (ET) single cells (B), CD45+ve cells (C), CD31+ve cells (D), FAPs (E) and MuSCs (F) of TA muscles from the same mice as in panel (A). All negative
control gates were set on controls (i.e., samples treated or not treated with hyaluronidase, injected 2 h later with PBS and electroporated). The percentage of ET cells
in each negative control gate was < 1% for all the analyzed cell populations. (G–K; left) Representative FACS plot showing in Q2 TOM+veGFP+ve cells in single cell
(G), CD45+ve cell (H), CD31+ve cell (I), FAPs (J), and MuSCs (K) populations from TA of ∼6 months-old mdx4Cv (MDX) mice injected with hyaluronidase, and
subsequently electroporated with GFP/tdTomato plasmid mix and identified as effectively electroporated with tdTomato plasmid (ET). CNTR–ve [shown only in (G)]
represents non-electroporated cells of TA treated with hyaluronidase, then injected with PBS and electroporated. The analysis was performed 1 week after
electroporation. Refer also to Supplementary Figures 4B–E for CNTR–ve FACS plots of (H–K). (G–K; right) Quantification of the GFP+ve fraction of single cells
(G), CD45+ve cells (H), CD31+ve cells (I), FAPs (J), and MuSCs (K) effectively electroporated with tdTomato plasmid (ET) in TA of ∼6 months-old mdx4Cv (MDX)
mice injected with hyaluronidase, then electroporated with GFP/tdTomato plasmid mix. The analysis was performed 1 week after electroporation. N = 3. FAPs:
CD45–veCD31–vesca1+ve cells; MuSCs: CD45–veCD31–vesca1–vevcam+ve cells.

similar expression of collagen1a1. A not statistically significant
trend toward rising levels of collagen 1a 1 expression was
observed in MuSCs from old muscles (Figure 6I). Altogether,
these results demonstrate the feasibility of targeting muscle
mononucleated cells through electro-enhanced plasmid transfer
to investigate the cellular and molecular events characterizing
diseased muscle tissues.

DISCUSSION

The data presented here highlight previously unappreciated
features of the in vivo electroporation technique, focusing on
the mononucleated cells. By taking advantage of a widely used
set of surface markers, we unambiguously identified MuSCs,
FAPs, endothelial cells, and hematopoietic lineage cells in
electroporated murine muscles and comparatively quantified
their efficiencies of electroporation. Transgene expression from
transferred plasmid DNA was effectively induced in all these
cell populations. These results are in keeping with previous
observations reporting effective plasmid uptake by Vimentin+ve,
Desmin+ve, or MyoD+ve “bona fide” MuSCs in electroporated
muscles (Grønevik et al., 2003; Peng et al., 2005; Ratanamart
et al., 2010). To our knowledge, this is the first study conclusively
demonstrating that electroporation can effectively target both
endothelial cells and FAPs. A previous report indicates the
existence of rare electroporated Thy1+ve muscle interstitial
cells, but due to the expression of this marker in various cell
types, it was not possible to unambiguously establish their
nature (Grønevik et al., 2003). Past studies investigated the
plasmid transfer in hematopoietic lineage cells with conflicting
results. Differences in the electroporation protocols, the spe
cific markers used to identify the cells, and the sensitivity
of the techniques employed to evaluate plasmid uptake and
transgene expression may contribute to these discrepancies.
Some studies reported undetectable levels of transgene expression
by lymphocytes and macrophages/monocytes upon electro-
enhanced plasmid transfer (Dupuis et al., 2000; Grønevik et al.,
2003; Ratanamart et al., 2010). Nevertheless, one of these studies
demonstrated that mononucleated cells expressing the myeloid
marker CD11b are capable of efficiently uptaking electroporated
plasmid DNA, possibly resulting from phagocytosis events
(Dupuis et al., 2000). Intriguingly, intramuscular DNA injection
reportedly induces transgenic protein expression in cells
isolated from the proximal draining lymph nodes and mainly

consisting in macrophages (Chattergoon et al., 1998). Our
analysis indicating that CD45+ve cells from electroporated
muscles, particularly the F4/80+ve macrophage subset, are
capable of transgene expression is in line with this latter
study. It is unknown if this is the result of the direct
uptake of plasmids or depends on the high phagocytic
activity of these cells.

We then extended our analysis of the electroporated
mononucleated cells to dystrophic muscle. We were able to
easily identify electroporated MuSCs, but we also noticed a clear
reduction in the efficiency of electroporation. This reduction
might explain why, despite effective electroporation in the mature
fibers, only rare plasmid uptake was reported in dystrophic
MuSCs in a previous study (Wong et al., 2005). In apparent
contrast with this latter study, our observations highlight
previously unappreciated parallelism between plasmid uptake
by MuSCs and muscle fibers, being both significantly reduced
after electroporation in dystrophic muscle compared to age-
matched controls. A reduction in muscle fibers’ electroporation
efficiency in mdx mice finds confirmation in a previous report
(Molnar et al., 2004), which is inconsistent with others reporting
comparable levels between mdx and wild type mice (Gollins
et al., 2003). Importantly, we report compelling evidence
indicating that hematopoietic cells, endothelial cells and FAPs
from dystrophic mice are also less susceptible to electro-enhanced
plasmid transfer, similar to their MuSCs and fiber counterparts.

Dystrophic muscle is characterized by chronic cycles of
degeneration and regeneration and pronounced deposition
of fibrotic tissue, all features that might potentially impact
electroporation efficiency. Fibrosis might represent a physical
barrier for intramuscular diffusion but is likely not the major
cause of ineffective plasmid uptake that we observed in mdx mice.
Indeed, our data indicate that electroporation efficiency is not
decreasing in 2 years-old muscles, which are also characterized
by fibrosis. The idea of little influence of fibrosis finds further
confirmation in the observation that electroporation efficacy
is not affected by the increased amount of collagen present
in mdx4Cv muscles at 21 weeks of age compared to the
situation in 7 weeks-old mice (Gollins et al., 2003). MuSCs,
FAPs, hematopoietic and endothelial cells are all undergoing
a dramatic expansion in dystrophic tissues as part of the
ongoing regenerative response (Wosczyna and Rando, 2018).
The possibility that proliferating cells might be less effective
in uptaking plasmids than their quiescent counterpart might
explain why efficiencies are higher in all cell populations
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FIGURE 5 | In vivo electroporation of old muscles. (A) Whole-mount X-gal staining of TA from ∼2 months-old C57BL/6J (YOUNG), and ∼24 months-old C57BL/6J
(OLD) mice. PBS (CNTR–ve) or β-gal plasmid (YOUNG, OLD) were injected in muscles prior electroporation. Muscles were collected 1 week after electroporation.
Scale bar: 0.85 mm. (B) Representative Bruker In Vivo Xtreme I images of tdTomato intensity (photons/sec/mm2) of TA from muscles of ∼2 months-old (YOUNG)
and ∼24 months-old (OLD) C57BL/6J mice injected with PBS (CNTR–ve) or with tdTomato plasmid (ET) and electroporated. Scale bar: 2.5 mm. White color in the
figure indicates photons/sec/mm2 > 1.4e+008. The analysis was performed 1 and 2 weeks after electroporation. (C) tdTomato intensity measurement
(photons/sec/mm2) of TA of ∼2 months-old (YOUNG) and ∼24 months-old (OLD) C57BL/6J mice injected with tdTomato plasmid and electroporated. The analysis

(Continued)
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FIGURE 5 | was performed 1 and 2 weeks after electroporation. N = 6 (YOUNG ET 1 week, OLD ET 1 week), N = 3 (YOUNG ET 2 weeks, OLD ET 2 weeks). The
intensity of tdTomato of the corresponding CNTR–ve samples (i.e., mice injected with PBS and electroporated) was subtracted from each sample. (D) Representative
FACS plot (left) and quantification (right) of electroporated (ET) single cells from TA of ∼2 months-old (YOUNG) and ∼24 months-old (OLD) C57BL/6J mice injected
with tdTomato plasmid and electroporated. The analysis was performed 2 weeks after electroporation. N = 3. (E–H) Quantification of electroporated (ET) CD45+ve

cells (E), CD31+ve cells (F), FAPs (G) and MuSCs (H) from TA of the same mice as in panel (D). All CNTR–ve gates were set on control samples (i.e., sample injected
with PBS and electroporated). The percentage of ET cells in each CNTR–ve gate was < 1% for all the analyzed cell populations. FAPs: CD45–veCD31–vesca1+ve

cells; MuSCs: CD45–veCD31–vesca1–vevcam+ve cells.

when non-dystrophic tissues are electroporated. The mechanism
underlining this aspect may reside in the observation that
electro-enhanced plasmid transfer depends on the radius of
curvature of the target cell (Somiari et al., 2000). Indeed, cells
undergo a dramatic change in size and morphology as they
transit from quiescence to proliferation during regeneration (van
Velthoven and Rando, 2019). Moreover, proliferating cells are
also less resistant than quiescent cells to a variety of stressors,
and this might also contribute to the overall efficiency, as
electroporation is inevitably associated with a mild degree of
damage (Roche et al., 2011). Newly repaired fibers derive from the
fusion of activated MuSCs, and a causal link between the efficacy
of plasmid uptake by MuSCs and the efficacy of electroporation
in regenerating fibers has been proposed in wild type muscles and
is indirectly supported by our data in the dystrophic setting (Peng
et al., 2005). Hyaluronidase remodels the extracellular matrix and
protects muscle from damage (McMahon et al., 2001). By taking
these aspects into account, the observation reported here that
the pretreatment with hyaluronidase increases electroporation
efficiency both in whole muscle and in mononucleated cells
fits with the hypothesis that activated cells are less prone to
uptake DNA or present a higher tendency to lose plasmids
upon electroporation. This idea is also indirectly confirmed
by actively growing 2-3 weeks-old mdx mice, which are
less efficiently electroporated than their 6 weeks-old adult
counterparts (Molnar et al., 2004). Furthermore, previous reports
demonstrate that the administration of damaging agents a few
days before electroporation, which promotes fibers degeneration
and subsequent proliferative expansion of mononucleated cells,
also reduces whole muscle electroporation efficiencies (Gollins
et al., 2003; Wong et al., 2005). Here we have not only
extended this observation to various mononucleated cells,
corroborating the parallelism between fibers and mononucleated
cells electroporation, but we also have noticed poor incorporation
of plasmids in mononucleated cells when the damaging agent
was administered after the electroporation procedure (see above).
This latter observation suggests that proliferating cells might
dilute out electroporated non-integrating plasmids to result in
fewer positive cells as the population expands after transfection.
Therefore, although concomitant factors such as fibrosis may also
play a role, the proliferative state of the mononucleated cells
appears crucial to define the outcome of the electro-enhanced
plasmid transfer.

Electroporation is a cost-effective procedure that might
represent a valuable alternative to viral vectors, which may be
troublesome to handle on the laboratory scale. Our observation
that various subpopulations of mononucleated cells involved
in skeletal muscle repair are amenable for electro-enhanced
plasmid transfer is opening new investigative scenarios extending

beyond replacement gene transfer and systemic production of
therapeutic proteins that are classically accomplished through
muscle fiber electroporation. Overexpression or silencing of
genes potentially involved in modulating the lineage progression
of MuSCs, hematopoietic cells, endothelial cells, and FAPs
may represent a powerful tool to investigate the fundamental
mechanisms controlling regeneration and get insight into
cellular and molecular events, which are getting defective
during aging and muscle diseases. The incomplete efficiency
of electroporation, particularly for the dystrophic and injured
muscles, might represent a limitation to this approach that
may be at least in part overcome by introducing reporter
genes in the electroporated plasmids to identify the fraction of
effectively targeted cells in the tissue. Another limitation is that
electroporation is not readily applicable to non-limb muscles,
such as the diaphragm, which is diffusely used to model disease
progression in DMD animal models (Stedman et al., 1991).

Electro-enhanced plasmid transfer to mononucleated cells is
also rendering possible to investigate in vivo and in a cell-specific
way the function of regulatory DNA sequences involved in the
transcriptional control of specific genes without the need to turn
to the generation of engineered mouse models. This possibility
is highlighted by the study we are reporting here, in which a
portion of 2.3 kb of the collagen1a1 promoter was shown to
recapitulate endogenous collagen1a1 transcription in dystrophic
mononuclear cells. In vivo electro-enhanced plasmid delivery
is also attractive in gene editing experiments. The episomal
nature of electroporated plasmids favors a transient “hit-and-
run” approach that minimizes off-targets and undesired immune
responses (Mashel et al., 2020).

We also report the possibility to effectively co-transfer
multiple plasmids in the same cells by electroporation. As we
show here, this feature can be exploited for normalization
purposes but is potentially useful in other experimental settings.
For instance, multiple gene transfer may permit the simultaneous
modulation of concurrent biochemical pathways and may be
exploited in basic research and therapy (Daddi et al., 2002).
Co-delivery of different expression plasmids can be practical
when a single plasmid expressing all the genes of interest is not
available or, if generated, would result in a large construct, which
can negatively affect cellular uptake. Co-electroporation is also
potentially useful in studies involving CRISPR/Cas9-mediated
genetic modifications, where the definition of the optimal ratio
between guide RNA and Cas9 expression is required for efficient
gene editing. The use of two independent plasmids, respectively
expressing the guide RNA and Cas9 might facilitate the process
of optimization (Gam et al., 2019).

An increasing amount of publications highlights the
primary involvement of MuSCs, and potentially also of
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FIGURE 6 | Study of collagen 1 expression in muscle single cells through in vivo electroporation. (A–C) Col1-GFP/TOM Intensity (median) in CD31+ve (A), FAPs (B)
and MuSCs (C) from TA of ∼12 months-old C57BL/6J (WT) and mdx4Cv (MDX) mice injected with Col1-GFP:tdTomato (Col1-GFP/TOM) mix (10:1) and
electroporated. The analysis was performed 2 weeks after electroporation. N = 3 for all samples except MuSCs MDX (N = 2). (D–F) Col1-GFP/TOM Intensity
(median) in CD31+ve (D), FAPs (E) and MuSCs (F) from TA of ∼2 months-old (YOUNG) and ∼24–26 months-old (OLD) C57BL/6J mice injected with
Col1-GFP/TOM mix (10:1) and electroporated. The analysis was performed 2 weeks after electroporation. N = 3. (G–I) qPCR analysis of collagen1a1 in CD31+ve

(G), FAPs (H) and MuSCs (I) from ∼2 months-old C57BL/6J (YOUNG WT), ∼24 months-old (OLD WT) and ∼12 months-old mdx4Cv (MDX) hindlimb muscles. FAPs:
CD45–veCD31–vesca1+ve cells; MuSCs: CD45–veCD31–vesca1–vevcam+ve cells.

the other muscle mononucleated cells, in the etiology
of diseases previously believed to depend exclusively
on muscle fibers defects (Ganassi et al., 2021). The
observation that mononucleated muscle cell populations

may be easily targeted in vivo with a versatile protocol
such as electroporation offers a new weapon in the
hands of researchers interested in investigating their
properties and functions.
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Supplementary Figure 1 | Gating strategy used to isolate single cell populations.
(A) Representative gating and sorting strategy used to FACS isolate CD45+ve,
CD31+ve, FAPs (CD45−veCD31−vesca1+ve) and MuSCs
(CD45−veCD31−vesca1−vevcam+ve) population from C57BL/6J and mdx4Cv

hindlimb muscles.

Supplementary Figure 2 | In vivo electroporation of whole muscles and single
cells. (A) Reflectance images of untreated gastrocnemius (CNTR−ve) and
electroporated TA (ET) shown in Figure 1A. Scale bar: 2.5 mm. (B)
Representative Bruker In Vivo Xtreme I images (left) and GFP intensity
measurement (photons/sec/mm2) (right) of TA muscles from ∼14 months-old
C57BL/6J mice injected with GFP plasmid and electroporated (ET) or not treated
(CNTR−ve). Scale bar: 2.5 mm. White color in the figure indicates
photons/sec/mm2 > 3.7e+008. The analysis was performed 1.5 day after
electroporation. (C–G) Representative FACS plot (left) and quantification (right) of
electroporated (ET, GFP+ve) single cells (C), CD45+ve cells (D), CD31+ve cells (E),
FAPs (F) and MuSCs (G) from TA of ∼14 months-old C57BL/6J mice injected
with PBS (CNTR−ve) or with GFP-expressing plasmid (ET) and electroporated. The
analysis was performed 1.5 day after electroporation. N = 3 (ET), N = 1
(CNTR−ve). FAPs: CD45−veCD31−vesca1+ve cells; MuSCs:
CD45−veCD31−vesca1−vevcam+ve cells. (H) Representative Bruker In Vivo
Xtreme I images (left) and GFP intensity measurement (photons/sec/mm2) (right) of
TA muscles from ∼13 to 14 months-old C57BL/6J mice injected with β-gal
(CNTR−ve) or GFP plasmid (ET) and electroporated. Scale bar: 2.5 mm. White
color in the figure indicates photons/sec/mm2 > 1.5e+008. The analysis was
repeated 1, 2, 4, and 6 weeks (w) after electroporation. N = 4 (CNTR−ve 1w, ET
4w), N = 5 (ET 1w), N = 1 (CNTR−ve 2w, ET 2w, ET 6w).

Supplementary Figure 3 | Histological analysis of electroporated muscles. (A)
Immunofluorescence images of TA from additional ∼8 months-old C57BL/6J mice
injected with GFP plasmid, electroporated and processed as described in
Figure 1B. Muscles were stained with anti-GFP (green), anti-F4/80 (orange)
antibodies, and Hoechst (blue). BF: Bright Field. Scale bar: 10 µm. Note the
presence of both electroporated (GFP+ve) F4/80+ve cells (red asterisks) and
F4/80−ve mononucleated muscle cells (red arrows). White asterisks and arrows
are, respectively, marking examples of non-electroporated (GFP−ve) F4/80+ve and
F4/80−ve mononucleated muscle cells. (B–D) CNTR−ve FACS plot referred to
Figures 1I–K showing CD45+veCD31+ve cells (I), FAPs (J), and MuSCs (K) of TA
of ∼4 months-old C57BL/6J mice injected with PBS and electroporated.

Supplementary Figure 4 | Hyluronidase treatement in dystrophic muscles.
(A) Representative Bruker In Vivo Xtreme I images (left) and GFP intensity
measurement (photons/sec/mm2) (right) of dissected TA from ∼6 months-old
mdx4Cv (MDX) mice injected with hyaluronidase (HYA) or not injected (NOT HYA).
2 h after hyaluronidase injection TA muscles were injected with PBS (CNTR−ve) or
GFP plasmid (ET) and electroporated. Scale bar: 2.5 mm. White color in the figure
(left, top panel) indicates photons/sec/mm2 > 1.6e+010. Corresponding
reflectance images are shown in the bottom panel. Muscles were analyzed 1 week
after electroporation. N = 3. (B–E) CNTR−ve FACS plots referred to
Figures 4H–K showing CD45+ve cells (B), CD31+ve cells (C), FAPs (D), and
MuSCs (E) of TA of ∼6 months-old mdx4Cv mice C57BL/6J mice injected with
hyaluronidase, then injected with PBS and electroporated.
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What Can We Learn from Single
Sarcomere and Myofibril
Preparations?
Walter Herzog*

Faculty of Kinesiology, The University of Calgary, Calgary, AB, Canada

Sarcomeres are the smallest functional contractile unit of muscle, and myofibrils are
striated muscle organelles that are comprised of sarcomeres that are strictly aligned in
series. Furthermore, passive forces in sarcomeres and myofibrils are almost exclusively
produced by the structural protein titin, and all contractile, regulatory, and structural
proteins are in their natural configuration. For these mechanical and structural reasons
single sarcomere and myofibril preparations are arguably the most powerful to answer
questions on the mechanisms of striated muscle contraction. We developed and
optimized single myofibril research over the past 20 years and were the first to
mechanically isolate and test single sarcomeres. The results from this research led to
the uncovering of the crucial role of titin in muscle contraction, first molecular explanations
for the origins of the passive and the residual force enhancement properties of skeletal and
cardiac muscles, the discovery of sarcomere length stability on the descending limb of the
force-length relationship, and culminating in the formulation of the three-filament theory of
muscle contraction that, aside from actin and myosin, proposes a crucial role of titin in
active force production. Aside from all the advantages and possibilities that single
sarcomere and myofibril preparations offer, there are also disadvantages. These
include the fragility of the preparation, the time-consuming training to master these
preparations, the limited spatial resolution for length and force measurements, and the
unavailability of commercial systems for single sarcomere/myofibril research. Ignoring the
mechanics that govern serially linked systems, not considering the spatial resolution and
associated accuracies of myofibril systems, and neglecting the fragility of myofibril
preparations, has led to erroneous interpretations of results and misleading
conclusions. Here, we will attempt to describe the methods and possible applications
of single sarcomere/myofibril research and discuss the advantages and disadvantages by
focusing on specific applications. It is hoped that this discussion may contribute to
identifying the enormous potential of single sarcomere/myofibril research in discovering
the secrets of muscle contraction.

Keywords: titin, actin, myosin, mechanics of contraction, three-filament theory, residual force enhancement,
passive force enhancement, serial sarcomeres
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INTRODUCTION

Muscle physiology is an exciting field that has been studied for
thousands of years. Aristotle remarked on the muscular build of
Olympic athletes more than 2000 years ago, contemplating their
chances of winning, and Milo of Croton, a famous wrestler in
ancient Greece, introduced increasing resistance training by
lifting a young calf every day and as it grew heavier, requiring
increasing strength to complete the task. In the late 15th and early
16th century, Leonardo da Vinci was famous for his immaculate
drawings of the human body and its musculature, and in the 17th
century, Giovanni Alfonso Borelli calculated the muscular forces
required to perform working tasks.

However, muscle physiology as we know it today was formed
by some of the greatest physiologists of the 20th century, Nobel
Prize winners Otto Meyerhof, AV Hill, and AF Huxley. Their
work contributed to our understanding of the muscle energetics,
the force-length and force-velocity properties, and the molecular
mechanisms underlying muscle contraction. Of particular
interest to this treatise is the way we think about muscle
contraction. In 1954, Hugh Huxley and Andrew Huxley
(Huxley and Hanson, 1954; Huxley and Niedergerke, 1954)
arrived independently at the idea that muscle contraction is
caused by the sliding of two sets of filaments (actin and
myosin) relative to each other, rather than the shortening of
the myosin filament, as had been assumed prior to the 1950s. In
1957, Andrew Huxley then proposed a mechanism by which
“side-pieces” (now called cross-bridges) from the myosin
filament attach cyclically to the actin filament, pulling the
actin past the myosin filaments with the energy provided by
hydrolyzation of adenosine triphosphate (ATP) (Huxley, 1957).
This theory, commonly known as the “cross-bridge theory”, is the
way muscle contraction appears in textbooks of muscle
physiology and is taught in courses of muscle mechanics to
this day. Of course, some of the details of the 1957 theory
have been revised, but the basic principles of two filaments
sliding against each other, powered by cross-bridges and the
energy derived from ATP, has remained untouched. For
excellent, and highly personal accounts of the discovery of the
cross-bridge theory, the associated technical developments, and
the discovery of titin, please be referred to Maruyama (1995),
Huxley (2004), and Dos Remedios and Gilmour (2017).

At this point, it is important to note that the cross-bridge
theory has been used successfully to predict muscle force,
stiffness, and energetics for shortening (concentric) and
constant length (isometric) muscle contractions but has failed
to predict these mechanical parameters with equal success for
lengthening (eccentric) muscle action (Huxley, 1957). Huxley
(1957) was aware of the shortcomings of his initial theory, and
remarked greatly on it, and proposed solutions for how the cross-
bridge theory may remain untouched and still predict the
mechanics of actively lengthening muscles (e.g., Huxley, 1980).
In his beautiful book “Reflections on Muscle”, Huxley remarked
that “special features”may have evolved in muscle to account for
the mechanics of eccentric muscle action, and that possibly the
development of sarcomere length non-uniformities during active
muscle lengthening might be responsible for the unexplained

properties observed in lengthening muscle (Huxley, 1980).
Among the many unexplained properties of lengthening
muscle, two stand out: 1) the long-known increase in steady-
state force following active muscle stretching, now referred to as
“residual force enhancement” (Abbott and Aubert, 1952; Edman
et al., 1982), and 2) the more recent discovery of an increase in
passive force during and following active muscle stretching,
discovered by us in 2002 in experiments on cat soleus muscle,
and now referred to as “passive force enhancement” (Herzog and
Leonard, 2002). Passive force enhancement is the increase in
(passive) force after a muscle has been actively stretched and then
deactivated (Figure 1). It is most prominent and best observed in
muscle preparations that are stretched to lengths where passive
force occurs naturally. Passive force enhancement is long-lasting
(minutes), increases with increasing active stretch amplitude, and
is seen across all structural levels, including single sarcomeres,
and thus is speculated to be associated with titin.

The discovery that the passive force, force not created by the
contractile filaments actin and myosin, is increased in active
compared to passive muscle, changed the way many scientists
thought about muscle contraction and brought up two
fundamental questions: 1) what passive element(s) in muscle
causes this increase in passive force when a muscle is activated
and stretched, and 2) what are the molecular mechanisms
underlying this increase in passive force? These two questions,
we felt, could not be answered using traditional methodologies,
but required the complete control of individual sarcomeres.
Research on a higher structural level than the sarcomere,
single fibres for example, are deemed not useful in this

FIGURE 1 | Force as a function of time of a cat soleus muscle stretched
3, 6, and 9 mm, or about 3, 6, and 9% of its total muscle tendon until length.
Observe the increase in steady-state isometric force following the active
stretches compared to the corresponding purely isometric reference
contraction at the final length. This so-called residual force enhancement (FE)
increases with increasing stretch magnitude. Also note the increase in passive
force following deactivation of the actively stretched muscle compared to the
passive force obtained in the passively (P) stretched muscle. This so-called
passive force enhancement (PFE) also increases with increasing active stretch
magnitudes. Herzog and Leonard, 2002, permission pending.
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context, as the crucial variables of individual sarcomere forces
and individual sarcomere lengths, cannot be determined
uniquely, as there is no possibility to measure or theoretically
determine sarcomere forces in this highly mechanically
redundant system, and a technique to measure the thousands
of individual sarcomere lengths simultaneously in a single muscle
fibre does not exist. Research on a lower structural level, for
example using isolated cross-bridges and actin filaments, as
introduced in laser trapping experiments by Finer et al.
(1994), were also deemed less meaningful than myofibril
preparations, as the intricate structural integrity of the
sarcomere, that we believe plays a crucial role in the molecular
details of muscle contraction, is lost.

For these reasons, we started to develop techniques to work
with single myofibril and single, mechanically isolated sarcomere
preparations. The topic of this special issue is on methods used in
striated muscle mechanics and physiology, and here, we would
like to describe the methods for single sarcomere and myofibril
preparations. However, the technical details of these preparations
can be obtained in any of the many manuscripts we (and others)
have published on the topic, and thus, they will just be described
briefly. More importantly, when working with single myofibrils
and sarcomeres, information can be obtained that cannot be
gathered from other muscle preparations. We will focus on these
advantages of myofibrils over other structural preparations but

will also point out the limitations of working with myofibrils and
the errors that have been made by not recognizing and
acknowledging these limitations.

METHODS

Single Myofibril Preparation for Mechanical
Testing
Typically, we work with rabbit psoas myofibrils, but myofibrils
from other muscles can be prepared in a similar manner. We
isolate strips of rabbit psoas muscle from euthanized animals
using forceps and tie them to wooden sticks to preserve the in-situ
sarcomere length and prevent shrinking. These strips are then
placed in a rigor-glycerol solution with protease inhibitors
(Complete, Roche Diagnostics, Montreal, QB, Canada) and are
then stored at −20°C for about 12 ± 2 days. On the day of
experimentation, the muscle strips are placed in a +4°C rigor
solution, homogenized, and placed in the experimental chamber
that is typically held at room temperature of 20°C.

The mechanical testing is done by attaching the isolated
myofibrils to a force transducer at one end and a glass pipette
attached to a motor at the other end (Figure 2). Attachment to
the force levers is either done by wrapping the myofibril around
the force lever, or by gluing the myofibril to the force lever.
Attachment to the rigid glass pipette is done by attaching a small
amount of glue to the end of the pipette and then piercing the
pipette into the z-line region of the end sarcomere of a myofibril.
Experiments are performed on the stage of an inverted light
microscope. We typically use a ×100 oil immersion objective (NA
1.3) and have the possibility to add a ×2.5 Optovar configuration
for a total magnification of ×250. Depending on the question, we
use myofibrils containing one (single sarcomere preparation) and
up to about 20 sarcomeres. Individual sarcomere lengths are
measured continuously using a linear photo diode array camera.
Frequently, we define sarcomere lengths from the centroid of the
A-band of one sarcomere to the centroid of the A-band of the
adjacent sarcomere, but in a good preparation, where the Z-lines
can be identified clearly, we measure sarcomere lengths in the
traditional way from centroid to centroid of adjacent Z-lines. We
use a glass pipette attached to a custom-built piezo-tube motor to
perform any desired length change of a myofibril for mechanical
testing. Passive and active forces in the myofibrils are measured
using custom-built nanofabricated silicon nitride cantilevers with
stiffness ranging from 20–200 pN/nm depending on the forces
expected in active or passive experiments at different sarcomere
lengths, and for shortening, isometric and lengthening
contractions, all of which affect the force capacity of the
myofibril. Knowing the stiffness of the nano-levers, force can
be calculated by the displacement of the lever from its resting
position. Typically, forces are normalized relative to the cross-
sectional area for comparison between myofibrils of different size.

The great advantage of a single myofibril preparation is that all
sarcomeres are strictly arranged in series. This in series alignment
ensures that each sarcomere and half-sarcomere transmits the
same force and that this force can be measured at the end of the
myofibril (neglecting any inertial effects and mass movements,

FIGURE 2 | (A) Single myofibril with dark-light striation pattern. The dark
areas represent the A-bands containing the thick (myosin) filaments, while the
light areas represent the I-bands containing the thin (actin) filaments. The faint
dark line in the approximate centre of the I-bands is the Z-line delineating
the end of the sarcomeres (indicated also with the vertical line connecting
figures (A,B). The myofibril is attached on its left-hand end to a rigid glass
pipette, which in turn is attached to a piezo-tube motor that allows for nano-
metre step size control (not shown) and is attached on its right-hand end to a
silicon nitride nano-lever for force measurements (not shown). (B) Light
intensity pattern of the myofibril shown in (A). The dark, A-bands are given
high intensity values, while the light, I-bands, are given small intensity values.
Republished with permission of Royal Society, from Dynamics of individual
sarcomeres during and after stretch in activated single myofibrils. Rassier DE,
Herzog W, Pollack GH. Proc. R Soc Lond Volume 270, p. 1735–1740. 2003;
permission conveyed through Copyright Clearance Center Inc.
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which can safely be done in myofibril preparations). More details
on the properties of in series mechanical systems, how they
behave, and how they can be represented mathematically, may
be obtained in Epstein et al. (2006). Since a single myofibril also
allows for the determination of each sarcomere and half-
sarcomere length, the instantaneous force, sarcomere length,
and sarcomere rate of change in length (speed of contraction)
are known at any instant in time, allowing for a complete
description of the mechanics of all sarcomeres. However, the
concept of a system of elements that are mechanically “in series”
must be treated properly, otherwise it may lead to incorrect
interpretations of results and misleading conclusions, as has
happened in some recent works (Mendoza and Rassier, 2020).

Single Sarcomere Isolation for Mechanical
Testing
For mechanical isolation and testing of a single sarcomere, a
short myofibril consisting of 5–10 sarcomeres is attached at
both ends as described above using micro-manipulators that
allow for movements in the sub-nano-metre range. Once
attached in this manner, the sarcomere closest to the force
lever is isolated by using a third micromanipulator with a stiff
glass pipette and attaching it to the Z-line of that sarcomere
that is away from the force lever. This third micromanipulator
is then attached to the piezo-tube motor that is used for
imposing length changes to the sarcomere (Leonard et al.,
2010). It is a powerful but technically difficult preparation to
set up properly and obtain meaningful results (Herzog et al.,
2016; Schmidt et al., 2021).

One of the great advantages of the single sarcomere
preparation is that the complex interaction of parallel and
serially arranged sarcomeres, as they occur in single fibre and
single myofibril preparations respectively, is eliminated.
Therefore, the mechanical properties of this basic contractile
unit of muscle can be measured without interference caused
by sarcomere length non-uniformities, force transmission
across the Z-lines, uneven activation of sarcomeres in a
myofibril, single fibre or muscle preparation, and without
passive force contributions by structural proteins and the
collagen matrix network except for the forces produced by the
molecular spring titin (Bartoo et al., 1997) (Linke et al., 1994)
(Colomo et al., 1997) (Linke, 2018).

APPLICATIONS

There are dozens of applications that have shed light into the
mechanisms of muscle contraction in general, and the role of titin
specifically, using single myofibril and single sarcomere
preparations. Here, we would like to briefly mention three
such applications that have changed the way we think about
muscle contraction today as compared to just a decade ago:

1) The discovery of titin as a spring of variable stiffness.
2) The discovery of residual force enhancement in a single

sarcomere.

3) The discovery of activation-dependent unfolding of titin
segments.

Titin as a Spring of Variable Stiffness
With the discovery of the passive force enhancement property in
skeletal muscle, we proposed that titin might cause passive—and
at least some of the residual—force enhancement in skeletal
muscle (Herzog and Leonard, 2002). This proposal was
supported in elegant experiments by Labeit et al. (2003), who
studied recombinant PEVK segments of titin containing two
highly conserved elements. Using single molecule experiments
they showed that calcium-induced conformational changes
altered the stiffness in these conserved PEVK fragments.
Further experiments by Labeit et al. (2003) using skinned
single fibers from the mouse soleus showed that titin-based
force was dependent on activation. Experiments on myofibril
preparations arrived at the same conclusion when single
myofibrils from rabbit psoas were stretched in baths
containing different concentrations of calcium. The advantage
of the single myofibril over the single fibre preparation was that
titin-based forces could be directly quantified by inhibiting cross-
bridge based forces either chemically (Leonard and Herzog, 2010)
or by selective deletion of regulatory proteins (Joumaa et al.,
2008) and knowing that titin was the only structural element in
sarcomeres contributing to the passive force (Bartoo et al., 1997).
Further experiments on recombinant immunoglobulin domains
of cardiac titin also revealed that calcium binds to these segments
in a dose-dependent manner, that calcium binding is reversed
when calcium is removed, and that unfolding the
immunoglobulin domains in the presence of calcium requires
about 20%more force than the corresponding unfolding forces in
the absence of calcium (Figure 3) (Duvall et al., 2013). The
conclusion from these studies was that titin is a calcium
dependent molecular spring; that is, the stiffness of titin
changes depending on the active state of a muscle.

Residual Force Enhancement in a Single
Sarcomere
For approximately the past 70 years, it has been believed that
sarcomere lengths and sarcomere forces are unstable once
sarcomeres reach lengths greater than their optimal lengths
(Hill, 1953); that is, when sarcomeres operate on the
descending limb of the force-length relationship where actin-
myosin filament overlap decreases with increasing length, thereby
reducing the number of possible cross-bridge attachments
between actin and myosin, thus decreasing the steady-state,
isometric force. This notion of instability led to the idea that
muscles stretched on the descending limb of the force-length
relationship exhibit residual force enhancement because of the
development of sarcomere length non-uniformities. A basic
premise of this theory is that purely isometric contractions are
associated with essentially uniform sarcomere lengths even on the
descending limb of the force-length relationship, while stretching
an active muscle on the descending limb causes rapid elongation
of “weak” sarcomeres, causing great non-uniformities in
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sarcomere length that then give rise to the residual force
enhancement (e.g., Morgan, 1994). This theory has support to
this day, including from experiments using single myofibrils (e.g.,
Rassier and Pavlov, 2012), even though it has been shown
unequivocally that vertebrate muscles are inherently and
naturally comprised of sarcomeres of highly non-uniform
lengths even in the passive state and during isometric
contractions (Huxley and Peachey, 1961; Llewellyn et al., 2008;
Johnston et al., 2016; Moo et al., 2016).

The sarcomere length non-uniformity theory can be used to
make detailed and testable hypotheses about the properties of
residual force enhancement. The most prominent of these
hypotheses are that residual force enhancement cannot occur
on the ascending limb of the force-length relationship (as there is
no sarcomere length instability on that part of the relationship),
residual force enhancement cannot exceed the plateau forces of
the isometric force-length relationship (as the enhanced forces
are limited to what the active sarcomeres can produce at optimal

FIGURE 3 | (A) Fluorescence intensity measured using spectroscopy as a function of calcium concentration for an exemplar test. Note the depression of the peak
intensity fluorescence with increasing calcium concentration and the reversal of the peak fluorescence intensity when removing free calcium using EDTA. (B) Force
required to cause unfolding of five immunoglobulin domains in the absence (Control) and the presence (Calcium) of physiologically relevant calcium concentration. Note
that the force required for immunoglobulin unfolding increased by about 20% in the presence of calcium. Note also, the slight increase in force required with each
unfolding event despite identical immunoglobulin domains which is explained by the stochastic nature of the unfolding events. The total number of observations for each
data point was greater than 300 in all cases, and data points where the standard deviation bars cannot be seen indicates that the standard deviations were smaller than
the size of the data point. Republished with permission of American Physiological Society, from Passive force enhancement in striated muscle. Herzog W. Journal of
Applied Physiology 126 (6): 1782–1789. 2019; permission conveyed through Copyright Clearance Center Inc.

FIGURE 4 | (A) Force-time and sarcomere length-time trace for an exemplar experiment performed on a single, mechanically isolated sarcomere. The isometric
reference contraction at a sarcomere length of 3.4 µm is shown in gray, and the corresponding force enhancement test (stretch from a sarcomere length of 2.4–3.4 µm)
is shown in black. Note that the initial isometric contraction for the force enhancement test (black trace) was performed at optimal sarcomere length for the rabbit psoas
sarcomere used here. Observe the dramatic force enhancement, FE (greater than 200% in this example), and the substantial force above the maximal isometric
force at optimal length (OFE). (B) Theoretical sarcomere force-length relationship for rabbit skeletal muscle and isometric reference force obtained at optimal sarcomere
length (red dot, normalized to 1.0), the corresponding isometric reference forces obtained at a sarcomere length of 3.4 µm, and the corresponding isometric, steady
state forces obtained after stretching single sarcomeres from 2.4 to 3.4 µm while activated. The average force enhancement (FE; average values are indicated by the
black dots) was 185% and the average enhanced forces exceeded the isometric optimal reference forces (OFE) by 38%. In summary, single mechanically isolated
sarcomeres show great residual force enhancement and exceeded the isometric references forces at optimal sarcomere length in all cases when stretched from optimal
(2.4 µm) to the final (3.4 µm) sarcomere length. Republished with permission of American Physiological Society, from Residual force enhancement following eccentric
contractions: a new mechanism involving titin. Herzog W., Schappacher Tilp G, DuVall M, Leonard TR, Herzog J. Physiology 31: 300–312. 2016; permission conveyed
through Copyright Clearance Center Inc.
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actin-myosin filament overlap), and residual force enhancement
is associated with sarcomere length non-uniformities that are
greater than the essentially uniform sarcomere lengths assumed
for isometric contractions. All these predictions of the sarcomere
length non-uniformity theory have been rejected in multiple
experiments (e.g., Rassier et al., 2003; Peterson et al., 2004;
Rassier, 2012; Johnston et al., 2019). Nevertheless, the ultimate
proof that residual force enhancement does not depend on the
development of non-uniformities in sarcomere lengths but is an
inherent property of muscle, did not exist until residual force
enhancement was shown to occur in single, mechanically isolated
sarcomeres. For this reason, we developed the single sarcomere
preparation that allowed mechanical experiments and the
determination of residual force enhancement in this basic
contractile unit of muscle. Not only was it shown that residual
force enhancement existed in each of the single sarcomeres tested
(Figure 4), but the force enhancement following a stretch from
2.4 to 3.4 µm averaged an impressive 185% and the average
enhanced force exceeded the maximal isometric force at the
plateau of the force-length relationship by 38% (Leonard et al.,
2010). Since force enhancement needs to exist in both half-
sarcomeres, the argument that a non-uniformity in the two
half-sarcomeres could explain the results is not valid. These
experiments demonstrated that the residual force enhancement
property is contained within a sarcomere and does not require the
development of non-uniform sarcomeres. However, it does not
exclude the possibility that sarcomere length non-uniformities
might contribute to the residual force enhancement on top of the
force enhancement obtained due to the sarcomere internal
mechanics. In fact, in some experiments using single
myofibrils and sarcomeres it was concluded that residual force
enhancement has a “component associated with half-sarcomere
dynamics, which significantly increases the level of force
enhancement after stretch.” (e.g., Rassier and Pavlov, 2012).
However, these results (Figure 8A in Rassier and Pavlov, 2012)
must be considered with caution as the half-sarcomere length
non-uniformities measured were given in ~0.4 nm increments
with a maximal value of 12 nm. Such accuracy cannot be achieved
with the light microscopy used in that study and comprises
random noise. For sub-nm accuracy of contractile specimens,
approaches such as low angle x-ray diffraction are required (Ma
and Irving, 2019). Sarcomere and half-sarcomere length changes
with light microscopy need to exceed about 100 nm for reliable
detection (Schmidt et al., 2021).

In summary, experiments on single, mechanically isolated
sarcomeres demonstrate that residual force enhancement is a
property inherent to a single sarcomere. Non-uniformity of
sarcomeres or half-sarcomeres has not been demonstrated to
contribute directly to residual force enhancement.

Activation-Dependent Unfolding of Titin
Segments
Titin is the third most abundant protein in skeletal muscle. It
extends from the M-band across the half sarcomere and inserts
into the Z-line bound to actin (Figure 5). Titin acts like a
molecular spring in the I-band region and its segments unfold

sequentially when a muscle/sarcomere is stretched, and then
refold upon muscle/sarcomere shortening (Linke et al., 1999;
Granzier and Labeit, 2002; Labeit et al., 2003). Titin steadies the
myosin filament in the centre of the sarcomere, provides passive
force, and is implicated in force signaling (Horowits et al., 1986;
Horowits and Podolsky, 1987; Horowits, 1992; Bartoo et al., 1997;
Herzog, 2018; Schappacher-Tilp, 2018). In 2002, when
discovering that passive forces were greater in actively
compared to passively stretched muscles, we proposed that
I-band titin is an activatable spring that can change its
stiffness, and thus its force contribution when a muscle is
stretched. Even though the idea that titin is an adjustable
spring had been formulated before (e.g., Helmes et al., 1999;
Freiburg et al., 2000; Granzier and Labeit, 2002), these ideas were
typically in the context of long-term adaptations, expressions of
different isoforms, and changes caused by post-translational
modifications. Our suggestion was that titin could adjust its
spring stiffness “instantaneously” by changing its inherent
spring length when a muscle was activated and produced
actin-myosin-based active force. Two possibilities were
suggested for the change in titin stiffness: 1) calcium binding
to specialized segments of titin, thereby increasing the force
required for unfolding of these segments, and 2) titin
shortening its free spring length by attaching its proximal
segment to actin (e.g., Leonard and Herzog, 2010). The
proximal segment was proposed since titin is known to be
permanently bound to actin at its proximal end,
approximately 80–100 nm from inserting into the Z-line
(Trombitas and Granzier, 1997).

In order to determine the elastic properties of titin in passive
and active muscle, Horowits et al. (1989) used titin antibody
labeling to measure the extension of proximal and distal titin
segments in skinned rabbit psoas fibers using immunoelectron
microscopy. They concluded that titin remained rigidly attached
to the myosin filament and that the I-band elastic properties of
titin were unaffected by activation. However, following antibodies
in whole fibre preparations is difficult due to the large number of
labels and the distortions of parallel aligned myofibrils within a
fibre. Using titin specific antibodies in rabbit psoas myofibrils, we
observed distinct differences in the unfolding characteristics of
titin segments in actively and passively stretched myofibrils. In
passively stretched myofibrils, titin elongated according to its
known elastic properties in its entire I-band length (Figure 6). In
actively stretched myofibrils, the proximal segments stopped
elongating after a small stretch, suggesting that the proximal
segment had become infinitely stiff. The interpretation of this
observation was that titin binds to actin in actively stretched
muscle, thereby losing its ability to elongate its proximal region,
shortening its free spring element, thereby increasing its stiffness
and force upon stretch (Duvall et al., 2017; Herzog, 2018).
Although these experiments, and associated interpretations,
need further independent confirmation, they suggest that titin
elasticity changes when a muscle is activated. The molecular
details of this change in titin elasticity remain speculation, and
even though we have tentatively proposed that it occurs through
binding of titin to actin, this suggestion needs direct verification
in live sarcomere or myofibril preparations, rather than fixed
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preparations or motility assays, as we believe that the
arrangement of contractile, structural, and regulatory proteins
that exists in sarcomeres is of crucial importance to the function
and interactions of these proteins during muscle contraction.

Advantages and Limitations of Myofibril
Preparations for Studying Muscle
Mechanics and Physiology
A great advantage of single myofibrils over any other muscle
preparation is that myofibrils are comprised of sarcomeres that
are strictly arranged in series. An in-series arrangement of
sarcomeres means that each sarcomere and half-sarcomere
must have the same internal force at each instant in time,
independent of its material properties and regardless of its
history of loading. The advantage of such an arrangement is
that the force in each sarcomere can be measured with a force
transducer at the end of the myofibril. Together with the relative
ease of sarcomere length measurements in myofibrils, the entire
mechanics of a sarcomere (force, length, and rate of change in
length, that is its velocity of shortening or stretching) is known at
any instant in time.

Another advantage of the myofibril preparation is that
passive force arises essentially exclusively from the
structural protein titin (Bartoo et al., 1997; Herzog et al.,
2012). Therefore, the mechanical properties of a single,

passive myofibril represent well the mechanical properties
of the assembly of titin filaments in sarcomeres
(Kellermayer et al., 1997). Furthermore, it is trivial in single
myofibrils to manipulate cross-bridge binding, the amount of
functional titin filaments, control the level of activation of each
sarcomere, and manipulate the length and rate of change in
length of sarcomeres accurately, thus presenting a plethora of
possibilities for studying the role of titin under a variety of
precisely known and precisely controllable contractile,
mechanical, and activation conditions. We have used single
myofibril and mechanically isolated sarcomere preparations to
identify the changing force and stiffness properties of titin as a
function of activation (calcium concentration), cross-bridge-
associated force production, and contractile conditions, which
allowed for the proposal of the three-filament (actin, myosin,
and titin) theory of muscle contraction and force production
(Leonard and Herzog, 2010; Herzog et al., 2015; Schappacher-
Tilp et al., 2015; Herzog, 2018).

However, like any scientific approach, the myofibril
preparation also has disadvantages. Primary among them
the fact that there is no commercial system for myofibril
and single sarcomere testing. Also, myofibril preparations
are fragile, and it typically takes months of training before
one can expect reliable results. Furthermore, it takes great
patience to obtain and set up myofibrils for multiple activation
cycles, and experiments not accounting for the force loss

FIGURE 5 | Schematic illustration of a sarcomere (top) with actin, myosin, and titin (and titin’s molecular structure - bottom) indicated. Titin inserts into the M-line in
the middle of the sarcomere and the Z-line at the end of the sarcomere, thus spanning the entire half-sarcomere. Titin is “rigidly” bound to the myosin filament in the
A-band region but runs freely across most of the I-band region, except at the very proximal end where it merges with actin just prior to inserting into the Z-line. In the
I-band region, titin elongates, thus producing passive force when a sarcomere is stretched. For physiologically relevant elongations of skeletal muscles, titin’s
immunoglobulin become aligned and the PEVK segment elongates. Only towards the end of physiologically relevant elongations, or when the muscle is active (rather
than passive) is it thought that immunoglobulin (Ig) domains unfold. Shown is also the F146 antibody (for further details see text below) which attaches to the distal end of
the PEVK domain of titin. Republished with permission of John Wiley & Sons, Inc., from Structure-function relations of the giant elastic protein titin in striated and smooth
muscle cells. Granzier H, Labeit S. Muscle & Nerve Volume 36, p. 740–755. 2007; permission conveyed through Copyright Clearance Center Inc.
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caused by repeat myofibril activation have led to erroneous
conclusions (e.g., Cornachione et al., 2016), for example, in the
proposed role of titin in cardiac muscle (Herzog, 2016). Other
limitations of myofibril systems include that forces are often
measured using relatively compliant nano-levers, thus there is
some shortening of myofibrils and sarcomeres when force
increases. For example, for our active force measurements
in myofibrils, we use a nano-lever with a stiffness of
200 pN/nm. For a maximal isometric contraction of a
myofibril at optimal sarcomere length, forces reach values
of about 150 nN, thus the lever will bend by an amount of

about 750 nm, causing the myofibril to shorten by the same
amount. For an average myofibril comprised of 10 serially
aligned sarcomeres at optimal length (10 × 2.4 µm for the
rabbit psoas muscle), the total length before activation would
be about 24 µm or 24,000 nm. A shortening of 750 nm due to
lever compliance therefore constitutes a shortening of about
3% of the myofibril and thus the average sarcomere length. Or
in other words, a sarcomere of 2.400 µm before activation
would shorten to about 2.325 µm, a difference that would be
hard to detect reliably with light microscopy. In order to
minimize shortening during force production and maintain

FIGURE 6 | Passive (A) and active (B) stretching of proximal titin segments labeled using an antibody [F146 that binds to the PEVK region (diamond symbols)]
region that allows for measurements of proximal and distal titin segment elongations during passive and active stretching of single rabbit psoas sarcomeres. Figures on
the left show elongation of the half-sarcomere [top traces (circular symbols) using an M-line label] and elongations of the proximal titin segment (bottom traces: from the
Z-line to the F146 label) for two representative sarcomeres from two different myofibrils. Note in (A) (passive stretching) that the two proximal titin segments
elongate continuously with half-sarcomere elongations, reaching final lengths of approximately 0.95 μm (at a sarcomere length of 4.0 μm) and about 0.6 μm (at a
sarcomere length of about 3.5 μm). In contrast, when themyofibrils are stretchedwhile activated, the proximal segments elongate similarly to the elongations observed in
the passive condition, but then stop elongating and remain substantially shorter than in the passive case (i.e., with a length of about 0.6 and 0.35 μm, respectively). The
panels on the right illustrate schematically what we believe might be happening. In the passive stretch (A), the proximal and distal titin segments elongate in accordance
with their stiffness properties. In the active stretch (B), titin is thought to attach to actin at some point during the stretch, thereby shortening titin’s free spring length,
increasing its stiffness, eliminating elongation of the proximal titin segment, and increasing titin-based force. Republished with permission of American Physiological
Society, from Residual force enhancement following eccentric contractions: a new mechanism involving titin. Herzog W., Schappacher Tilp G, DuVall M, Leonard TR,
Herzog J. Physiology 31: 300–312. 2016; permission conveyed through Copyright Clearance Center Inc.
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a good resolution for force measurements, we (and others)
developed systems based on the principle of atomic force
microscopy with negligible bending of the force lever
(stiffness of 2–4 nN/nm) upon myofibril activation (e.g.,
Telley et al., 2006; Duvall et al., 2017).

Another limitation of the myofibril system is the accuracy with
which absolute forces can be determined. Absolute force depends
on the stiffness of the nano-force levers, the fixation technique
(with or without glue, where on the lever the myofibril is
attached), and the optical resolution of light microscopy.
However, even though absolute forces might not be as
accurate as one might wish, relative changes in force can be
identified easily. For example, in experiments aimed at comparing
force levels between an isometric reference contraction and a
force enhanced state, forces are normalized to the isometric
reference contraction, and force enhancement is provided as a
percent change from the reference force. Therefore, any
systematic error, for example, an error in nano-lever stiffness,
would not affect this result. However, if one is interested in
accurate absolute forces of a myofibril, factors that may affect the
stiffness of the nano-levers used for force measurements, would
need to be carefully accounted for.

When testing single myofibrils, sarcomere lengths are
obtained using light microscopy which limits the spatial
resolution to about 200 nm. For typical experiments, this
resolution limit is not a problem. However, when trying to
identify potential step-wise shortening of sarcomeres in the
nano-metre range (e.g., Pollack et al., 1977; Pollack, 1986) or
relate sub-nano-metre non-uniformities in half-sarcomere
lengths to residual force enhancement properties (e.g.,
Rassier, 2012; Rassier and Pavlov, 2012), methods other
than light microscopy need to be used. Optical resolution
providing sub-nm accuracy are possible using electron
microscopy or low angle x-ray diffraction (Ma and Irving,
2019). However, electron microscopy requires fixed specimens
and cannot be performed on live muscles/myofibrils that are
contracting and changing length, and while x-ray diffraction
can be used with live and contracting muscle preparations,
optimal diffraction patterns require specimens that are greater
than single myofibrils/sarcomeres. Careful analysis of the
capability of sarcomere length measurements in myofibril
preparations using light microscopy suggests that a feasible
accuracy may be in the 100 nm range, under extremely
favourable conditions, changes of 50 nm might be detectable
(Schmidt et al., 2021).

CONCLUSION

Single myofibril and single sarcomere preparations offer great
advantages to study the molecular mechanisms of muscle
contraction with the sarcomeric proteins in their natural
configuration. We believe that the proper protein
configuration is of utmost importance when trying to
determine the molecular details of muscle contraction, and
differences in the structural arrangement of the contractile,
regulatory and structural proteins might explain differences in
observations made with myofibril, single molecule (e.g., Finer
et al., 1994), or motility assay preparations (e.g., Riveline et al.,
1998). Single myofibrils also have the advantage of serially
arranged sarcomeres and the possibility to measure force,
length, and rate of change in length for each sarcomere.
However, myofibril experiments are technically difficult,
require intensive and time-consuming training, and
myofibrils are fragile, thus usually only allowing for a
handful of experiments per specimen. Furthermore, the
limits of accuracy in sarcomere lengths and force
measurements, as well as the mechanics of serially linked
mechanical systems must be kept in mind when
interpreting results and formulating conclusions.
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