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ABSTRACT

The heart is subject to multiple sources of stress. To maintain its normal function, and successfully

overcome these stresses, heart muscle is equipped with fine-tuned regulatory mechanisms.

Some of these mechanisms are inherent within the myocardium itself and are known as intrinsic

mechanisms. Over a century ago, Otto Frank and Ernest Starling described an intrinsic mechanism

by which the heart, even ex vivo, regulates its function on a beat-to-beat basis. According to this

phenomenon, the higher the ventricular filling is, the bigger the stroke volume. Thus, the Frank-Starling

law establishes a direct relationship between the diastolic and systolic function of the heart.

To observe this biophysical phenomenon and to investigate it, technologic development has been

a pre-requisite to scientific knowledge. It allowed for example to observe, at the cellular level,

a Frank-Starling like mechanism and has been termed: Length Dependent Activation (LDA).

In this review, we summarize some experimental systems that have been developed and are

currently still in use to investigate cardiac biophysical properties from the whole heart down to the

single myofibril. As a scientific support, investigation of the Frank-Starling mechanism will be used as

a case study.
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INTRODUCTION

For centuries, the heart has fascinated philosophers, medical doctors and scientists. This is a complex

organ highly regulated by several “external” systems (central nervous, neurohormonal) and by an

important “internal” system. Failures of these regulation systems are a major cause of death in our

societies. Investigating its contractile properties has always been an important, but challenging goal.

In 1866, Carl Ludwig and Elias Cyon, decided to take up the challenge to develop the first ex-vivo

beating whole heart system1. They used this system to keep an excised and perfused frog heart beating

for a relatively long period of time (i.e. several minutes) whilst isolated from the body. This major

discovery has motivated other investigators to develop a variety of excised whole heart experimental

apparatus. To date, “the Langendorff Heart” is by far the most famous heart perfusion setup that is still

being used in laboratories. By using his system, Oscar Langendorff, in the 19th century, was able to

maintain a perfused mammalian heart in a complete isolated state for several hours. By taking

advantage of a similar experimental system, Otto Frank in Germany (1895) and Ernest Starling (1918)

in England, discovered a crucial mechanism by which the left ventricle senses variations in its filling

volume (i.e. pre-load) and responds by increasing its stroke volume2,3. This was the first experiment

that established a direct relationship between the end-diastolic volume and the end-systolic pressure

and has been known, as the Frank-Starling Law of the heart. Since then, numerous studies have shown

alterations of this relationship to be associated with heart failure4. Based on these observations, the

Frank-Starling law of the heart constitutes a crucial intrinsic mechanism by which the heart maintains

its normal function on a beat-to-beat basis. The technological development has been a pre-requisite in

the understanding of cardiac regulation, as demonstrated by Langendorff heart system.

Since the success of the whole heart perfusion apparatus, researchers have developed other

experimental systems to explore different myocardium components from trabeculae to single

myofibrils. It is of note however, that myocardium mechanical properties significance depends on the

sample being used in a given experiment. For instance, a single myofibril preparation is preferred for

actin-myosin interaction kinetics measurement. This is because calcium binding to the thin filament

significantly reduces the apparent diffusion rate of this ion. Therefore, due to the small dimension of

the single myofibril, contraction kinetics are not biased by calcium diffusion. Trabeculae and papillary

muscles, on the other hand, are more appropriate for force-frequency relationship, and slow force

response studies. Moreover, each preparation type requires a particular hardware setup in respect to

its physiological working range. In the past decades, investigators have developed different

experimental systems adapted to the various types of cardiac specimens (trabeculae muscles,

papillary muscles, single cardiac cells, and single myofibrils)5. Many of them were unsatisfactory, too

damaging for the tissue and too difficult to handle and were finally given up. Only a few techniques are

now used around the world to investigate cardiac contractile properties and these will be discussed in

this review. Towards this aim, we will be focusing on Length Dependent Activation as an example of a

biophysical parameter that can be studied on these types of preparations.

According to Frank-Starling’s law, under healthy conditions, increasing venous return, and therefore

the filling pressure of the LV, results in increased stroke volume. Figure 1 shows a typical

pressure-volume relationship (Fig. 1; solid curve). Following increased end-diastolic volume, the

volume of blood ejected is increased beat-by-beat, this curve is shifted to the right and enlarged

(Fig. 1; dashed curve). Interestingly, single cardiac cells, single myofibril, trabeculae and papillary

muscles all show a positive correlation between sarcomere length and generated tension named

Length Dependent Activation (LDA). Since LDA supports the Frank-Starling law of the heart6, unraveling

the cellular and sub-cellular mechanisms involved in its regulation may help better understand the

Frank-Starling Law alterations observed during physiological and pathophysiological stresses.

In this review article, we propose to provide an overview of some experimental approaches employed

to investigate biophysical properties of myocardium samples. We will particularly emphasize on how

researchers have progressed from studying the Frank-Starling law at the tissue level (i.e. trabeculae

and papillary muscles), to single cell contractile biology, and finally to LDA and activation/relaxation

dynamics at the single myofibril level.

MULTICELLULAR PREPARATION (TRABECULAE AND PAPILLARY MUSCLES)

In the intact heart, the parameters measured in vivo such as pressure and volume relate to the

parameters of force, length or velocity measured in less complex preparations such as cardiac

multicellular preparations. Papillary muscles consist of major muscular trunks from which an average of
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six cordae tendinae project (Fig. 2). Located in both the right and the left ventricle, their function is to

support valves and to prevent regurgitation7. Trabeculae muscles are divided into two types: the

trabeculae carneae and the trabeculae septomarginalis. In the ventricle they help to reduce blood

turbulence during systole. The trabeculae carneae cover the inside of the ventricle and are the

structures used for research purposes of mechanical investigation8. Accordingly, in this review,

the word trabeculae will be referring to the trabeculae carneae.

Trabeculae and papillary muscles offer a complete cardiac multicellular structure where one can

measure the developed active and passive properties under different conditions. In these preparations,

LDA can be estimated by acquiring developed tension while varying sarcomere length. Due to muscle

thickness and non-uniformity, researchers had difficulties in acquiring accurate and dynamic

sarcomere length in these preparations. In the mid-1970’s, Krueger and Pollack employed the laser

diffraction technique to achieve proper dynamic sarcomere length measurement on isolated rat

papillary muscles9. In the early 80’s, based on Krueger and Pollack’s technique, Ter Keurs’ group used

small trabeculae muscles isolated from the right ventricle of rat heart to estimate LDA. In these

experiments, trabeculae were mounted on spring-loaded stainless steel clips and force measured with

a capacitive force transducer. A servo motor was used to vary the muscle length. The entire

experimental setup was built on top of a modified inverted microscope to allow simultaneous

microscopic and laser diffraction measurement. Since these muscles were thick and do not transmit

light, a laser diffraction technique was used to estimate sarcomere length. When the muscle is exposed

to the laser, it produces a particular diffraction pattern8,9. With a known calibration factor, the intensity

distribution of the first diffraction order is used to estimate sarcomere length. The developed isometric

twitching force was then correlated to both sarcomere length and extracellular calcium concentration.

With this technical approach many new mechanisms were revealed such as the first evidence that

calcium release from sarcoplasmic reticulum and calcium binding to the myofilaments could both be

responsible for LDA regulation8. Later, Allen and Kurihara showed that LDA is composed of an

immediate response (few milliseconds) followed by a slower response (several minutes) if the stretch is

maintained10. The early response is due to increase is myofilament calcium sensitivity and the slow

force response is due to increased sarcoplasmic reticulum (SR) calcium release11,12.

Since then, the laser diffraction technique has been combined with other experimental techniques to

explore additional mechanisms. For instance, along with the X-Ray diffraction technique, this

experimental procedure has been used to explore the myofilament structural arrangement at different

SL’s13. With this approach researchers obtained information about the lattice spacing between actin
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Figure 1. Frank-Starling Law as observed on a typical pressure-volume loop. Solid curve; control pressure-volume

loop shape at rest. Dashed curve; pressure-volume loop shape following increased diastolic volume. Dashed

double arrow; increased stroke volume in response to increased ventricular volume (Frank-Starling Law).

The ESPVR (End Systolic Pressure-Volume Relationship) is often used to estimate systolic function of the heart.

The EDPVR (End Diastolic Pressure-Volume Relationship) is an indication diastolic function of the heart.
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and myosin filaments and even the position of the myosin head in the sarcomere13. Some old

hypotheses were challenged and new ones were raised. For instance, based on the fact that a cardiac

cell has a constant volume, it has long been thought that stretch would induce cell compression,

reduction in interfilament lattice spacing that could increase acto-myosin formation probability and,

consequently, contraction14. Using the X-Ray diffraction technique, Irving et al. observed that although

lattice spacing decreases with length it does not correlate with the extent of developed force15.

During contraction, at a given SL, the extent of force generated by the myocardium is correlated with

the number of active thin filament units (i.e. troponins); the number of strongly bound cross-bridges;

and to a feedback combination between thin and thick filaments16–18. Knowing that each myosin head

consumes one ATP molecule per cycle, by measuring ATP consumption, one can estimate the energy

cost for each active contraction. Accordingly, cross-bridge performance can be estimated. To verify this

hypothesis, researchers have improved Krueger’s system described above to include a U.V. light source

and PMT (PhotoMultiplier Tube) as part of the enzyme-coupled optical Unit. The updated system was

capable of performing simultaneous measurements of force, sarcomere length, and energy

consumption on skinned (i.e. permeabilized) trabeculae and papillary muscles19–21. This experimental

setup is used to measure how many ATP molecules are converted to ADP molecules per contraction.

The most direct way to estimate this reaction kinetics is to measure the NADH oxidation into NADþ .

This oxidation is coupled with conversion of one molecule of ATP to one molecule of ADP and one

inorganic phosphate. Knowing that NADH absorbs light at 340 nm, and NADþ does not, one can

practically measure the amount of NADH molecules being converted into NADþ by measuring light

absorbance at 340 nm. Accordingly, this approach revealed that stretch improves weak to strong forces

generating cross-bridge formations improving thus, the developed tension20.

Figure 2. Myocardium multicellular preparation. Single trabeculae and papillary muscles are isolated from

the right ventricle (A). Using aluminum T-clips, the samples are mounted between a force transducer and

a piezo actuator (B and C). The muscle quality can be estimated based on the overall muscle shape

(10£ magnification; C) and presence of clear and uniform striations pattern (40£ magnification; D).
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Multicellular preparations provided important information for cardiac biophysical contraction,

particularly in relation to the role of the collagen extracellular matrix22 and also for the

sub-molecular structure during contraction. However as summarized by Brady5 and Garnier23,

interpretation of data from these preparations is limited by their complicated structure, non-uniformity

and attachment-induced alteration. These complexities led to the development of cellular and

molecular approaches providing a more simplified system.

SINGLE CARDIOMYOCYTE PREPARATIONS

Attaching a single cardiomyocyte (, 20 mm thick and ,200 mm long) at both ends to tiny needle tips

connected to mechanical transducers has been a significant challenge for researchers. The membrane

of the cardiomyocytes is very fragile and attaching it to stainless steel needles or glass pipettes can

easily cause irreversible damage to the membrane’s structure and/or to the contractile apparatus.

Moreover, cardiomyocytes are stretch/stress sensitive due to stretch-activated channels (SAC)24.

In intact cardiomyocytes, damages or activation of SACs result in perturbation of intracellular calcium

homeostasis leading to spontaneous contractions and potentially to cell death. Next, we discuss

experimental systems developed to measure biophysical parameters on both intact and skinned

cardiomyocytes.

INTACT CARDIOMYOCYTE

Single intact cardiomyocytes offer a unique ‘stand-alone’ system that would tolerate variations in

physiological calcium concentration. Due to their cellular integrity, single intact cardiac cells are useful

in cases where simultaneous measurement of electrical, metabolic, and mechanical properties is

needed (see for review5). In the late 80s and early 90s, different groups tried to attach a single intact

cardiomyocyte while preserving its sarcolemmal integrity. These techniques used different strategies:

suction micropipettes, silicon glue, impalement pipettes23. At that time, the most advanced technique

was developed by Garnier and Le Guennec. Using carbon fibers, they established an easy to reproduce,

yet efficient, method of attaching and stretching a single intact mammalian cardiac cell25. Later,

Le Guennec’s colleagues employed this technique to simultaneously measure electrical, calcium and

mechanical properties of a single intact cell at different cell lengths26. Below is a brief description of the

experimental system used. Attachment was performed by approaching a cell membrane with two

carbon fibers with different pre-determined compliances. The more compliant fiber (,80 mm/mN) was

used to report the developed active and passive forces. Whereas, the less compliant (,4 mm/mN) fiber

was used for cell positioning and mechanical stretching. This experimental procedure has been

commonly known as the ‘carbon fibers technique’ and has been successfully used by others to

investigate biophysical properties of single intact cardiac cells27–31. In this system, the force developed

by the cardiomyocyte was determined by following the position of the compliant carbon fiber by optical

contrast; knowing the compliance (distance/force), the force can be estimated. Sugiura et al. have

published a detailed protocol for single cardiomyocyte attachment procedures using the carbon fiber

technique29.

This technique has been used to study LDA in intact myocytes25,27. To this aim, special attention to

the adhesion efficiency must be considered. Although carbon fiber adhesion to the cell membrane

allows twitch force measurement (Fig. 3), it is not strong enough to stretch the cell up to the required

length for LDA evaluation (,20% from slack length). Rather, the cells start detaching at 10 to 15%

stretch from slack length. This may be due to different weaknesses including: the attachment cell-fiber

Figure 3. A typical attached intact cardiomyocyte with carbon fibers. The black box defines a ROI (Region of

Interest) that is used by the FFT (Fast Fourier Transform) algorithm to compute sarcomere length. The edge

detection algorithm is used to follow the compliant carbon fiber’s displacement (right tip on the picture).

The optical displacement is then converted to force27.
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capacity itself that is too weak to support such forces, the stretch-induced damages on the membrane

at the level of the attachment, or to stretch activated channels and calcium entry. Consequently,

researchers have put more effort into investigation of other attachment alternatives to counter balance

these weaknesses. Recently, a biological adhesive known as MyoTak has been used to attach intact

cardiac and skeletal myocytes32. This technique uses glass micro-rods coated with the MyoTak to

attach single cardiac cells. When compared to the carbon fibers technique25, the results obtained with

this technique show higher force recordings32. This may be due to the low compliance of glass

micro-rods along with better signal processing units used with the MyoTak and the stronger adhesion

between the cell membrane and the micro-rods. It is worth noting however, that although efficient, this

technique is relatively new and suffers from a lower success rate. Despite the advantages and

inconveniences of both methods, various studies have employed them to investigate the effect of

stretch on cellular contractility. Confirming results in multicellular preparations, stretch of isolated

myocytes has been shown to induce an immediate increase of passive and active tensions, the latter

being attributed to improvement of myofilament responsiveness to calcium32. Given that, the early

force response appears to be independent of calcium transient amplitude. However, it would be

interesting to investigate whether calcium homeostasis is involved in the slow force response observed

on multicellular specimens discussed earlier11. Unfortunately, due to the limitations previously

discussed, researchers have not been able to record forces over a longer period of time (i.e. several

minutes) on a single intact cardiomyocyte at higher SL. Indeed, in the case of weak attachment at long

sarcomere length (,2.1 mm), each active twitch causes the cell to slightly detach from the supporting

tips. This phenomenon can be clearly visible on the force recording that shows sudden force drops.

Future improvement of single cell attachment procedures will certainly help investigating contraction

properties over longer periods of time and at longer sarcomere length.

MECHANICALLY AND CHEMICALLY PERMEABILIZED (I.E. SKINNED) CELLS

In an intact preparation the amplitude of contraction is influenced by several factors such as action

potential properties, calcium homeostasis, myofilament properties, intracellular pH, and reactive

oxygen species production33. To limit the influence of these parameters on contraction, the myocytes

has been transformed and permeabilized to control the intracellular environment of the myofilaments.

To this aim, researchers have developed the skinned cell experimental procedure (Fig. 4).

This technique consists of altering the cellular membranes to expose the contractile machinery.

The obtained cardiomyocytes are known as permeabilized or skinned cells.

Figure 4. Single skinned cardiac cell attachment apparatus. Typical experimental system employed to

investigate single skinned cardiac mechanical properties. The system consists of an inverted microscope

surrounded by two attachment stainless iron needles. A, one needle is connected to a tiny force transducer

(AE801 from Kronex), where the other is connected to a piezo actuator. In some cases, a rapid change

(2milliseconds) is needed to evaluate contraction kinetics, hence, the use of a piezo actuator. B, a perfusion

system is used to expose the attached permeabilized cell to different calcium containing solutions. The inset

image shows a typical attached cardiac cell at rest (, 1.9microns).
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First approaches used to remove the cell membrane were based on a challenging mechanical

procedure34. This technique consists of approaching the sarcolemma with pulled glass pipettes, and to

gently tear it off the cell; hence, the challenging aspect. Chemical skinning of cardiomyocytes is another

method to remove the cellular membrane. It consists of incubating myocardium specimens in a

solution containing a detergent (i.e. Triton X-100)35. Given its reproducibility and ease, the later

approach has gained popularity in the field36.

Once skinned, the cardiomyocyte is exposed to custom-made intracellular solutions, containing

various known calcium concentration, to activate the myofilaments and steady state developed

tensions were measured. The resulted Tension-[Ca2þ] relationship can be fitted to a Hill equation and

the myofilament active properties estimated36,37.

To attach a skinned cardiomyocyte to a force transducer and motor, different types of glue are

commonly used. The first is expanding polyurethane foam called GREAT STUFFwmanufactured by

The Dow Chemical Company that may not be so great for the cell due to the release of toxic solvents

during the polymerization phase. The other is silicone-based glue manufactured by Dow Corning Corp

classically in acetic acid solvent used as aquarium sealant. Finally, the group of Vassort has developed

a non-injurious approach based on, UV-curing, optical adhesive37.

Experiments based on skinned cardiomyocytes attachment are used to estimate myofilament

passive and active properties such as calcium sensitivity, maximal active force, and Hill coefficient.

All these parameters can be extracted from the Force-[Ca2þ] described above (Fig. 5). Myofilament

sensitivity to calcium is derived from the pCa50 (-Log [Ca2þ]) which is the calcium concentrations

producing half maximal active tension. By evaluating the pCa50 at short (,1.9 mm) and long (2.3 mm)

sarcomere length, one can estimate DpCa50 ¼ pCa50 at long SL – pCa50 at short SL. In skinned cardiac

cells, DpCa50 is the main parameter upon which LDA is estimated. Increased LDA is manifested by a

leftward shift of the force-pCa curve following stretch to lower calcium concentrations and upward to

higher generated force (Fig. 5).

Experimentations performed on a single cardiac cell (intact and skinned) were helpful to specifically

study a region within the LV thus unraveling specific mechanical properties across the left ventricular

wall38,39. In addition to the spatial heterogeneity (i.e. fiber orientation)40, a mechanical heterogeneity

spreads across the left ventricle from the epicardium (i.e. the LV outer layer) to the endocardium

(i.e. the LV inner layer) (Fig. 6; solid line). Using a similar experimental system, previous studies have

demonstrated that alterations of this transmural mechanical heterogeneity are associated with heart

failure38,41–44. Interestingly, heart failure eliminates this heterogeneity mainly by altering the

endocardium contractility (Fig. 6; red arrow). This property can be used by researchers to elaborate on

treatment that specifically targets the altered endocardium (Fig. 6; green arrow)41,42,45.

Figure 5. Force-Calcium relationship. Force is measured at slack (1.9mm) and after stretch (2.3mm) at different

calcium concentration. At a given calcium concentration, the attached cardiac cell (insets) generates a

corresponding active force. When this active force is potted against calcium concentration, a typical Tension-pCa

curve is obtained. This curve can be fitted with a Hill equation and both pCa50 (calcium concentration generating

50 % maximal force) and nH (hill coefficient) are estimated. Stretch induces a leftward shift of this relationship

(dashed curve; horizontal arrow). This shift reflects an increased myofilament sensitivity to calcium. DpCa50 is

used to estimate LDA, the myofilament basis of Frank-Starling law of the heart. It is obtained by computing the

difference between pCa50 at long and short sarcomere length (double horizontal arrow).
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Although highly specific in terms of biophysical mechanics investigation, single skinned

cardiomyocytes cannot answer all the questions related to the myofilament contractility. For instance,

questions such as how fast the myofilaments activate/deactivate cannot be accurately addressed with

this type of preparation. The main barrier to this is the calcium diffusion rate that induces a bias on the

kinetics data. Accordingly, an isolated single myofibril is preferred to perform myofilament

activation/deactivation kinetics. Next, we discuss experimental apparatus used on single myofibrils.

SINGLE MYOFIBRIL

The myofibril is the thinnest smallest contractile element found in the myocardium46. A cardiomyocyte

is composed of a multiple myofibrils that contracts together to produce global cell contraction. Due to

their size, myofibrils are ideal to measure rapid myofilaments activation/deactivation kinetics (i.e. in a

millisecond range). Recently, Mateja and deTombe showed, in a mammalian single myofibril, that the

rapid phase of myofilament activation develops within 5milliseconds of calcium infusion47.

This experiment wouldn’t be feasible on a single cardiomyocyte due to longer calcium diffusion

phenomena.

A single myofibril is composed of many sarcomeres. When observed under an electron microscope,

the myofibril appears as a uniform alternation of dark (A-band) and light (I-band) bands that result in a

striated appearance. The sarcomere defines one elementary contractile unit (Fig. 7). The alternation

between the A and I bands is used to estimate sarcomere length. Due to their size and force ranges,

researchers have developed specific experimental systems to isolate and collect mechanical

information on mammalian myofibrils46,48–52. Figure 8 shows a typical single myofibril experimental

system. The myofibril is mounted on two small tips. Similar to single cardiomyocytes, one tip is

employed to apply mechanical strains (low compliance) the other tip is used to report developed force

(high compliance). The myofibril is then approached with a double barrel perfusion pipette. Each barrel

contains either activation (high calcium) or relaxation (low calcium) solutions (see blue and red flow

jets on Fig. 8). The myofibril is then exposed to either solution at a given time. The perfusion pipette is

mounted on a rapid actuator allowing rapid solution switching. The rapid solution switching, together

with the double barrel pipette, help reduce any unwanted limitation on myofilament contraction

kinetics that might be due to calcium ion diffusion. By applying this experimental protocol, the

acquired force will be mostly the result of mechanical properties inherent within the contractile

apparatus itself.
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Figure 6. Transmural contractile heterogeneity across the mammalian left ventricular free wall. A, DpCa50: index

of myofilament sensitization to calcium with stretch. Solid line shows the correlation between DpCa50 and

passive tension in healthy conditions. Ischemic heart failure (HF) eliminates this gradient (dashed red line) by

mainly affecting the Endocardium contractility (downward red arrow). Physiological (exercise) and

pharmacological (SR33805) treatment both reverse HF effect by restoring the altered Endocardium cellular

contractility (upward green arrow and dashed green line).
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Figure 8. Single cardiac myofibril force measurement system. To measure force generated by a single myofibril,

the sample is attached to two tips with distinguish compliance. A steep tips (A; Tip 1) is connected to a piezo

motor where the more compliant tip (A; Tip 2) is used to report developed active and passive forces. A double

barrel pipette is used to expose the myofibril to relax (low [Ca2þ ]; blue flow on panel A) and active (higher

[Ca2þ ]; red flow on panel A) solutions. Perfusion solutions are quickly changed by rapidly moving the pipette’s

position back and forth between the two solutions. A typical resulted force record is shown on panel B. the

horizontal bare shows current perfusion solution; white: relaxing solution and black: activating solution. Due to

the sample’s size and solution rapid switching, parameter such as activation and relaxation kinetics can be

measured (B; zoom trace).

Figure 7. Sarcomere structure. A) Electron microscope image revealing the contractile machinery organization in

a cardiomyocyte. B) Schematic of the contractile apparatus (i.e. sarcomere). The contractile machinery is

composed of thick (myosin) and thin (actin) filament. During contraction, thin filament slide over thick filament

to produce cellular shortening. The shown dimensions are in micrometers (according to65).
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CLINICAL IMPLICATIONS

Heart failure is a complex phenomenon involving multiple factors. It has long been known that

excitation-contraction coupling is altered during HF. Hence, most early HF treatments are based on

b-adrenergic receptor blockers and Angiotensin Converting Enzyme (ACE) inhibitors. These agents,

although efficient to some extent, suffer from their non-specific actions. Indeed, heart failure might

originate from specific sub-cellular components such as the contractile machinery (see for review53).

Development of experimental systems has helped investigators conduct studies on the specific

impacts of heart failure relating to myofilament biophysical properties54,55. Accordingly, researchers

found that contractile protein mutations50,56,57, post-transcriptional contractile protein modifications

(i.e. phosphorylation, nitrosylation, glutathionylation, and oxidation), and isoform expression may all

induce organ-level heart failure through myofilament apparatus alteration (see for review58).

Consequently, researchers have oriented their efforts toward the discovery of drugs that specifically

improve altered myofilament contractility during heart failure. Thus, a whole new class of drugs known

as calcium sensitizers has been discovered53. Examples of these drugs include Levosimendan59;

Pimobendan60; EMD-5703361; MCI-15462; and SR3380542,63. Most of these drugs have been tested

using similar systems to the one described in this review and have been shown to improve

myocardium function by specifically altering myofilament sensitivity to calcium, hence, the term

calcium sensitizers.

CONCLUDING REMARKS

Experimental system developments are important steps in fundamental disease mechanisms

understanding as well as drug discovery. In this review, we provided an overview of some experimental

systems employed to investigate biophysical properties of myocardium samples. We particularly

emphasized on how researchers have progressed from studying the Frank-Starling law at the whole

organ level, to single cell contractile biology, and finally to length dependent activation and

activation/relaxation dynamics at the single myofibril level. By employing these systems, one can study

contractile properties in various regions of the LV muscle, and this has led to the discovery of a gradient

of contractility across the left ventricle wall36,38,41,43,64. As discussed earlier, cardiomyocytes isolated

from the inner layer of the LV (i.e. Endocardium(ENDO)) have different biophysical properties as the ones

isolated from the outer layer (i.e. Epicardium (EPI)). That established a contractile heterogeneity that can

only be evaluated at the single cardiac cell level. Interestingly, during heart failure, these contractile

heterogeneities disappear mainly because of reduced LDA in the ENDO layer36,38,42. These findings may

be of great help in specific drug synthesis to specifically improve the ENDO altered LDA. Consequently,

the contraction heterogeneity across the left ventricle free wall can be restored and heart failure

improved. Similarly, we have previously shown that physiological treatment (i.e. exercise training),

improves global heart pump function by specifically restoring altered LDA in ENDO layer41. This

constitutes a proof of concept showing that the heart pump dysfunction can, indeed, be reversed by

specifically acting upon the altered ENDO layer. To conduct cutting edge scientific research, medical

investigators and engineers must always push the limits of what can be measured and how these

measurements can be accomplished. This review shows how researchers have progressed from

studying the Frank-Starling law on the whole organ, to length dependent activation on a single myofibril.

Despite their importance in disease diagnostic, cardiac biophysical exploration systems still suffer

from their luck of popularity. Due to their complexity and time requirement, very few clinicians utilize

these systems in their disease diagnostic routines. It would be of great interest to orient these systems

development toward a more clinical approach.
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