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Abstract. 

BACKGROUND: Laminopathies are genetic diseases caused by mutations in the nuclear lamina. 

OBJECTIVE: Given the clinical impact of laminopathies, understanding mechanical properties of cells bearing lamin mutations 

will lead to advancement in the treatment of heart failure. 

METHODS: Atomic force microscopy (AFM) was used to analyze the viscoelastic behavior of neonatal rat ventricular myocyte 

cells expressing three human lamin A/C gene (LMNA) mutations. 

RESULTS: Cell storage modulus was characterized, by two plateaus, one in the low frequency range, a second one at higher 

frequencies. The loss modulus instead showed a “bell” shape with a relaxation toward fluid properties at lower frequencies. 

Mutations shifted the relaxation to higher frequencies, rendering the networks more solid-like. This increase of stiff ness with 

mutations (solid like behavior) was at frequencies around 1 Hz, close to the human heart rate. 

CONCLUSIONS: These features resulted from a combination of the properties of cytoskeleton filaments and their temporary 

cross-linker. Our results substantiate that cross-linked filaments contribute, for the most part, to the mechanical strength of the 

cytoskeleton of the cell studied and the relaxation time is determined by the dissociation dynamics of the cross-linking proteins. 

The severity of biomechanical defects due to these LMNA mutations correlated with the severity of the clinical phenotype. 
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1. Introduction 

A living cell is one of the most evolved materials. The mechanical integrity of healthy cells is 

meticulously regulated to ensure that cells are solid enough to maintain tissue shape but also being 

fluid enough to allow dynamic remodeling. Although it is obvious that changing to a complete fluid 

behavior would be disastrous, yet cells need to dynamically regulate their viscoelastic properties to 

withstand physiological forces while still allowing motion, growth, and remodeling. This change in the cell 
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viscoelastic behavior is achieved by a dynamic and continuous reorganization of the cytoskeleton, which 

is the cell putative load bearing structure [1]. The cytoskeleton elements (actin filaments, microtubules, 

intermediate filaments) have diff erent mechanical properties and distributions throughout the cell, with 

each one playing a distinctive part in the cell’s mechanics [2,3]. Although there are the tools to identify 

these filaments in the cytoskeletal networks and study their biophysical and mechanical properties, still 

there is a deficiency in understanding the mechanical properties of the whole assembly. This knowledge 

is therefore essential to understand the interconnections between biochemical alterations in cells and the 

resulting mechanical properties. Furthermore, cells show a number of remarkable dynamic properties 

in response to external stresses. Exposed to swift deformation, the cytoskeleton develops high levels of 

stress, while it can easily deform under low strain rates with rather little increase in stress [4]. Moreover, 

at fixed deformation (or load), a stress relaxation (or creep) behavior is observed [4,5]. Previous studies 

showed that the actin filaments, cross-linked by actin binding proteins, behave as an entangled network 

of a semiflexible biopolymer [6] and the kinetics of these physical cross-links is thought to be primarily 

responsible for tuning the viscoelastic properties of the actin network [7]. While the cross-links stiff en 

the actin network, their transient nature [8–10] introduces time scale dependent viscoelastic properties 

[11– 13]. Thus, results diff er depending on the probed time scale and can be better quantified 

measuring the frequency-dependent mechanical response or viscoelasticity of the network [14]. 

Since it has been shown that “pathological” cells are diff erent from healthy cells in many aspects, 

including cell growth, adhesion, morphology and organization of the cytoskeleton structure [15–17], the 

relevance of cell biophysical/biomechanics studies (elastic and viscous components of the rheological 

response of the cell) is crucial for understanding human disease and improvement of drugs [18]. If the 

whole-cell mechanical properties have to be assessed, the nucleus as well as the cytoskeleton must be 

considered since the two entities are not unconnected but linked by the “linkers of the nucleoskeleton 

and cytoskeleton” (LINC) [19]. The LINC complex connects the nuclear lamina to the cytoskeleton 

providing at the same time, nuclear anchorage, mechanical stress sensing and resistance to pathologic 

deformation of the cell [19–22]. In particular, in the nucleus the most important load bearing proteins are 

the lamins A/C (encoded by LMNA genes), which form a scaff old under the inner nuclear membrane, 

providing mechanical rigidity to the nucleus and connecting it structurally to the cytoskeleton through 

the LINC. More than 400 diff erent LMNA mutations causing at least 11 human diseases, termed as 

laminopathies have being discovered [23]. In this work, we have examined the viscoelastic properties of 

cardiomyocytes carrying three diff erent LMNA mutations: Glu161Lys (E161K, rs28933093), 

Asn195Lys (N195K, rs28933091) and Asp192Gly (D192G, rs57045855) compared to control 

cardiomyocytes (non infected, NI) and cardiomyocytes expressing the human wild type lamin (WT). 

Diseases due to these mutations lead to phenotypes with blebs in the nuclear envelope, abnormally 

shaped nuclei, increased nuclear stiff ness, reduced adhesion [24–26]. 

 

2. Materials and methods 

2.1. Isolation and culture of ventricular cardiomyocytes from neonatal rat (NRVMS) 
 

All animal studies were performed according to the guidelines of the University of Colorado Denver 

Animal Care and Use Committee. All animal experiments were done using all achievable methods to ease 

or minimize possible pain, suff ering or distress, and improve animal welfare. Animals have been 

provided with housing in an environment, with at least some freedom of movement, food, water and 

daily care 
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Fig. 1. AFM cells images. (A) AFM tip on top of a cell just before the test start, (B) the 2D AFM cells images and, (C) the 

corresponding 3D cell reconstruction. 

 

 
and cleaning. The well-being and state of health of the animals were controlled by experienced persons, 

dedicated to the management of the Animal House. Experiments have been performed exclusively by 

skilled authorized persons. 

Primary cultures of neonatal rat ventricular cardiomyocytes (NRVMs) were isolated and cultured from 

1–3 days old Sprague Dawley rat pups (Charles River), following decapitation by enzymatic digestion as 

previously described with minor modifications [27–30]. Briefly, ventricles were separated from the atria 

using scissors and then dissociated in CBFHH (calcium and bicarbonate-free Hanks with Hepes) 

buff er containing 0.5 mg/ml of Collagenase type 2 (Worthington, Biochemical Corporation), and 1 

mg/ml of Pancreatine (Sigma). Cardiomyocytes were enriched (>90% purity) over non-myocytes by a 

pre-plating step on 100-mm dishes in Minimum Essential Media (MEM), supplemented with 5% 

bovine calf serum and 2 mg/ml vitamin B12 (Sigma). Myocytes that were either in solution or lightly 

attached were then separated from the adherent stromal cells by gentle mechanical disaggregation and 

subsequently plated at a density of 2 ×105 cells/ml in primary petri dishes (Falcon) or in multi-

chambered slides coated with 
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Fig. 2. Actin network in NRVMs. (A) Confocal immunofluorescence microscopy representative images of NVRMs and mutants 

(E161K, D192G, N195K). Cells stained for actin-stress fibers with phalloidin, (which specifically stains F-actin, red) and the 

nuclei stained with DAPI (blue). (B) 3D reconstruction of a Z-stack acquired in a range of 9.81 μm. Cardiomyocytes expressing 

mutant Lamin protein show an alteration of both density and thickness of cytoskeletal actin microfilaments compared to not 

infected (NI) or infected with wild-type (WT) LMNA. (C) Quantification of red fluorescence relative intensity (n = 3 optical 

fields for each experimental condition), and appearance of labeled actin filaments length. These data confirm a reduction of this 

cytoskeleton component in mutated NRVM compared to both NI and WT cells. (NI n = 38 fibers; WT n = 40 fibers; Mutated n 

= 67 fibers) and thickness (NI n = 67 fibers; WT n = 86 fibers; Mutated n = 82 fibers). All images were acquired under identical 

conditions (independent experiments, n = 4). 
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0.1% gelatin (Sigma) and cultured as previously described [29,30]. After 18 h, the culture medium was 

changed and cells were subjected to infection with the relevant adenoviral-LMNA constructs. 

 
2.2. Isolation Adenoviral constructs and infection 

 

Methods for adenoviral infection have been previously reported [24,25]. In brief, shuttle constructs were 

generated in Dual CCM plasmid DNA containing GFP gene and human LMNA cDNA. Constructs were 

bicistronic with the two inserts (LMNA and GFP) driven by two diff erent CMV promoters to identify 

cells expressing LMNA protein using GFP as a marker of cellular infection. NRVMs were infected by 

adenoviruses at 50 multiplicity of infection (MOI) in serum free medium; 6 hours post-infection, complete 

medium was replaced to cardiomyocytes and the cells were incubated at 37 °C and 5% CO2. Previous 

control experiments have shown that GFP transfection and expression did not aff ect endpoints of 

interest in NRVM in our experimental conditions [25]. 

2.3. Atomic force microscopy determination of cellular biomechanics 
 

A JPK NanoWizard 4a BioScience AFM was used to acquire the viscoelastic behavior. Since cells 

can be in diff erent states and hence display dissimilar properties that can be problematic to compare (i) 

AFM experiments were always completed on the same day after the adenoviral infection, (ii) several 

measurements from distinctive cells have been gathered to control for unevenness and ‘average’ data 

determined, and (iii) cells were examined for morphological details. An optical light microscope was 

used for cell selection throughout the tests thus cardiomyocytes were selected based on the morphological 

aspect compared to the possible presence of fibroblasts. The AFM was equipped with PetriDishHeater
TM 

tool to operate in liquid at controlled temperature (37 °C). A cantilever modified with a spherical gold 

probe (diameter of ∼5.5 μm, CP-PNPL-Au-C, NanoAndMore GmbH) was used to precisely apply a 

compression force to the nucleus. AFM probes were cleaned, prior to the indentation experiments, by 

embedding them in Tween (2% for 30 min) and then rinsed in milliQ water and ethanol, in order to 

remove contaminant molecules adsorbed on the probe surface. 

For each investigated area, a preliminary scan was made to assess the cell morphology and the nuclear 

position, which corresponds to the highest portion of the cell. The distal regions, away from the nucleus, 

were avoided since measurements performed on top of the nucleus are less aff ected by artifacts due to 

the substrate stiff ness. In order to avoid cell movement (at low compression speed) or hydrodynamic 

force contribution (significant at high speed) and possible artefacts due to substrate stiff ness and/or 

due to hydrodynamic forces, indentations were performed above the nucleus, at the constant speed of 1 

μm/s for approach and withdrawal of the cantilever. Test duration was never longer than 45–50 min to 

ensure cell viability. 

 
2.4. Stress relaxation 

 

A common method for determining the viscoelastic characteristics of a material is to measure the stress 

relaxation response to a prescribed displacement. In this AFM-based study, we indented a cell with an 

approximate step displacement and recorded the resulting force response over time. In this case the stress 

relaxation tests is called “constant height mode” [31]. The indentation depth for each cell was set to the 

30% of its initial height and the movement of the piezo scanner in the Z direction was corrected with the 

deflection of the cantilever during the cell compression. The indentation depth of 30% was chosen as a 
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trade-off  between the highly noisy relaxation data at lower indentations and the purpose to stress all 

the cell components (membrane, cytoskeleton and nucleus) [32]. After indenting the cell, the cantilever 

base position was kept constant for a fixed time of 60 s to minimize drift, while the cantilever force was 

recorded with time. Finally, the AFM tip was retracted until full detachment from the cell. The stress 

relaxation measurement was performed only one time per cell to avoid potential artifacts due to the 

prolonged stress status. 

Force data relative to the relaxation phase were expressed in terms of stress by dividing them by the 

contact area (represented by the projection of the spherical cap of the probe in contact with the cell 

after the indentation, considered constant during the relaxation phase). Stress data were then divided by 

deformation (indentation/initial cell height) to give a relaxation modulus E(t) that can be compared with 

models normally used to fit linear viscoelastic behaviors. Conventional viscoelastic models are obtained 

from the combination of springs (elastic elements) and dashpots (viscous elements) arranged in parallel 

and/or in series. In this work, the standard linear solid (SLS) model, also called Zener’s model, has been 

chosen to correlate the viscoelastic responses of cells obtained from AFM tests, by virtue of its simplicity. 

Indeed, the model derives from the parallel arrangement of a spring and a Maxwell element, in its turn 

made of a spring and a dashpot combined in series. Accordingly, the relaxation modulus data are correlated 

with the following exponential expression: 
(− � ) 

�(�) = ��  + �1� �1  , (1) 

where Ee is the equilibrium modulus, deriving from the spring element and corresponding to asymptotic 
value of E (t) for t →∞, E1 is the elastic moduli of the Maxwell element, �1 is the corresponding relaxation 

time. 

 
2.5. Storage and loss moduli calculation 

 

In the linear viscoelastic regime, where the Boltzmann superposition is applicable, knowledge of the 

relaxation modulus makes it possible to predict the rheological responses in any arbitrary deformation 

history, by resorting to the integral version of the linear generalized viscoelastic model, since the relaxation 

modulus plays the role of a predictive constitutive model parameter [33]. Consequently, the viscoelastic 

responses under steady oscillatory motion can be predicted from the relaxation modulus, as long as the 

deformations imposed in both relaxation test and oscillatory conditions are sufficiently small, within the 

linear regime. In the case of the Zener model used to fit the relaxation data, the following expressions are 

derived for the storage (E′) and loss moduli (E′′) as a function of the (angular) frequency � [34]: 
 

′ 

�  (�) = �� 

 
+ � 

�2�2  

1 1 + �2�2 

 
(2) 

�
′′ 

(�) = � 
��1 . (3) 

1 1 + �2�2 

Such equations can help to make explicit the contributions of the elastic and viscous components to the 

total rheological response starting from the relaxation tests, which are assumed to be performed in quasi 

linear conditions. The loss tangent, defined as the ratio between the loss modulus and the storage modulus 

(tan � = E′′∕E′), can be used as an inverse index of elasticity, the smaller values indicating a more elastic 

character of the material response. 
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Fig. 3. (A) storage modulus for the cell lines tested, (B) loss modulus, (C) detail of the loss modulus. 

 

2.6. Statistics 
 

Several tests from at least 20 cells were collected to obtain ‘average’ data for each condition of interest. 

The curves presented in the Figs 3 are the average of the collected family of curves. AFM data were tested 

with the Shapiro-Wilk normality test (� = 0.05) and their statistical significance, reported through the p- 

value, was probed applying the Kruskal–Wallis test; treated cells were compared to the control using the 

Dunnett’s correction for multiple comparisons. A confidence interval of 95% (corresponding to � value 

of 0.05) was used in order to designate diff erences as statistically significant. Statistical data are 

reported in Supplemental materials S1. 

 
3. Results 

The efficiency of LMNA transduction was already determined in previous studies [24,25]. Increases 

in cell death due to the transduction were not observed during the course of our studies (data not 

shown). Figure 1 shows (A) an AFM tip on top of a cell just before  the test start, (B) the 2D AFM  

cells images and (C) the corresponding 3D cell reconstruction. Confocal microscopy images (Fig. 2A–B) 

showed that in both control and wild type NRVMs, the actin microfilaments appeared to be well organized 

and regularly distributed. On the contrary, mutants NRVMs display attenuation and disarray of the actin 

microfilaments. A quantitative measurement of actin filaments thickness (Fig. 2C) showed a substantial 

reduction of this cytoskeletal component in Mutated NRVMs compared to NI and WT cells. Due to their 

cross-linked cytoskeletal network, cells exhibit viscoelastic behavior, having the ability to store energy but 

also to flow when set under small forces. The elastic response can be characterized by the storage modulus 

(E′), a quantity that assesses the ability to “store” elastic energy that can ultimately be recovered, while 

https://doi.org/10.3233/BIR-190229
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the loss modulus (E′′) measures the amount of energy that is the heat dissipated in local flow conditions 

occurring inside the cell. 

Figure 3A and B show the values of the viscoelasticity moduli, E′ and E′′, as a function of the angular 

frequency for the cell lines studied. The curves are the mean values of the E′ and E′′, respectively. Both 

the storage and the loss moduli exhibit a pronounced frequency dependence however, at the evaluated 

frequencies, storage modulus values (E′) were always higher than those of the loss modulus (E′′), which 

indicates that for all cell lines considered, elastic properties prevailing over the viscous ones. Thus, these 

cells behavior can be classified as a gel [35]. The storage modulus increases with the frequency while the 

loss modulus goes through a maximum then it decreases as frequency increases. As far as the storage 

modulus is concerned (Fig. 3A), all samples show an initial linear region where it is independent of the 

frequency followed by an increase of this modulus in the frequency region in which the loss modulus 

reaches its maximum (between 0.1 and 3 rad/s) and whose position along the frequency axis corresponds 

to the inverse of the relaxation time �1. 

The storage modulus for the control NI cardiomyocytes is 3.8 ± 0.23 kPa at low frequency and increases 

to 4.74 ± 0.11 kPa at high frequency (+24.7%), for WT and the two mutations N195K and D192G the 

increases are similar: 26.7%, 27% and 30.5% respectively; while the E161K mutations shows a larger 

increase (50.2%). 

Figure 3B shows the frequency dependence of the loss modulus. For all cell lines the loss modulus 

displays a maximum, being the viscous contribution given by the only Maxwell element. However, while 

NI and WT show the same behavior with the frequency, the E161K not only shows the highest peak of 

the all three mutations but also has higher values at low frequency and lower values at high frequency 

when compared to the N195K and D192G mutations. Furthermore, for the three mutations the maximum 

in the loss modulus shifts to higher frequencies compared to NI and WT. The shift is higher for D192G 

followed by N195K and E161K, respectively (Fig. 3C). 

 
4. Discussion 

The cell is a heterogeneous system, therefore, assessing its mechanical properties is puzzling. In 

previous works [24–26] we assessed the elasticity (Young’s Modulus) of the three mutations currently 

studied. The Young’s modulus in cells expressing mutant LMNA are significantly higher than NI and 

WT. More precisely, D192G displayed the highest Young Modulus followed by N195K and E161K. 

Moreover, mutant cells display extensive actin cytoskeletal network alteration. These biomechanical and 

structural defects agree with clinical phenotypic severity since the most severe outcome is associated with 

the D192G variant, while the mildest with the E161K. However, a single elastic Young’s modulus is 

not enough to describe the behavior of a complex polymer system such as a cell’s cytoskeleton. The 

cytoskeleton shows both viscous and elastic response to deformation. For this reason, the frequency- 

dependent viscoelastic behavior is another fundamental aspect which must be accounted for in order to 

describe the whole cell behavior. The viscoelastic characteristics of the cells have been assessed with stress 

relaxation tests and can be described by classical phenomenological models (the Zener model in our case) 

with satisfactory approximation. We preferred to off er an additional but equivalent representation of 

the viscoelastic behavior in the frequency domain, i.e. using reciprocal time as a reference quantity. 

Indeed, within this artificial frame we can distinguish more explicitly both the elastic and viscous 

contributions and their relative weight through the profiles of E′ and E′′ as well as the characteristic times 

of the Maxwell 
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contribution. The time domain data and a comparison of Zener parameters for the diff erent cases can 

be found in the Supplemental Material S1. 

Since the cytoskeleton is connected to the nucleus through the LINC complex, our measured data reflect 

the combined eff ects of the nucleus and the cytoskeleton. The cytoskeleton helps to stiff en the nucleus 

to inhibit extreme nuclear deformation. Both the cytoskeleton and nucleus behavior can be represented 

by a spring and a damper in the form of the Zener model [36]. The cytoskeleton has a high viscosity 

therefore its time for strain recovery is longer than that of the nucleus. Therefore, the linkage between 

cytoskeleton and nucleus (through LINC and lamin) slows down the strain recovery of the nucleus 

itself. Cells use cross-linkers to the cytoskeleton filaments to form an elastic network that can withstand 

mechanical load. Therefore, entangled filamentous cytoskeleton components and associated 

crosslinking proteins play an essential role in governing the mechanical properties of cells and they can 

also play a critical role in diseases. Furthermore, cross-links are not covalent, they can unbind and rebind 

having a transient behavior ensuring (i) mechanical compliance at long timescales but also (ii) an elastic 

response at timescales shorter than the cross-linker off -rate. 

Normally the cytoskeleton filaments (mainly actin) are modelled as semiflexible polymer, that is their 

persistence lengths are roughly on the same order as the contour lengths and therefore the network is 

considered to be stiff  enough to prevent coiling. With the lack of cross-linkers, the cytoskeleton would 

be an entangled network that behaves like a weak viscoelastic solid. However, the addition of cross- 

linking proteins dramatically strengthens these networks [11,12,37–40]. Furthermore, the response of 

these networks depends on the timescale on which they are investigated and is best quantified by a measure 

of the frequency-dependent mechanical response or viscoelasticity of the network. 

In general terms, the greater is the cell compliance, the easier it is to deform it. In this study, when the 

stress was applied with the AFM tip, there was a sharp and instantaneous increase in strain, followed by a 

slight increase (relaxation) over time, which can be attributed to some re-arrangement of network structure 

(cytoskeleton). On removal of the stress, there was also a corresponding reduction in compliance, with an 

almost complete recovering to the original states, indicating an elastic gel structure. 

The density of cross-linked filaments is determined by the cross-linking proteins present, mainly alpha- 

actinin, filamin, and Arp 2/3 [41–43]. These proteins aff ect both the cell static and dynamic properties, 

because they transitorily bind to actin. Typical binding times are in the range of 0.2–3 s [43] (comparable 

with the experimental times of intermediate frequency region. (0.33–5 rad/s) in Fig. 3). This lets cross- 

linked actin to behave as an elastic gel on time scales shorter than the binding times and a fluid on longer 

times. 

For all cell lines considered, both E′ and E′′ depend on frequency (0.001–100 rad/s). From Fig. 3,  

we can split the viscoelastic behavior in three parts: (i) low frequencies (� = 0.001–0.1 rad/s) were the 

cytoskeleton filaments are displaced relative to each other but the cross links have time to rearrange by 

dissociating and re-associating and therefore their mechanical eff ects are negligible. In this case entan- 

glements become important and they are the main mechanism of sterically hinder individual filaments. 

The filaments motion is assumed to be confined inside a tube; reptation dominates the mechanism of 

relaxation [44]; (ii) high frequencies (� = 3–100 rad/s), where the time scale is very short and the cross- 

linkers do not have time to unbind, consequently they are put under tension making the whole network 

more rigid; (iii) the intermediate frequencies (� = 0.1–3 rad/s) where the storage modulus increases and 

a corresponding maximum of the loss modulus is reached. 

The elastic modulus is independent of frequency for � > 3 rad/s and exhibits relaxation toward a 

complex, fluid-like behavior at lower frequencies, as shown in Fig. 3A. Furthermore, E′ shows a transition 

from a high frequency plateau to a low frequency plateau and a maximum in E′′ that coincides with this 

https://doi.org/10.3233/BIR-190229
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transition. The high frequency plateau modulus, suggests the combined contributions of both permanent 

cross-links and transient cross-links. As the oscillation frequency is decreased, the timescale on which the 

cell is deformed becomes comparable to the characteristic timescale for dissociation of transient cross- 

links. At low frequencies or longer times, the transient cross-links are no longer elastically efficient but 

stress is still endured by the deformation of filaments connected by entanglements. As aforementioned, 

the loss modulus is characterized by a maximum. The maximum in E′′ which occurs as E′ transitions 

between the high and low frequency plateaus (Fig. 3A–B). The relaxation time (frequency) for the 

transient cross-links, which is determined from the frequency at which the maximum in E′′ occurs, is 

the same for NI and WT cells but is moved to higher frequencies for the three mutations. A similar 

eff ect was observed in physical protein hydrogels that also contained entanglements [45]. The position 

of the maximum in E′′ moves to lower frequencies as the filaments become less able to diff use, either 

by cross- linking or increasing concentration or length [46] therefore these data confirm that the three 

mutations are characterized by a smaller actin filaments length as found in previous works [24,26]. 

We characterized the network linear response by the plateau modulus E0, the value of E′ corresponding 

to the maximum of the loss modulus. The smallest elastic plateau modulus E0 = 4.3 kPa for the NI cells 

suggests that these cells show the weakest viscoelastic solid of those tested (E0 = 4.65 kPa for WT; E0 = 

5.45 kPa for E161K; E0 = 8.2 kPa for N195K; E0 = 7.8 kPa for D192G) furthermore, mutations heighten 

the plateau, leading the network properties toward that of a solid. Since storage modulus is much higher 

than loss modulus, E′ data at low frequencies provide a quite close estimation of cell Young’s modulus. 

D192G and N195K mutations show the highest Young modulus follow by the E161K and this is in good 

agreement with the data obtained on the same cells line using the AFM in single cell force spectroscopy 

mode [25,26]. 

All the loss moduli exhibit a frequency dependence, with E′′ reaching a maximum before showing a 

fluid like behavior at lower frequencies. For low frequencies (smaller than the E′′ maximum) all cells relax 

with the same power: E′′∼ �� where � ≈ 1.2–1.4; a behavior typical of a fluid flow. The frequency of the 

local maximum in E′′ can be recognized as the relaxation frequency �r , which characterizes the unbinding 

rate of cross-linkers [13,47–49]. This can be used to compare the network relaxation associated with the 

various types of mutations. 

The value of �r is the same for NI and WT cells (�r ∼ 0.45 rad/s) but it is larger for the mutated 

cytoskeleton (E161K �r ∼ 0.55 rad/s; N195K �r ∼ 0.65 rad/s; D192G �r ∼ 0.78 rad/s; as shown in Fig. 

3C. As aforementioned, the plateau modulus is due to entanglement eff ects that become more marked 
at longer time scales. If we assume that the cross-linkers dissociation rates follow the Arrhenius 
equation [48]: 

� = �0�−��/����� . (4) 

Where, Ea is the molar activation energy for the dissociation reaction, k0 the rate of unbinding, and kB 

and NA the Boltzmann and Avogadro constants, respectively. Since the activation energy appears in the 

exponential, a small diff erence is enough to cause a diff erence in dissociation rate. While mutant cells 

depict an increased unbinding frequency, NI and WT cells show smaller unbinding frequencies, suggesting 

an extended timescale for cross-linker unbinding. These results are in good agreement with those shown 

by Lieleg et al. [11]. In their paper they show that the cross-link kinetics changes the position of both the 

maximum of the viscous dissipation and the frequency at which the network elasticity (E′) starts to drop. 

Our data show that in mutated cells cross-linkers keep filaments together for shorter times comparted 

to control cells. This suggests that stress relaxation in the cytoskeleton of mutated cells will occur more 
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rapidly, reducing the ability for these cells to resist larger forces than normal. In other words, the reduced 

binding time shifts the cytoskeleton to a more fluid-like regime. 

At low frequencies (smaller than the maximum in E′′), the filaments entanglements become more 

important. An indicator of entanglement is the entanglement length (le). For low frequencies, steric and 

hindrance leads to a frequency-independent elastic plateau modulus over a wide frequency range [50]: 

′ 
2

 

�0 ∼ ��� /� �� (5) 

where kB and T are the Boltzmann constant and the absolute temperature, respectively, � is the mesh size. 

In our case, for (� < 0.1 rad/s) the three mutations show always a higher frequency-independent elastic 

plateau modulus meaning that either the mesh size or the entanglement length is smaller in these cells. 

However, the E161K mutation shows the smallest increase in the low frequency plateau (Fig. 3A). 

The contributions of microtubules and intermediate filaments to cell mechanics should also be 

considered. Intermediate filaments are quasi permanently cross-linked, and the network of microtubules 

remains unchanged on time scales longer than tens of seconds, thus we can rule out these two cytoskeletal 

elements as the origin of the observed high frequency dynamic behavior. Still, these two cytoskeletal 

elements may contribute to the elastic response for longer deformations time ( >10 s = 0.62 rad/s, therefore 

for frequencies lower than the maximum in E′′). It has been shown that the diff erent filament types 

influence each other by virtue of their presence through their respective viscoelastic responses, for example 

the presence of surrounding actin reduces the length scale for transverse fluctuations of microtubules [51]. 

It is therefore interesting to ask whether the presence of MTs modulates actin filament fluctuations. 

 

5. Conclusions 

Our AFM data show that the viscoelasticity of control and mutant neonatal rat ventricular cardiomy- 

ocytes is characterized as far as the storage modulus is concerned, by two elastic plateaus, one in the low 

frequency range between 0.001 rad/s and 0.1 rad/s, a second one at higher frequencies >3 rad/s. All three 

mutations exhibit some degree of stiff ening (higher values of E′) albeit smallest for the E161K. 

The loss modulus instead displays a “bell” shape and a relaxation, at lower frequencies, toward fluid 

properties. This outcome is due to a combination of the cytoskeleton filaments properties and their 

transient cross-linker. The plateau at high frequencies is a direct consequence of cross-linking. For the 

three mutations the plateau was higher however, for the E161K mutation the value was the closest to 

that of the controls. The frequency of the local maximum in the loss moduli can be recognized as the 

relaxation frequency, which characterizes the unbinding rate of cross-linkers. We found that unbinding 

frequency is shifted to shorter time scales compared to control cells, suggesting that mutant cell have a 

shorter timescale for cross-linker unbinding. 

The mutations not only shift the relaxation to higher frequencies, but also generate a pronounced elastic 

plateau, thus shaping the networks to a more solid-like behavior. It is interesting that these drastic increase 

of their stiff ness (solid like behavior) is at frequencies around 1 Hz, close to the human heart rate. 

Our results substantiate that cross-linked filaments contribute for the most part of the mechanical 

strength of the cytoskeleton cell studied and the relaxation time is determined by the dissociation dynamics 

of the cross-linking proteins. 
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