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ABSTRACT Desmin is an intermediate filament protein in skeletal muscle that forms a meshlike network around Z-disks.
A model of a muscle fiber was developed to investigate the mechanical role of desmin. A two-dimensional mesh of viscoelastic
sarcomere elements was connected laterally by elastic elements representing desmin. The equations of motion for each sarco-
mere boundary were evaluated at quasiequilibrium to determine sarcomere stresses and strains. Simulations of passive stretch
and fixed-end contractions yielded values for sarcomere misalignment and stress in wild-type and desmin null fibers. Passive
sarcomere misalignment increased nonlinearly with fiber strain in both wild-type and desmin null simulations and was signifi-
cantly larger without desmin. During fixed-end contraction, desmin null simulations also demonstrated greater sarcomere
misalignment and reduced stress production compared with wild-type. In simulations with only a fraction of wild-type desmin
present, fixed-end stress increased as a function of desmin concentration and this relationship was influenced by the cellular
location of the desmin filaments. This model suggests that desmin stabilizes Z-disks and enables greater stress production
by providing a mechanical tether between adjacent myofibrils and to the extracellular matrix and that the significance of the tether
is a function of its location within the cell.
INTRODUCTION
A skeletal muscle fiber is a three-dimensional meshwork of

sarcomeres interconnected longitudinally and laterally by

a network of cytoskeletal proteins. These proteins, including

titin, a-actinin, dystrophin-associated proteins, and interme-

diate filaments, are fundamental to sustaining active and

passive sarcomere loads. One fundamental component of

the cytoskeleton is the intermediate filament protein desmin,

which forms a network around the periphery of adjacent

Z-disks, anchoring myofibrils to nuclei, mitochondria, and

extracellular matrix (ECM) at the sarcolemma (1–3). The

localization of desmin suggests that it may play an important

role in muscle fiber force transmission. Specifically, it is

proposed, desmin acts as a lateral mechanical link between

Z-disks, providing stability to the fiber by maintaining sarco-

mere homogeneity and transmitting force radially (3,4).

Desmin-related myopathies in humans have debilitating

effects, highlighting the vital role desmin plays in the proper

functioning of muscle.

Recent experiments involving the desmin null mouse have

further defined the detrimental effects of desmin loss in skel-

etal muscle. Desmin null muscle fibers have decreased sarco-

mere connectivity, as measured by the stagger of radially

adjacent myofibrillar Z-disks in electron micrographs of

stretched extensor digitorum longus muscles (5). This result

was later confirmed using immunofluorescence in stretched
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single fibers (6). In addition to these passive disparities, des-

min null muscles develop lower fixed-end stress compared to

wild-type muscles on the descending limb of the length-

tension curve (7). It was surprising to find, however, that

these muscles show less stress decline (injury) after eccentric

contractions, even when correction is made for their smaller

muscle size and initial stress production (7). Building on

this study, desmin null fibers were transfected with a green-

fluorescent-protein (GFP)-desmin fusion protein and func-

tionally evaluated (8). Increasing GFP-desmin content was

shown to attenuate Z-disk misalignment, increase fixed-end

stress production, and increase injury as a logarithmic func-

tion of GFP-desmin content (8).

Although these studies have defined the functional conse-

quences of desmin loss in muscle, the causative mechanism

has yet to be described. High-resolution, real-time sarcomere

array studies in intact muscle are currently not technically

feasible, and thus, determining the role of desmin is an ideal

problem to investigate using modeling.

Finite-element-type models of muscle fiber mechanics have

already been developed (9,10) and have been used success-

fully to simulate experimental fiber behavior. Two models

explicitly incorporate the intermediate filament lattice, but

they are of small scale and include no connection to the

ECM (11,12). Thus, the purpose of this study was to develop

a two-dimensional finite-element model of a muscle fiber

incorporating desmin as a linear elastic spring element con-

necting Z-disks laterally. This model was then used to simulate

passive stretch and fixed-end contraction of desmin null and
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wild-type fibers and to predict the mechanical effect of desmin

on sarcomere connectivity and fixed-end stress production.
METHODS

The sarcomere finite element

A finite-element model of a muscle fiber is constructed here as a repeating

connection of sarcomere elements, similar to previous approaches (9,10).

The mechanical equivalent of a sarcomere is represented as a viscoelastic

structure similar to the three-element muscle model proposed by Hill (13).

The contractile element (CE) represents the active force generated by

myosin cross-bridges and is contiguous with an elastic element (SE) that

represents their compliance (tendon is modeled explicitly here). A Maxwell

viscoelastic unit (PVE) is connected in parallel with the CE and SE to model

the passive tension and damping of titin and other proteins that extend longi-

tudinally between Z-disks. The forces in the CE and PVE are nonlinear func-

tions of sarcomere length (SL) and sarcomere shortening velocity (SL0) and

are determined from scaled literature values for muscle fiber behavior

(Table 1). The tension sustained by the SE is a linear function of extension (E).

The fiber is modeled as a two-dimensional array of sarcomere elements

rigidly connected longitudinally to form myofibrils. Myofibrils are coupled

laterally via desmin elastic elements (Fig. 1 A). Viscoelastic elements represent-

ing the ECM, including the sarcolemma, and the tendon are included in the

model with properties estimated from the literature (Table 1). The ECM forms

the lateral bounds of the array and the tendon caps at either end. The coupled,

noninertial equations of motion are solved simultaneously at each nodal point.

Equations of motion

A free body diagram of the forces sustained by the sarcomere shows the active

(red), elastic (blue), and damping (green) contributions to the nodal equations

of motion (Fig. 1 B). The direction of the force in each element is indicated by

arrows and the associated force (upper case) or element constant (lower case)

is labeled. Calculating the sum of these forces at each node and setting the

result equal to zero yields the nodal equations of motion in the longitudinal

plane. Motion in the lateral plane is assumed to be negligible. Inertial forces

are neglected in these equations due to the exceedingly small sarcomere mass.

(Note that for inertial forces to be on the order of magnitude of viscous and

elastic forces, the acceleration of a node would have to exceed 1012 mm/s2,

which is physiologically unreasonable (10).)
TABLE 1 Model sensitivity analysis

Parameter Reference

Myofibril spacing (30)

Myofibril diameter (6,31)

Maximum contractile stress(of a sarcomere) (15,32)

Sarcomere length range (end to center) (9,19)

Number of sarcomeres in series (15,33)

Number of myofibrils in parallel (6,15)

Passive tension exponential constant (m) (6,9)

Passive tension exponential constant (l) (6,9)

Length-tension curve (base width) (15)

Length-tension curve (peak width) (15)

Desmin elastic modulus

Passive viscosity coefficient (18)

Hill coefficients ð a
P0
; b

Vmax
Þ (15)

Maximum velocity in shortening (15,34)

ECM passive stress at SLmax (25–27)

Endomysium thickness (25,27)

Tendon elastic modulus (35,36)

The 17 model parameters were based on experimental data taken from the refere

a scale from 1–4. based on support for that value in the literature. Low confiden
The contribution of the elastic force of a desmin filament to forces in the

longitudinal plane is not a linear function of its extension even if the filament

is linearly elastic, since the force acts obliquely to the plane. The relationship

between the component of the filament extension (f(x)) and the net nodal

displacement (x) in the longitudinal direction is given by

f ðxÞ ¼ x

�
1� Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 þ x2
p

�
; (1)

where L is the unstretched filament length, which is exactly at rest, neither

stretched nor slackened. When this function is incorporated into the desmin

elastic terms, the equation of motion at node xi, j is given by
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where variables are as defined in Fig. 1 B. ki, j are the elastic spring constants

of the desmin elements and ci, j are the passive sarcomere viscosity coeffi-

cients, both of which are constants. Location indices i and j are included

simply to specify nodal position. The passive tension of the PVE elements

is given by PTi, j:

PTi; j ¼ pi; jexp

�
xi; j � xi; j�1 � m

l

�
; (3)

where m, l, and pi,j are constants. The equation of motion at node yi,j�1 is

Fi; j ¼ si; j

�
xi; j � yi; j�1

�
: (4)

Note that this equation indicates that terms involving tension sustained by

the SE in any equation (i.e., the lefthand side of Eq. 2) can be replaced by

the force of the CE (i.e., the lefthand side of Eq. 4). Thus, the equations

of motion are only evaluated at the xi,j nodes (Z-disks) and are of the form
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(5)
Value Confidence Sensitivity

19 nm 3 0.0

0.6 mm 4 8.1

368 kPa 4 8.1

0.2 mm 3 0.3

200 2 0.6

10 2 7.7

5.5 mm 2 0.3

0.5 2 0.2

1.27–3.9 mm 4 4.3

2.1–2.45 mm 4 0.0

3.7 MPa 2 0.2

0.8 kN-s/m2 2 1.0

0.2 3 0.9

4 L/s 3 1.0

743 kPa 1 1.9

0.1 mm 3 1.9

500 MPa 3 0.0

nce(s) shown. Confidence in each parameter was estimated subjectively on

ce and high sensitivity values are in bold print.

Biophysical Journal 98(2) 258–266



FIGURE 1 (A) Graphical representation of the finite-

element muscle fiber array. (B) Free body diagram of two

sarcomeres linked at a Z-disk. Viscoelastic sarcomere

elements are linked longitudinally at Z-disk nodes to

form myofibrils and laterally by desmin elastic filaments

(blue) to form a two-dimensional fiber. ECM (and sarco-

lemma composite) elements form the upper and lower

bounds of the array, whereas tendon elements define each

end. The location of each element is indexed by its row

(i) and column (j). The array continues to extend in the

direction of increasing i and j until it meets another

ECM/tendon junction. The contractile element (CE), the

series elastic element (SE), the parallel viscoelastic element

(PVE), the sarcomere length (SL), and the series spring

extension (E) are labeled in the bold sarcomere. Forces

involved in the calculation of the nodal equations of motion

are illustrated by color-coded arrows (red, active; blue,

elastic; and green, viscous). The parameters used in the

calculation of these forces are labeled near their associated

arrows, with forces listed in capital letters and constants in

lower case. Dotted arrows and associated variables label

the directions of positive nodal displacement from the

initial position. Parameters and nodal displacements are

also indexed with subscripts by their location in the

finite-element array in the (row, column) format. Sign

conventions are set assuming that xi�1 < xi < xiþ1. Vari-

ables xi, j and yi, j are the displacements at the x and y nodes,

respectively. FE are the forces external to the sarcomeres

pictured and Fi, j is the contractile force in the CE of sarco-

mere (i, j). PTi, j is the passive tension developed in the PVE

and ci, j is the damping constant of the PVE of the same

sarcomere. Constant si, j is the stiffness of the SE and ki, j

is the stiffness of desmin.
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The nodal equations of motion can be expressed in the general matrix

form

Ax
0 þ B exp

�
ðx � aÞ

l

�
þ Cf ðxÞ ¼ d; (6)

where x and x’ are the displacement and velocity, respectively, of each node

(Z-disk). Matrix A is the damping matrix and contains only the constants ci,j.

Matrices B and C contain the constants for PVE and desmin elasticity,

respectively, whereas the vector d contains the forces of the contractile

elements.

The complexity of this system of nonlinear differential equations is

simplified by computing nodal velocities first, and then determining

displacements from these velocities at discrete time steps, typically on the

order of 0.01 ms. In this method, the x and f(x) terms become constants

that can be lumped into the contractile force term. Thus, the system is simpli-

fied to

Ax ¼ b; (7)

where the variable of interest, x, is now velocity and b is a nonlinear function

of nodal displacement.

Model parameters

The parameters used in the model equations were derived from 17 empirical

measurements obtained from the literature, primarily from mouse muscle

fibers (Table 1). Each parameter was assigned a subjective confidence level

from 1 to 4 based on the number of corroborating studies, with 4 represent-
Biophysical Journal 98(2) 258–266
ing our opinion of an excellent assumption and 1 representing a questionable

assumption. Then, a sensitivity analysis was performed for each model

parameter to determine the relative change in force production resulting

from a 10% parameter change. Sensitive parameters whose confidence is

low represent more severe model limitations (however, all parameters in

this model with sensitivities >4% had confidence levels of at least 2). These

parameters were then incorporated into the relationships governing the

behavior of the CE and PVE as discussed below.
The contractile element

The ability of a model sarcomere to generate contractile force was dependent

on the degree of actin-myosin overlap in the manner originally described for

single fibers by Gordon et al. (14). The model described here makes no

attempt to model individual cross-bridge interactions, but instead uses the

length-tension relationship measured by Edman et al. from mouse flexor dig-

itorum brevis single fibers during fixed-end tetani (15). The piecewise linear

curve fit has zero force at sarcomere lengths <1.27 mm, 0.72 times the

maximum force at 1.68 mm, maximum force between 2.1 and 2.45 mm,

and zero force above a sarcomere length of 3.9 mm (Fig. 2).

The force-generating capacity of a shortening sarcomere as a function of

velocity was modeled using the classic Hill equation (13), whose constants

were determined to be b/Vmax ¼ a/P0 ¼ 0.2 for mouse fast fibers (15). For

lengthening sarcomeres, the force-velocity curve was assumed to have a

slope equal to six times the shortening slope at very small velocities and a

maximum force production of 1.8 P0 (16) at maximum velocity, Vmax. For

simplicity, Vmax is assumed to be constant in this model, although some

variation with sarcomere length has been reported (17).



FIGURE 2 Passive stress of myofibril elements and ECM elements, and

the average passive stress in the simulated fiber superimposed on the sarco-

mere length-tension diagram. Myofibril passive stress, ECM passive stress,

and the sarcomere length-tension relationship were estimated from work by

others (6,13,15, 25–27). The fiber average passive stress is calculated for a

simulated fiber with 10 myofibrils laterally by summing the force contribu-

tion of each myofibril and the two ECM elements and dividing by the total

cross-sectional area.

FIGURE 3 Sarcomere length distributions across the fiber length and

depiction of initial passive tension (inset). The black trace is the sarcomere

length distribution generated by Eq. 8, with a mean sarcomere length of

2.2 mm and a length range of 0.2 mm. The gray trace shows what happens

to the distribution after passive stretch to a mean sarcomere length of

3 mm. The variation in sarcomere length is a result of the random variation

in the passive tension coefficient, l. (Inset) Passive tension curves for sarco-

meres 1 and 100, where the curve for sarcomere 1 has been multiplied by a

larger coefficient so that the passive tensions are equal for the two sarco-

meres at their initial lengths (dots on inset).
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The parallel viscoelastic element

The passive-tension exponential constants used in this model were deter-

mined by fitting Eq. 3 to skinned mouse single-fiber stress/strain data (6)

(Fig. 2). The viscosity coefficient of the sarcomere PVE was 0.8 kN s/m2,

as given by the mouse fast fiber data of Mutungi and Ranatunga (18).

Variation in sarcomere properties

Sarcomere elements in the model have identical properties except for their

initial lengths (exponential variation) and passive tension (random variation)

relationships, and each sarcomere is assumed to be symmetric. The initial

sarcomere length distribution for a half-myofibril is defined by the equation

SLi ¼ mSL � dSLexpð�40i=NÞ; (8)

yielding end sarcomere lengths that are shorter than average and a sarcomere

length distribution that is smooth along the length of the myofibril (19,20)

(Fig. 3). The constants mSL and dSL are the mean sarcomere length and the

sarcomere length range, respectively, of the distribution, i is the index of

the current sarcomere, and N is the number of sarcomeres in a half-myofibril.

This distribution is then mirrored at the center to create the myofibril distri-

bution with shorter sarcomeres at each end.

Superimposed on this distribution is a 5% uniform random variation in the

passive tension constant, l (Fig. 3). This random component is intended to

reflect the biological variation in passive load-bearing structures such as titin

that contribute to sarcomere stiffness variation. This is one possible explana-

tion for the variability in sarcomere lengths across the length of fibers and

myofibrils observed experimentally (21,22).

Properties of the ECM and tendon

ECM and tendon elements are constructed of parallel viscoelastic and series

elastic elements only and have no active element. In addition, the parameters

of these elements are unique for the ECM and tendon compared to the sarco-

meres. Initially, each ECM row is given an element length distribution

identical to the initial sarcomere length distribution defined by Eq. 8 so

that desmin elements initially are oriented laterally and have no longitudinal

loading. Each myofibril is connected to two tendon elements, one on each
end, and tendon elements do not interact with their lateral neighbors. Neither

ECM nor tendon elements have random property variations.

Desmin stiffness

Desmin stiffness was calculated using atomic force microscopy measure-

ments of isolated desmin filaments and fitting data to the wormlike chain

model. The details of the desmin preparation and stiffness estimation can

be found in the Supporting Material.

Simulations

All simulations used model fibers with 10 laterally connected myofibrils

with 200 sarcomeres longitudinally. These dimensions were chosen for

computational tractability. The computational routine determines the initial

exponential sarcomere length distribution from a user-defined mean sarco-

mere length. This distribution is then used to calculate the passive tension

relationship for each sarcomere by adjusting the constant pi,j from Eq. 3

such that all sarcomeres begin at the same initial passive tension and the fiber

rests in static equilibrium. This adjustment is illustrated in the inset of Fig. 3,

where the curve for sarcomere 1 is adjusted by increasing its pi,j compared to

sarcomere 100 so that the two sarcomeres at different initial lengths have the

same passive tension. The isometric force producing capacity (P0) of each

contractile element is calculated using the ‘‘sarcomere’’ length-tension curve

(Fig. 2). An activation ramp is then imposed on the fiber using

P ¼
� t

0:005 þ t

�
Po; (9)
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where P is the amount of force the sarcomere can generate at time t (s), to

ensure that sarcomeres don’t switch from passive to active instantaneously.

The contractile element force and velocity are then computed from the equa-

tions of motion and the force-velocity curve. The sarcomere length distribu-

tion is updated by multiplying contraction velocity by a discrete time step,

and the computation is then repeated under the new conditions. Thus, the

routine computes the strain map and force production of the fiber over

time. Stress production is calculated by dividing the force by the average

cross-sectional area of a mouse EDL myofibril multiplied by the number

of myofibrils in parallel.

Passive stretch was performed on ten simulated fibers, each with a unique

variation in sarcomere properties (length and passive tension), by constrain-

ing fiber ends to move with a constant velocity of 0.085 mm/s and allowing

stretch from a mean sarcomere length of 2.2 mm to 5 mm (strain ¼ 1.27).

Data are presented as the mean and standard deviations of these 10 fibers.

Z-disk stagger was determined by computing the absolute difference

between the positions of laterally adjacent nodes over the length of the fiber

and averaging these values at each Z-disk (column). Mean Z-disk stagger

was determined every ~5% strain by averaging Z-disk stagger over the

length of the fiber.

Fixed-end contraction was also simulated with 10 fibers. Immediately

before activation, sarcomeres are simulated to stretch from a mean sarco-

mere length of 2.2 mm to 3 mm as described above. This was intended to

provide a variation in sarcomere lengths at 3 mm and does not qualitatively

affect the simulation results. Sarcomeres were then activated for 2.5 s.

Measurements of Z-disk stagger were made, as described above, in incre-

ments of ~100 ms, and fixed-end stress production was computed as the

maximum stress achieved during the simulation. All simulations were

written and executed in MATLAB (The MathWorks, Natick, MA).
FIGURE 4 (A) Mean Z-disk stagger as a function of sarcomere length

over the course of a passive stretch. (B) Measurements of stagger at every

10th Z-disk over the length of the fiber at a sarcomere length of 5 mm.

Data points are the mean value from 10 runs in each group, with a different

random variation in the passive tension constant used for each run, and error

bars are the standard deviations. Desmin null fibers have a significantly

higher mean Z-disk stagger than wild-type at all sarcomere lengths >3 mm

and at all Z-disks except for the fiber ends, which are constrained. Some

error bars are small and are obscured by the data marker.
RESULTS

Passive stretch

To investigate the effect of strain on sarcomere alignment,

passive stretch of 10 wild-type and 10 desmin null fibers

was simulated, differing only in the random component of

their initial passive tension parameter. Desmin null fibers

had significantly greater mean Z-disk stagger than wild-

type at sarcomere lengths >3 mm (Fig. 4 A). Both the magni-

tude and the discrepancy in mean Z-disk stagger between

desmin null and wild-type fibers increased nonlinearly as a

function of strain. To find any localization of high Z-disk

misalignment, the stagger of each Z-disk along the fiber

length was measured. Z-disk stagger was significantly higher

for desmin null fibers along the length of the fiber, with the

exception of the fiber ends, which were constrained by the

tendon to have near-zero stagger (Fig. 4 B). The midsection

of the fiber is predicted to have the highest Z-disk mis-

alignment.

Fixed-end contraction

Fixed-end contractions of 10 wild-type and 10 desmin null

fibers were simulated with the same parameters used for

the passive stretch simulations. Intersarcomere dynamics,

similar to those observed using the model of Morgan et al.

(9), demonstrated that end sarcomeres rapidly shortened,

whereas center sarcomeres lengthened during contraction

(Fig. 5). Similar to passive stretch simulations, mean

Z-disk stagger measurements showed significantly greater
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misalignment for desmin null fibers over the contraction,

and this discrepancy increased as a function of time (Fig. 6 A).

In addition, the stagger at the majority of Z-disks along the

fiber was significantly higher for desmin null than for

wild-type fibers (Fig. 6 B). Again, the largest misalignment

occurred in the fiber midsection.

Stress production was also examined during fixed-end

contractions. Fixed-end stress production was reduced by

~20% in the simulated desmin null fiber compared with

wild-type (Fig. 7). To investigate the role desmin localization

plays in fixed-end stress development, desmin links were

applied to 1, 5, 10, 25, 50, and 90% of the possible Z-disk

connections, using one of three spatial arrangements: 1),

randomly across the fiber; 2), preferentially to the ECM;

or 3), preferentially away from the ECM. To select preferen-

tial arrangement, each desmin link was assigned a number

based on its position in the fiber array. The numbers were

then arranged into a vector of length 11 fibers � 199 sarco-

meres, with either the ‘‘peripheral’’ or ‘‘central’’ numbers

in the center. Then, an algorithm was used which drew



FIGURE 5 Length traces over time of a representative run for selected

sarcomeres from wild-type (A) and desmin null (B) fibers and the overall

normalized force traces (C) during simulated fiber fixed-end contraction.

Solid lines correspond to wild-type simulations and dotted lines to desmin

null. Sarcomere numbers are increasing along the length of the fiber, and

each number is shown adjacent to the corresponding trace on the right

side of the plot. This plot shows that end sarcomeres shorten significantly

over the contraction period, whereas center sarcomeres lengthen more

slowly and continuously. Note that end sarcomeres in the desmin null traces

(B) are shorter than in the wild-type (A), and their corresponding force is

lower (C). Compare with simulations reported previously (Figs. 4 A and 5

in Morgan et al. (9)).

FIGURE 6 (A) Z-disk stagger as a function of the time course of simulated

fixed-end contraction. (B) Measurements of stagger at every 10th Z-disk

over the length of the fiber at 2.5 s. Mean Z-disk stagger is significantly

higher for desmin null fibers than for wild-type at all time points and

increases nonlinearly as a function of time. Z-disk stagger and hence differ-

ences in stagger between wild-type and desmin null fibers are small at the

fiber ends due to the abrupt force drop modeled in the contractile element,

with shortening beyond 1.68 mm sarcomere length and the limited opportu-

nity for sarcomere length variations to add up to large staggers due to the

proximity to the tendon. Z-disk staggers are on the same order as those

seen during passive stretch.
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pseudorandom numbers from a normal distribution with a

mean at the center of the vector and a standard deviation

of 200. This number was used to index the vector, selecting

a specific desmin link. The relationship between desmin

content and fixed-end stress production showed a different

degree of nonlinearity for each case considered.

Restoring 1% of the desmin content in the desmin null

fiber at the ECM attenuated 40% of the fixed-end stress-

producing deficit. Restoring 1% of the desmin randomly

attenuated the deficit by 10%, whereas away from the

ECM, 1% desmin did not significantly change the fixed-

end stress. When 50% of the desmin content was restored
either near the ECM or randomly, the stress-producing

deficit was reduced by 97% or 88%, respectively; however,

when desmin was localized away from the ECM, this degree

of stress restoration is not seen until the desmin concentra-

tion is at 90%. When 90% of the desmin was restored either

to the ECM or randomly, the stress production was not

significantly different from that seen in the wild-type fiber

(Fig. 7).
DISCUSSION

This model was developed to isolate the mechanical contri-

butions of desmin to sarcomere movement during passive

stretch and fixed-end contraction. We based our assumptions

on relationships that have been demonstrated in single fibers,
Biophysical Journal 98(2) 258–266



FIGURE 7 Plot of the maximum fixed-end stress production during simu-

lated fixed-end contraction of fibers with varying concentrations and local-

izations of desmin. Stress production is greater when desmin is preferentially

localized to the fiber membrane (green) than when it is distributed randomly

(blue) or preferentially localized away from the fiber membrane (black).

Each data point represents the mean of 10 simulations under its color-coded

condition, and error bars are standard deviations.
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then scaled to the sarcomere level, an approach validated by

previous investigators (9,10). The novel aspect of this model

is that it explicitly incorporates desmin intermediate filament

elements into the finite-element mesh at locations, and in

orientations, that they appear to occupy based on structural

data (3,4). In addition, we measured material properties of

isolated desmin filaments and incorporated them into the

model, thus increasing the model’s predictive potential.

The novel predictions of the model are that 1), desmin

modulates intersarcomere dynamics during passive stretch

and fixed-end contraction; 2), by anchoring to the ECM,

and thus restricting sarcomere shortening, desmin enables

the fiber to produce more active stress; and 3), the magnitude

of this effect is dependent on the localization of desmin, with

desmin near the ECM having the most influence on stress

production. Results suggest that the experimentally observed

increase in sarcomere misalignment during passive stretch

(5,6), decrease in fixed-end stress production (7), and, as dis-

cussed later, relationship between desmin concentration and

injury (8) may be explained, at least in part, by the loss of

desmin between Z-disks and the ECM.

Desmin null simulated fibers were shown to have signifi-

cantly higher Z-disk misalignment in comparison with wild-

type fibers during passive stretch at nearly all strains and

across the majority of the fiber length (Fig. 4). These results

are consistent with previous demonstrations of increased

‘‘Z-disk displacement’’ (our ‘‘stagger’’) observed in electron

micrographs (5) and increased Z-disk variance using confocal

microscopy (6). The magnitude of ‘‘Z-disk displacement’’

measured was in the range of 0–0.5 mm, which is consistent

with model predictions. The results also agree with the obser-

vation that the difference between wild-type and desmin null
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‘‘displacements’’, as well as the magnitudes of each in passive

muscle, increase with increasing strain (5,6).

Agreement between model predictions of misalignment

during passive stretch and experimental observations

supports the idea that desmin acts to mechanically couple

sarcomeres, thereby restricting longitudinal shear, the move-

ment of a myofibril past its neighbor. The predicted attenua-

tion of shear is primarily a function of the sarcomeric variation

in the passive tension parameter at long length and the elastic

modulus of desmin. An overestimate of either parameter

would result in an overprediction of the increase in desmin

null sarcomere misalignment over that of wild-type. The

estimated random variation in the passive tension parameter

resulted in a 1% predicted variation in sarcomere length after

passive stretch from a mean sarcomere length of 2.2 mm to

5 mm. Based on experimental data that cite the variation in

sarcomere length along a fiber to be between 2 and 11%,

the modeled passive tension parameter variation is likely

conservative (14,22,23).

The elastic modulus used for desmin was determined

using the wormlike chain model. It is possible that if the fila-

ments are stretched longitudinally with relatively large

forces, deviations will occur from the theoretically predicted

entropic chain behavior. Recent studies by Kreplak et al. (24)

in which the center of an isolated desmin filament was

stretched perpendicular to the long axis revealed a desmin

modulus between 10 and 15 MPa, which is considerably

larger than the value computed here. Their experiment is

subject to its own assumptions and limitations, but it is

reasonable to assume that the modulus value used in this

model is conservative. In addition, it is possible that each

lateral connection is composed of more than just the one fila-

ment modeled here. In the model, incorporating more fila-

ments would be equivalent to increasing the stiffness of

the desmin spring. The one-filament link is used here to be

a limiting conservative case, as an increase in the stiffness

of desmin increases its effect on sarcomere alignment and

stress production.

No experimental data are available that compare Z-disk

alignment between wild-type and desmin null fibers during

fixed-end contraction, but we predict from these simulations

that Z-disk misalignment would be higher in desmin null

compared with wild-type fibers (Fig. 6).

By coupling sarcomeres laterally and anchoring them to

the ECM, desmin serves as a mechanism to prevent large

length discrepancies between laterally adjacent sarcomeres.

If a sarcomere were to attempt to shorten faster than its

neighbors, desmin filaments would transmit a portion of

this force to adjacent sarcomeres or to the ECM, preventing

shortening of the original sarcomere until its neighbors could

‘‘catch up’’. Thus, the desmin intermediate-filament network

behaves as an intersarcomere stiffness, preventing sharp

divisions in length between sarcomere populations. In fact,

comparison of a simulation run by Morgan et al. (9,20)

that lacked intersarcomere stiffness to one including
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intersarcomere stiffness show differences similar to those

seen in comparing Fig. 5, A and B, in this article. The initial

stress rise is similar, but the peak is somewhat lower and the

decline after the peak is faster. This model suggests, then, a

possible mechanism for intersarcomere stiffness that

warrants a more in-depth exploration.

Stress production during fixed-end contraction was pre-

dicted by the model to be on average 20% lower for desmin

null fibers compared to wild-type fibers (Fig. 7). This result

is consistent with experimental data indicating that on the de-

scending limb of the length-tension curve, desmin null

muscles produce 10–20% lower fixed-end stress compared

to wild-type muscles (7). The mechanistic basis for this

prediction is that desmin behaves as a tether, limiting the

longitudinal variation in sarcomere length. In the absence

of this tether, end sarcomeres, which begin on the descend-

ing limb of the length-tension curve, are allowed to shorten

more freely and cross the plateau onto the ascending limb.

The predicted decrease in fixed-end stress production in

desmin null fibers is a function of the modulus of desmin,

the properties of the ECM elements, the initial sarcomere

lengths, and the dimensions of the sarcomere array. An over-

estimate of the modulus of desmin would result in a tighter

link to adjacent myofibrils and to the ECM, which would

increase the simulated difference in fixed-end stress between

desmin null and wild-type fibers. However, as discussed

previously, we believe our value to be conservative. An over-

estimate of the ECM element modulus would also result in an

overprediction of the mechanical contribution of desmin to

stress production. The modulus used here for the sarcolemma

and ECM composite is below values found in the literature

(25–27), so we believe this value to be conservative as well.

All simulations presented here were activated at a mean

sarcomere length of 3 mm, which is on the descending

limb of the length-tension curve. At these lengths, intersarco-

mere dynamics play a large role in stress generation, as

demonstrated by the rapid shortening of end sarcomeres

and the gradual lengthening of central sarcomeres (9). The

predicted drop in fixed-end stress production for desmin

null fibers is a direct consequence of this phenomenon, as

end-sarcomere velocity is unrestrained and sarcomeres cross

onto the ascending limb of the length-tension curve. Simula-

tions run with mean sarcomere lengths beginning on the

plateau or ascending limb show little to no difference in

stress production between wild-type and desmin null models.

This is consistent with published results by other groups,

who have reported no significant stress difference between

wild-type and desmin null muscles at optimal length (28,29).

The dimensions of the sarcomere array were chosen based

on computational tractability and are only about one-tenth

the size of a mouse fiber in the lateral and longitudinal direc-

tions. In addition, the model only includes sarcomeres in two

dimensions, whereas myofibrils in a real fiber are arranged

in a three-dimensional hexagonal close-packing arrange-

ment. Increasing the model dimensions laterally increases
the distance between the central sarcomeres and the stiffer

ECM, decreasing the desmin-mediated influence it has

over them. However, explorative model runs at half and

twice the current dimensions have shown only changes in

the quantitative effects of desmin and have the same qualita-

tive effect. We believe that further increasing the model to

realistic dimensions would have the same result: increased

stagger and decreased stress production for the desmin null

over the wild-type case, with the same dependence on des-

min location. In addition, although central sarcomeres will

be further removed from the ECM in a three-dimensional

model of correct dimensions, they will also be connected

to more neighboring myofibrils, which will in turn intercon-

nect with even more neighbors, eventually binding the

ECM >300 times/Z-line. Thus, expanding the scale to three

dimensions would serve to dramatically increase the desmin-

mediated influence of the ECM, making our two-dimen-

sional model a conservative case.

In wild-type model fibers, end-sarcomere shortening is

restrained by the ECM only because desmin transmits force

between it and adjacent Z-disks. In the fiber center, desmin

acts to restrain relative stagger between laterally adjacent

sarcomeres, but does not provide the same anchoring effect

as it does at the ECM. As expected, the model then predicts

that if desmin links are restored preferentially at the ECM,

fixed-end stress production is increased compared to the

case where they are restored in the interior of the fiber. As

more elements are restored to the ECM, stress increases

dramatically until all are present (~20% desmin concentration

in this model); then stress production begins to level off as

desmin concentration increases to 100%. This is an interesting

result in light of recent findings by Palmisano et al. (8) that

injury to desmin transfected fibers increases with desmin

content in a similar logarithmic fashion. This data may indi-

cate that transfected desmin localizes preferentially to the

membrane to maximize the stability it can provide to the fiber.

If a larger sarcomere array was used in these simulations,

the ratio of ECM desmin links to central fiber links would

decrease, making it less likely that an ECM link would be

chosen at random. This would then cause the randomly

distributed desmin prediction (Fig. 7, blue curve) to more

closely resemble the prediction where desmin is selected

away from the ECM (Fig. 7, black curve), strengthening

the case for preferential desmin localization. Future experi-

mental studies are required to investigate whether desmin

localization plays a role in stress generation during fixed-

end contractions.
SUPPORTING MATERIAL

Details of the desmin preparation and stiffness estimation and two figures are

available at http://www.biophysj.org/biophysj/supplemental/S0006-3495

(09)01621-X.
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