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ABSTRACT During muscle contraction, myosin motors anchored to thick filaments bind to and slide actin thin filaments. These
motors rely on energy derived from ATP, supplied, in part, by diffusion from the sarcoplasm to the interior of the lattice of actin and
myosin filaments. The radial spacing of filaments in this lattice may change or remain constant during contraction. If the lattice is
isovolumetric, it must expand when themuscle shortens. If, however, the spacing is constant or has a different pattern of axial and
radial motion, then the lattice changes volume during contraction, driving fluid motion and assisting in the transport of molecules
between the contractile lattice and the surrounding intracellular space. We first create an advective-diffusive-reaction flow model
and show that the flow into and out of the sarcomere lattice would be significant in the absence of lattice expansion. Advective
transport coupled to diffusion has the potential to substantially enhancemetabolite exchange within the crowded sarcomere. Using
time-resolved x-ray diffraction of contracting muscle, we next show that the contractile lattice is neither isovolumetric nor constant
in spacing. Instead, lattice spacing is time varying, depends on activation, and can manifest as an effective time-varying Poisson
ratio. The resulting fluid flow in the sarcomere lattice of synchronous insect flight muscles is even greater than expected for con-
stant lattice spacing conditions. Lattice spacing depends on a variety of factors that produce radial force, including cross-bridges,
titin-like molecules, and other structural proteins. Volume change and advective transport varies with the phase of muscle stim-
ulation during periodic contraction but remains significant at all conditions. Although varying in magnitude, advective transport will
occur in all cases in which the sarcomere is not isovolumetric. Akin to ‘‘breathing,’’ advective-diffusive transport in sarcomeres is
sufficient to promote metabolite exchange and may play a role in the regulation of contraction itself.
SIGNIFICANCE Muscle operates at the limits of diffusion’s ability to provide energy-supplying molecules to the molecular
motors that generate force. We show that fluid pumping resulting from the volume changes of muscle’s contractile lattice
can assist diffusion. High-speed x-ray diffraction of contracting muscle shows that the volume change can be even greater
than expected from classical muscle contraction theory. Muscle contraction itself can promote the exchange of metabolites
when energetic requirements are high, a process akin to the role breathing plays in gas exchange. Such multiscale
phenomena likely play an underappreciated role in the energetics and force production of nature’s most versatile actuators.
INTRODUCTION

Muscle force production is one of the most energy-
demanding physiological processes in biology. Yet the
diffusion of molecules that supply energy in muscle is con-
strained because the dense lattice of contractile proteins
Submitted January 21, 2021, and accepted for publication August 4, 2021.

*Correspondence: danielt@uw.edu or sponberg@gatech.edu

Editor: Samantha Harris.

https://doi.org/10.1016/j.bpj.2021.08.006

� 2021 Biophysical Society.
typically has spacings of only tens of nanometers, with addi-
tional regulatory and metabolic proteins further crowding
the space available within the lattice (1,2). Intracellular
flow of fluid and concomittant advective transport could
assist diffusion but would require a mechanism to induce
flow into and out of the contractile lattice. Muscle cells as
a whole can change volume over the course of many seconds
or minutes as osmolites build up (3,4), but the cells are
likely isovolumetric on the shorter timescale of periodic
contractions (order 101–102 ms). However, the environment
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within the muscle cell is highly anisotropic, consisting of
axially repeated sarcomeres that are radially surrounded
by sarcoplasmic reticulum and dispersed mitochondria. If
the sarcomeres themselves significantly changed volume,
then intracellular flow would be likely because fluid would
have to move into and out of the contractile machinery. We
explore whether muscle contraction itself has the potential
to act as an intracellular pumping mechanism, assisting
transport of cellular metabolites into and out of the
sarcomeres’ myofilament lattice from the surrounding intra-
cellular space through flow-mediated advection. Flow-
mediated transport within a muscle cell may be especially
important for enabling high-frequency and high-power con-
tractions, such as those occurring during flight (5–8), sound
production (9,10), and cardiac function (11,12), in which the
strain is periodic and energy demand can be high.

In muscle, contractile proteins form a regular lattice
composed of myosin-containing thick filaments and actin-
containing thin filaments (13). The lattice is subtended by
z-disks on either end, forming the sarcomere, the funda-
mental unit of muscle contraction. Each muscle cell con-
tains many sarcomeres that share the same intracellular
fluid and require the exchange of metabolites with surround-
ing organelles. To power the sliding of the thick filaments
relative to the thin filaments, each of the billions of myosin
motors requires energy derived from ATP hydrolysis.
However, the dense packing of the myofilament lattice is
presumed to limit the diffusion of critical energetic metabo-
lites (e.g., creatine phosphate, ADP, and ATP) and regulato-
ry molecules (e.g., Ca2þ) (1,2). Interestingly, as the thin
filaments slide during contraction and the z-disks to which
FIGURE 1 Two flow fields for a contracting sarcomere. Shown is a schemati

senting thick and thin filaments, respectively. Shown is a cross-sectional view

maximum velocity for the kinematic-based flow field (Model 1, left) and the Darc

at the M-line of the sarcomere (z ¼ 0). The peak z-disk velocity is �0.0075. T
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they attach are pulled toward the midline (M-line) of the
sarcomere, mass conservation demands that either 1) fluid
within the sarcomere is squeezed out of the lattice into the
intracellular spaces surrounding the sarcomeres, or 2) the
filament lattice expands radially, mitigating mass flux by
conserving the lattice volume. It is also possible that the
in vivo dynamics of the lattice follow neither of these
limiting cases. Indeed, x-ray diffraction studies point to
possible radial motions of the lattice that might influence
fluid exchange (14–17). Radial motion during natural con-
tractions may result in conditions that are neither constant
volume nor constant spacing because electrostatic and struc-
tural forces as well as active cross-bridges can modulate
radial filament motion (18–20). The interaction between
fluid exchange, radial lattice motions, and substrate delivery
remains unresolved.

To assess the flow resulting from lattice volume change
during cyclic contractions, we first consider the case of a
contracting sarcomere with constant lattice spacing, as
observed in the small-strain contractions ofDrosophila indi-
rect flight muscle (21). Although our simple models do not
account for the complexity of myriad interacting sarcomeres
and surrounding organelles, they provide a first glimpse into
the understudied problem of intrasarcomeric flows. We use
these flows to develop a simplified model of how advection,
coupled with diffusion and reaction terms, influences sub-
strate delivery into the densely packed space within the
myofilament lattice (Fig. 1 A). With diffusion greatly
reduced in the crowded subcellular environment of a sarco-
mere (2), mechanisms that enhance substrate replenishment
may have a profound impact on the energetics of muscle
c of contracting and lengthening sarcomeres, with red and blue rods repre-

of the internal flow field in normalized coordinates during contraction at

y flow field (Model 2, right). Both flow fields have a large radial component

o see this figure in color, go online.
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contraction. To complement the model of advective trans-
port of substrate delivery, we use time-resolved x-ray
diffraction to measure nanometer-scale changes in the radial
spacing of the filament lattice of intact muscle contracting
under in vivo conditions with controlled muscle length
and electrical activation. Measuring the temporal pattern
of radial lattice spacing changes together with controlled
muscle length and activation allows us to explore volume
changes at the level of sarcomeres for in vivo muscle
contraction.
MATERIALS AND METHODS

To our knowledge, there are no explicit studies of flow within the sarco-

mere and fluid exchange between the myofibril and the surrounding intra-

cellular environment. Here, we are concerned with understanding the

implications of flow for substrate supply in the sarcomere. Although it

is intuitive to expect that flow enhances substrate exchange over diffusion

alone, its potential contribution remains to be explored for any model of

fluid flow in the sarcomere. To explore how the flow induced by contrac-

tion affects substrate delivery, we numerically solved the one-dimensional

advection-diffusion-reaction equation for ATP supply at the M-line of the

sarcomere:

vc

vt
¼ DV2c� u$Vc� c; (1)

where c is the radially dependent concentration of substrate (ATP), D is the

diffusion coefficient taken from measurements of rabbit skeletal muscle

fibers (2) (8 � 10�9 cm2s�1), u is the intrasarcomeric vector flow field,

and c is the rate of ATP consumption, which we have modeled with Mi-

chaelis-Menten kinetics. Both u and c vary both spatially and temporally.
Modeling: derivation of flow fields within the
sarcomere

Equation 1 requires that we specify the flow field that arises from sarcomere

length changes for contracting sarcomeres of constant radius. In the absence

of a detailed analytic solution to flow in the complex domain of myofila-

ment overlap or a full computational fluid dynamics simulation of sarco-

mere flows, we considered two different simple flow fields to explore the

general consequences of fluid exchange to substrate delivery.

In both models, we use a cylindrical model of the half sarcomere in

which we consider axial (z) and radial (r) velocity components in the

domain 0 % z % L and 0 % r % R:

~uðr; zÞ ¼ urðr; zÞbr þ uzðr; zÞbz: (2)

We next consider two approaches to calculate the relevant flow fields,

both of which are based on an effective plug flow model in which uz varies

only in the z-direction (the velocity component perpendicular to the z-disk

is uniform in the r-direction). In addition, at the z-disk (z ¼ L), the fluid ve-

locity is equal to the instantaneous velocity of the sarcomere,U(t), which in

our model, is periodic andU(t) is positive during lengthening. Hereafter, for

simplicity, we refer to U(t) as U. All velocities linearly depend on U. Addi-

tionally, at the M-line (z ¼ 0), symmetry demands that uz ¼ 0. Symmetry

also demands that ur ¼ 0 at the axial center of the sarcomere (r ¼ 0). Thus:

uzðr; LÞ ¼ � U; (3a)

uzðr; 0Þ ¼ 0; (3b)
urð0; zÞ ¼ 0: (3c)
Additionally, we assume the flow to be cylindrically symmetric. Both

flow fields satisfy the equation of continuity for flow within the sarcomere

in cylindrical coordinates r,z:

1

r

v

vr
ðrurÞþ vuz

vz
¼ 0 (4)

Flow field model 1: no-slip condition at the z-disk

In addition to the boundary conditions above, our first model assumes the

no-slip condition at the z-disk. In addition, we sought a flow field that gen-

erates no net axial shear at the M-line of the sarcomere (the axial plane of

symmetry), no net radial shear along the axis r¼ 0, and satisfies continuity.

Thus, in addition to Eq. 4, we have:

urðr; LÞ ¼ 0; (5a)

vurð0; zÞ

vz

¼ 0; (5b)

vuzðr; 0Þ

vz

¼ 0: (5c)

An admissible flow field that satisfies Eqs. 3, 4, and 5 is:

urðr; zÞ ¼ � U
3

4

r

L

�
1�

�z
L

�2
�
; (6a)

3 z
�

1�z�2
�

uzðzÞ ¼ � U
2 L

1�
3 L

; (6b)

where L is the axial position of the z-disk, and all velocities are time depen-

dent and periodic as noted above.

This flow field generates a peak radial velocity at the M-line of uR ¼
3UR/4L. If the length of the half sarcomere and its radius are of a similar

order of magnitude, this peak velocity will be close to the shortening veloc-

ity of the sarcomere.
Flow field model 2: Darcy flow with asymmetric
permeability

The above flow field does not explicitly account for the influence of fila-

ments. We thus developed a second approach that draws on a Darcy flow

(Model 2) in the lattice of filaments, which includes radial and longitudinal

permeabilities.

The coordinate system, plug flow assumption, and boundary conditions

in Eq. 3 all apply to this model as well. Here, the plug flow velocity in over-

lapping filaments is given by

uz ¼ � U

2
� kl

m

dpðzÞ
dz

; (7)

where p(z) is the pressure, m is fluid viscosity, and kl is the axial Darcy

permeability.

Conservation of mass also indicates that the axial flow generated by the

contracting z-disk motion is balanced by a radial efflux along the

sarcomere:
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dQ

dz
þ 2pRurðR; zÞ ¼ 0; (8)

where Q(z) ¼ pR2uz. This efflux is modeled with a second Darcy relation-

ship for the radial border of the sarcomere:

urðR; zÞ ¼ kr
Rm

pðzÞ; (9)

where kr is the radial Darcy permeability.

Equations 7, 8, and 9 lead to a second-order differential equation for the

pressure:

d2pðzÞ
dz2

¼ a2

R2
pðzÞ; (10a)

2 2kr

a ¼

kl
; (10b)

both of whose general solution is

pðzÞ ¼ p1cosh
�
a
z

R

�
þ p2sinh

�
a
z

R

�
: (11)

The constants p1 and p2 are found by using boundary conditions from Eq.

3 and the plug flow model in Eq. 7 to give the flow rate (Q) to be �UpR2 at

z ¼ L and 0 at z ¼ 0:

dpðLÞ
dz

¼ mU

2kl
; (12a)

dpð0Þ �mU
dz
¼

2kl
: (12b)

These boundary conditions in Eq. 12 along with Eq. 11 give a solution for

the pressure and radial efflux velocity:

pðzÞ ¼ mUR

2kla

cosh

�
a

z�L=2
R

�

sinh

�
a L

2R

� ; (13a)

�
z�L=2

�

urðR; zÞ ¼ Ua

4

cosh a
R

sinh

�
a L

2R

� : (13b)

The radial flow within the sarcomere urðr; zÞ can be obtained from the

conservation of mass in Eqs. 4 and 5, and the axial flow velocity in Eq. 7

gives

v

vr
ðrurÞ ¼ � r

vuz
vz

; (14a)

duz �2kr

dz

¼
mR2

pðzÞ: (14b)
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From the above, by combining Eqs. 13 and 14, we finally arrive at an

expression for the radial flow within the sarcomere:

urðr; zÞ ¼ r

R
urðR; zÞ: (15)

Finally, we use Eqs. 7, 9, and 13 to arrive at the axial (z-component) of

the flow field:

uzðzÞ ¼ �U

2

0
B@1þ

sinh

�
a

z�L=2
R

�

sinh

�
a L

2R

�
1
CA: (16)

The flow field that results from this analytic solution shows that both the

radial and axial velocities are maximum at the perimeter of the sarcomere

nearest the z-disk. This contrasts with the prior flow field that has the veloc-

ity maximum at the perimeter of the sarcomere nearest theM-line. Note that

the Darcy model does not satisfy the no-slip condition at the z-disk (z ¼ L).

Flow fields for both models are shown in Fig. 1. Both are symmetric

about the M-line, and both show a radial velocity component that varies lin-

early with r.
Substrate delivery: computing concentration

We solve for c in Eq. 1 for a cylindrical sarcomere 1.5 mm in radius and 3

mm long undergoing periodic length changes of 0.15 mm (5%) amplitude at

25 Hz, consistent with synchronous insect flight muscle with a high meta-

bolic power requirement (8,17). We consider two comparisons: one in

which diffusion and advection contributes to substrate exchange in the

absence of any consumption (c ¼ 0) and the other in which the ATP con-

sumption rate follows Michaelis-Menten kinetics:

c ¼ Vm½ATP�
Km þ ½ATP�; (17)

for which Mijailovich et al. (22) provided estimates of Vm to be 29.3 mM/s

and Km to be 101 mM. In both cases, we hold the extracellular concentration

of ATP to be 10 mM. We also calculate c for sarcomeres of different sizes.
Modeling: numerical solution of the advection-
diffusion equation

We developed a Python-based numerical partial differential equation solver

to calculate the concentration of ATP in the sarcomere as a function of time

and radial position (23). We solved the partial differential equation for the

initial condition of 0 mM internal ATP concentration at time 0 with a bound-

ary condition of 10 mM ATP at the cylinder radius. We calculated the con-

centration by solving the one-dimensional diffusion-advection equation (Eq.

1), with the time-dependent flow field described in the previous section (Eqs.

2, 3, and 4) serving as u. We discretized this equation using a central-differ-

ence Euler finite differencing scheme and solved it along a radial grid at the

axial center of the sarcomere cylinder. This equation was then sequentially

solved in steps along a temporal grid; the resolution of the temporal and

radial grids were coupled by a von Neumann stabilization criterion:

Dt <
ðDrÞ2
2D

; (18)

where Dt and Dr are the temporal and radial grid resolutions, and D is the

diffusion coefficient. For our model, we prescribe: Dt ¼ 0.9(Dr)2/(2D),

where the 0.9 factor ensures the criterion is met. The result of this
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simulation is a numerical calculation of the ATP concentration on a radial-

temporal grid during many cycles of successive sarcomere contractions.
Experiment: preparation of specimens

Hawkmoths (Manduca sexta) were grown at the University of Washington

Insect Husbandry Facility. Moths were cold anesthetized at 4�C with a ther-

moelectrically cooled stage, after which wings, head, and legs were

removed. The left and right pair of downstroke dorsolongitudinal muscles

(DLMs) were isolated and mounted together in the apparatus as described

previously (17,24). The anterior phragma region of the scutum, where the

DLMs originate, was rigidly adhered to a custom brass mount shaped to

the curvature of the thorax. The DLMs insert onto the second phragma,

an invagination of the exoskeletal between the meso- and meta-thoracic

segments. A second brass mount with two stainless steel prongs was in-

serted into the phragma to provide a rigid attachment. This mount con-

nected to a muscle ergometer (305C; Aurora Scientific, Aurora, Canada)

that controlled muscle axial length and measured force. After mounting,

the ventral side of the thorax was removed immediately below the DLMs

to sever the upstroke dorsoventral muscles and the steering muscles. A
�3-mm strip of exoskeleton was then removed circumferentially around

the thorax to mechanically release the DLMs from the thorax. This proced-

ure results in the pair of isolated DLMs mounted between two sections of

the thorax (the first phragma at the anterior of the scutum and the posterior

phragma). The muscle was set to its in vivo operating length, Lop, which is

0.98Lrest (24). Two bipolar tungsten-silver wire electrodes were inserted

through the five subunits of each DLM. Stimulation amplitude (bipolar po-

tentials, 0.5 ms wide) was set by monitoring the isometric twitch response

in the muscle and setting the stimulation voltage to the twitch threshold plus

1 V. Typically, 3 V stimuli were used.
Experiment: time-resolved small angle x-ray
diffraction

X-ray experiments used the small angle instrument on the BioCAT undula-

tor-based beamline 18-ID at the Advanced Photon Source (Argonne

National Laboratory, Argonne, IL). The overall experimental arrangement

is shown in Fig. 2. The x-ray beam energy was 12 keV (wavelength

0.103 nm), with a specimen-to-detector distance of 3.2 m. Fiber diffraction

patterns were recorded with a photon-counting Pilatus 100k (Dectris,
FIGURE 2 Schematic of x-ray fiber diffraction

procedure for measuring lattice spacing. From bot-

tom left: the lattice of contractile proteins, contain-

ing myosin (red) and actin (blue) filaments is

shown, with the lattice spacing (d10) marked. Zoom-

ing out, these parallel filaments are part of the dorso-

longitudinal muscle (DLM, purple), which runs

perpendicularly to the dorsoventral muscle (DVM,

dark green) in the hawkmoth thorax (light green).

The dorsoventral muscles and a strip of exoskeleton

are removed, and the mechanically isolated DLM

muscles are placed in the synchrotron x-ray diffrac-

tion beam (dotted red line). Muscle length is

controlled, and the force is measured by a force-

feedback motor (light green). As the beam line

passes through the sample, the resulting diffraction

pattern is recorded on a detector. This is repeated

over the course of many contractions, resulting in

a series of frames of the x-ray diffraction pattern.

On each pattern, two bright spots (marked S10) are

used to calculate the d10 interfilament lattice

spacing. To see this figure in color, go online.
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Philadelphia, PA) pixel array detector collecting images at 125 Hz. A rapid

shutter closed during the 4 ms detector readout time. Beam intensity was

adjusted with aluminum attenuators to be in the range 1011–1013

photons s�1, which provided adequate counting statistics in the x-ray

pattern with minimal radiation damage to the specimen. In addition,

the preparation and the entire experimental apparatus was oscillated in

the beam with a large stepper (�1 mm amplitude and �10 Hz) to reduce

the x-ray dose on a given region of the muscle. X-ray images were pro-

cessed using an automated machine vision algorithm (25) that fits both

equatorial diffraction intensity peaks and a diffuse background scattering

profile. Only trials in which the program resolved diffraction peaks were

used in analysis. The distance between the first diffraction peaks, S10, is

related to the interfilament lattice spacing, d10, by Bragg’s law. Sample-

to-detector distance was calibrated using a silver behenate scattering image.

Physiologically realistic patterns of periodic axial strain and stimulation

were applied to the whole muscle using the ergometer and stimulator

(24,26). For most trials, we recorded 100 cycles, and images were collected

at the same phase within each cycle. The first 10 cycles were not considered

so that data were collected entirely under steady periodic conditions. Re-

sulting d10 measurements were averaged at each phase over the remaining

90 cycles. We used a whole, isolated muscle preparation to best recreate

in vivo conditions that occur during actual locomotion and report percent-

age of change relative to the mean across all preparations. Strain can be het-

erogeneous across the sarcomeres of an intact muscle undergoing

contractions. Although diffraction imaging averages over a small volume

of sarcomeres (the beam was �30 � 150 mm2), regional strain heterogene-

ity as well as variable degrees of local heating or damage because of x-ray

imaging likely contribute to these different mean values. Because of this

variation, we centered d10 around each preparation’s mean before calcu-

lating the percentage of change.
RESULTS AND DISCUSSION

Flow-assisted transport can enhance substrate
delivery

We computed the flow field by satisfying the appropriate
boundary conditions for the half sarcomere. The resulting
flow is symmetric (Fig. 1); with the addition of permeability,
the field remains similar in shape but changes in magnitude.
The resultant vector flow field is significant at the scale of
the sarcomere and evident in two time-lapse visualizations,
provided in the Supporting materials and methods: 1) a two-
dimensional slice through the cylinder interior and 2) the
three-dimensional flow through the cylinder surface (Videos
S1 and S2, respectively). With an initial substrate concentra-
tion difference of 10 mM between the sarcomere exterior
and interior, we find that advection augments the delivery
of ATP into the sarcomere over diffusion alone (Fig. 3,
A–D). The difference in ATP delivery between these two
models (advection-diffusion and diffusion only) oscillates
as advection pumps ATP in and out during cyclical contrac-
tion, but the average difference over each cycle and summed
across the radius is always positive (Video S3).

We found that this advective advantage holds true even in
conditions in which ATP is consumed by cross-bridge
cycling. To demonstrate this, we next added the Michae-
lis-Menten reaction term for the two flow fields with an
initial 5 mM uniform concentration of ATP inside the sarco-
mere and a fixed 10 mM concentration of ATP outside the
6 Biophysical Journal 120, 1–12, September 21, 2021
sarcomere (Fig. 3, C and D). We cycle averaged the differ-
ence in the radially averaged concentrations from each of
these models to obtain an overall estimate of advective
advantage (Fig. 3 E). Both flow fields have a maximal
advective advantage at the M-line. Additionally, although
both flow fields lead to a similar overall cycle-averaged
advective advantage, the Darcy model (model 2) of flow is
axially more uniform than the kinematic model of flow
(model 1). Both the magnitude of the shortening velocity
and diffusion coefficient influence the cycle-average advec-
tive advantage. The P�eclet number (Pe ¼ UL/D) measures
the influence of these two factors. As diffusion becomes
more limiting, advection plays an ever greater role (Fig. 3
F). We find that higher contraction velocities (higher fre-
quency or larger amplitude) will drive greater rates of sub-
strate exchange. Correspondingly, different molecules will
have different diffusion coefficients depending on size.
The effect of a lower diffusion coefficient can also be
captured by a higher P�eclet number. High-frequency, large
amplitude contractions, like those of synchronous insect
flight muscle, would have enhanced advective advantage,
especially when they are concomitant with high-power
requirements.

The flow fields we have used in this study are approxima-
tions to the real flow that result from the complex geometry
and motions of a sarcomere. Our goal in using these esti-
mates of flow was to explore how bulk motion may influ-
ence substrate delivery and to establish a basis on which
future research could more deeply investigate this unex-
plored aspect of intrasarcomeric transport. We are, however,
acutely aware that myriad factors may influence the flow,
including more complex lattice motions (changing sarco-
mere radius) and flows between radially and axially adjacent
sarcomeres. As a simple example, advective advantage in-
creases in sarcomeres with larger volumes, showing that
the impact on intracellular transport likely varies across sys-
tems (Fig. 3 G). Additionally, the porosity of the z-disk
might allow axial flow, challenging our assumption of the
no-slip condition for Model 1. Finally, although sarcomeres
can be tightly packed, recent reconstructions show that myo-
fibrils form a branching network that can have significant
spacing between sarcomeres (27). Neighboring sarcomeres
may change boundary conditions and influence the resulting
flow, but as long as volume change occurs, convection is
necessary and may actually occur at the scale of the whole
myofibril network. Addressing such issues would likely
rely on computational fluid dynamics in which both com-
plex motions and complex geometry can be specified. A
first, recent finite element model of a sarcomere found
that the explicit flow field is significant, and radial flow
was maximal at the free ends of the myofilaments (28).

The advantage of ‘‘pumping’’ via sarcomeric flow would
apply not only to ATP, but also to any appropriately sized
substrate with a lower concentration inside the lattice than
outside. Conversely, molecules that are more concentrated
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FIGURE 3 Substrate delivery for the two flow fields with and without reaction. Here, we plot the time history of concentration changes at the M-line at a

radial point R/3. The upper panels show the time history of substrate delivery by diffusion alone (blue lines) and via both diffusion and advection (orange lines).

Beneath the upper row are plots of the difference between substrate delivery by diffusion alone and by both diffusion and advection. Note that the mean of the

oscillations (the cycle-averaged advective advantage) is always grater than 0 (dashed gray line). (A and B) correspond to concentration changes for a muscle

fiber that is initially devoid of ATP for flowmodel 1 (A) the flowmodel 2 (B). (C) Flowmodel 1 and (D) flowmodel 2 plot the concentration changes for a muscle

fiber with an initial concentration of 5 mM ATP and an ATP consumption rate that follows Michaelis-Menten kinetics. Both flow fields yield similar results for

simulations with and without reaction kinetics. (E) shows the cycle-averaged advective advantage as a function of radial position for each of the two models for

the diffusion-advection-reaction cases (C and D). (F) shows that the advective advantage increases with the P�eclet number, the ratio of flow-driven to diffusive

transport. (G) shows that advective advantage increases with size of the sarcomere (see also Fig. S1). To see this figure in color, go online.

Advective transport in sarcomeres

Please cite this article in press as: Cass et al., A mechanism for sarcomere breathing: volume change and advective flow within the myofilament lattice, Bio-
physical Journal (2021), https://doi.org/10.1016/j.bpj.2021.08.006
within the lattice (e.g., ADP) would benefit from flow-assis-
ted transport out of the sarcomere. The advantage is greatest
during the earliest cycles of the simulation (Fig. 3, A–D). As
time elapses and the cylinder fills with ATP, the advantage
afforded by advection diminishes. It is interesting to note
that this decrease is not monotonic. Although the diffusion
and diffusion-advection models must eventually equilibrate
(Fig. 3, A and B), the constant sink introduced by reaction
kinetics within the sarcomere produces a more persistent
and steady advective advantage (Fig. 3, C and D), which
only appears smaller because of the difference in initial con-
ditions (5 mM vs. 10 mM concentration difference). Deple-
tion of a substrate enhances the advantage of in vivo
advection-assisted delivery within the sarcomere.

Other processes, such as the creatine phosphate pathway,
also provide alternative ways of regenerating ATP. The over-
all implications specifically for ATP balance would need to
take into account the various source and sink pathways for
ATP metabolism. However, differences in the concentration
of ATP do exist across the cell and within the sarcomere, and
so advection will enhance ATP delivery, contribute to trans-
port of other metabolites, and influence reaction processes.
It is the magnitude of the effect that will vary with the partic-
ular cellular environment considered. Although we model
the effects on ATP as an example, intrasarcomeric flow
could be significant for other molecules, especially those
involved in regulation, like Caþ2, or fatigue, like inorganic
phosphate.
Lattice spacing change within synchronous
insect flight muscle is neither constant nor
isovolumetric

Although constant lattice conditions would lead to signifi-
cant intrasarcomeric flows and increases in substrate deliv-
ery, it is reasonable to ask if radial motions of the lattice
during natural conditions reduce or augment such volume
changes. Indeed, it is possible for the radial spacing to
Biophysical Journal 120, 1–12, September 21, 2021 7
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change in such a way that would lead to a constant volume
for the lattice: as the z-disks move inward, the radial spacing
would increase inversely with the square root of the sarco-
mere length, corresponding to a Poisson ratio of 0.5.
Time-resolved x-ray diffraction allows measurement of the
radial myofilament lattice spacing under physiological con-
ditions (13,16,21). Prior analyses have led to disparate inter-
pretations concerning volume changes of the sarcomere
during contraction. Early evidence supported the constant
lattice volume hypothesis (29,30), but more recent evidence
suggests otherwise; in the asynchronous flight muscle of
Drosophila, the radial spacing of the lattice did not vary
down to angstrom resolution (21,31). However, this muscle
has a very small �1% axial strain during contraction. In
tetanically activated frog muscle fibers, the radial spacing
of the lattice changes during rapid length perturbations but
in a way that yields measurable volume changes of the lat-
tice (14,15). In contrast to the results fromDrosophila, time-
resolved x-ray studies of a cardiac-like synchronous insect
flight muscle in M. sexta showed significant changes in
the radial spacing of the lattice during cyclic contractions,
with the temporal pattern of radial changes influenced by
the timing of cross-bridge activation (17). However, the
contraction conditions used in that study were reduced in
their axial strain. The question of how changes in lattice
spacing map to sarcomere volume has not been resolved
for the in vivo function of synchronous insect flight muscle,
which has high-power requirements.

Here, we combine controlled length and activation of
muscle with simultaneous, time-resolved x-ray diffraction
to show that there are significant changes in both the radial
spacing of the filament lattice and the volume of the lattice.
We do so using a model preparation (M. sexta) under phys-
iologically relevant length-change and activation condi-
tions. Like most flying insects, hawkmoths power their
flight by two dominant muscle groups: the dorsolongitudinal
muscles (DLMs), which drive downstrokes of the wings,
and the dorsoventral muscles, which drive upstrokes. We
sinusoidally oscillate the moth DLMs at 25 Hz (a physiolog-
ically relevant frequency) under controlled timing of the
phase of activation with simultaneous time-resolved imag-
ing from x-ray diffraction (see Materials and methods).
We measured the distance between the interfilament planes
(termed d10) from the separation of the first x-ray diffraction
peaks (S10) with millisecond resolution to provide high-
speed imaging of the radial motions of the myofilament lat-
tice during the contraction cycle (Fig. 2).

We also tested the effect of different patterns of lattice
spacing. In the specialized, asynchronous flight muscle of
Drosophila, contraction is decoupled from neural activa-
tion. In contrast,M. sexta powers wingstrokes with muscles
that are activated synchronously via motor neuron control
(24). Altering the phase of stimulation influences the power
output of the muscles (24) and can also influence the time
course of lattice spacing change. Using a whole, but iso-
8 Biophysical Journal 120, 1–12, September 21, 2021
lated, muscle preparation allows us to precisely and repeat-
edly specify the timing of electrical stimulation and
produces less variable x-ray diffraction patterns than seen
in whole-animal in vivo preparations (32). By changing
the phase of electrical stimulation, we can influence
cross-bridge binding and hence radial force production
(17,33). However, although this will likely produce varia-
tion in the pattern of lattice spacing, it is not the only deter-
minant. Other sources of radial force production will
influence the particular patterns of radial lattice spacing
that emerge.

Our time-resolved lattice spacing reveals that M. sexta
flight muscle does not follow the predictions for constant
volume nor for constant lattice spacing. Under typical loco-
motor conditions (�10% axial strain, phase of activation ¼
0.5), lattice spacing changes by �2.5%. With a typical d10
spacing of 49 nm, this corresponds to cyclic fluctuations
in lattice spacing of 1.2 nm in the radial direction (Fig. 4
A). Although �2.5% is comparable to the magnitude of
spacing change predicted by the isovolumetric case, the
change is not in precise antiphase with axial length change
(Fig. 4, A and B, compare blue to red). As such, there are
appreciable volume changes of the lattice.

We quantify the radial lattice spacing dynamics by an
effective Poisson ratio, defined as the ratio of lattice
spacing change to axial length change. Rather than having
a constant effective Poisson ratio of zero (constant spacing:
Fig. 4 B, green) or 0.5 (constant volume: Fig. 4 B, red), the
relationship between lattice spacing and axial length is not
constant (Fig. 4 B, blue). This means that the muscle’s lat-
tice has a time-varying effective Poisson ratio. At some
points in the length-change cycle, the effective Poisson ra-
tio is positive; at others, it is approximately zero; and at
others, it is negative (behaving briefly as an auxetic mate-
rial). An effective negative Poisson ratio means that at
those times, the muscle is shortening axially at the same
time that the lattice spacing is being reduced. This could
occur when a large number of cross-bridges cause both
axial and radial contraction. Recent theoretical and exper-
imental evidence suggests that even changes in lattice
spacing on the order of 1 nm can profoundly influence ten-
sion development (34) and rates of cross-bridge attachment
or detachment (19,20).

We next altered the phase of muscle stimulation to test the
idea that cross-bridge activity influences lattice spacing
even when the periodic axial strain remains the same. The
synchronous downstroke flight muscle of M. sexta receives
only a single motor impulse per wingstroke (24). We altered
the timing of cross-bridge force development by changing
the phase of this electrical stimulation, defined as the timing
of the stimulated spike during the cyclical contractions. The
actual activation of thin filaments (related to change in
(Ca2þ)) is not solely dependent on the phase of stimulation,
so the effect of changing when the electrical spike occurs
likely also alters the magnitude and time course of
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FIGURE 4 Measuring the radial lattice spacing.

(A) Time-dependent difference between instanta-

neous and mean d10 spacings for muscles experi-

encing sinusoidal length changes (gray line) at

25 Hz with amplitude of 0.4 mm (strain 4%) and

an activation phase of 0.5 (yellow dot: onset of short-

ening). The observed data (blue with 95% confi-

dence interval) differs from the predictions for

constant lattice spacing (green) and constant volume

(red). (B) The lattice spacing and predictions from

(A) are plotted against the muscle length, illustrating

the hysteresis in lattice spacing. (C) Whisker plots

(mean, 50%, 90% quantiles) for lattice spacing as

a function of time within the 40 ms length-change

cycle. The extent and timing of lattice spacing

changes depending on the phase of stimulation

scaled to the range of 0–1 (shades of purple). A

phase of 0 corresponds to activation occurring at

the onset of lengthening, which would be at the

beginning of the strain cycle (time¼ 0 ms). (D) Vol-

ume ratio as a function of the phase of activation.

The actual volume change of the myofilament lattice

during one contraction cycle (Va) is a sum over the

time intervals from (C). Vp is what the total volume

change would be if the lattice spacing was constant

(i.e., purely sliding filaments, green line in A and B).

An isovolumetric lattice would produce a value of 0.

A ratio of Va to Vp greater than 0 indicates significant

lattice volume change and hence advective flow. Ra-

tios greater than 1 indicate even more volume

change than would occur if the actin-myosin lattice

had constant spacing. Colored data points corre-

spond to different temperatures, and black markers

are means across all temperatures with 95% confi-

dence intervals of the mean in black brackets. The

in vivo condition of a phase of 0.5 is plotted separate

from the modified phases, which produce systematic

variation in the mean volume change but always

result in a volume ratio greater than 1. Color bars

at the top show which phases correspond to data in

(C). To see this figure in color, go online.
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activation. Regardless of these secondary effects, the timing
of peak activation (peak [Ca2þ]) will change as we alter the
phase of electrical stimulation.

Over all phases of stimulation, the radial spacing of the
filament lattice varies considerably throughout the length-
change cycle (Fig. 4 C). In some instances, the peak-to-
peak amplitude was as much as �4.5% (nearly twice that
of the activation phase of 0.5 in Fig. 4, A and B), whereas
in others, the lattice was more constrained (e.g., phase of
0.4). In natural conditions, the stimulation phase is known
to vary under neural control (33). Varying the phase of stim-
ulation results in different lattice dynamics even under the
same longitudinal strain.
Change in lattice spacing during contraction
enhances volume change beyond predictions
even for constant lattice spacing

Although constant lattice spacing necessarily leads to vol-
ume changes of the sarcomere, the magnitude of such
changes could be even more extreme because of the time-
varying lattice spacing; cross-bridges could pull the
Biophysical Journal 120, 1–12, September 21, 2021 9
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myofilaments radially inward as the sarcomere shortens.
Using the known axial strain and the measured lattice
spacing, we reconstructed the time-varying lattice volume
(Fig. 4 D). The observed dynamics show 51 5 22% (95%
confidence interval of mean) more volume change than
what would occur for constant lattice spacing (comparing
volume ratio to 1, all conditions: p < 10�17, n ¼ 85; in
vivo conditions: p < 10�3, n ¼ 19; and 35�C alone: p ¼
0.03, n ¼ 7). Temperature can also affect lattice spacing
(17), but we varied temperature across the in vivo range of
25–35�C and found no significant effect on volume change
(Kruskal-Wallis, p ¼ 0.38, n ¼ 85). The phase of activation
did modulate the volume change by522% (Kruskal-Wallis,
p ¼ 0.03, n ¼ 85), but at all phases, volume change was still
larger than expected for a constant lattice (p < 0.01 in all
cases).

Overall, periodic changes in lattice spacing enhance vol-
ume changes in the sarcomeric lattice of M. sexta synchro-
nous flight muscle. The degree of lattice spacing and volume
change depends partially on the phase of stimulation. This
makes sense because cross-bridges can actively restrict
radial motions and could even enable the simultaneous
shortening in both the radial and axial dimensions of the lat-
tice (the effective negative Poisson ratio). This behavior
further enhances volume change over the constant lattice
spacing conditions. Over long sustained contractions or
many cycles, the total volume of the muscle cell can change
(e.g., (3)), even heterogeneously (4), but within each
contraction, our modeling shows that the experimentally
observed volume change results in significant advective
flow within the muscle cell, where the myofilament lattice
changes volume relative to the whole cell.

If lattice spacing dynamics were fully determined by
cross-bridge binding, we might expect phases of stimulation
that both increase or decrease the volume change compared
with the constant lattice spacing condition. However, lattice
spacing arises from the interaction of several forces. In addi-
tion, the passive, equilibrium lattice spacing might be either
greater or less than the steady-state, activated lattice spacing
(35). This is seen in two very similar cockroach leg muscles,
one of which does not change lattice spacing upon isometric
activation, but the other of which expands radially (35). In
contrast, as described above, there are some phases of the
length cycle in which M. sexta flight muscle radially con-
tracts at the same time as axial contraction. Regardless of
direction, the magnitude of the radial component of cross-
bridges can be comparable to the axial force (19). Titin, or
in insects, the titin-like proteins projectin, kettin, and sali-
mus (36) can also contribute to radial and axial forces and
stiffness. Moreover, the equilibrium lattice spacing may
change when titin-like proteins are activated by Ca2þ. These
proteins may play an underappreciated role both in active
force production and in determining lattice spacing
(37,38). Other structural proteins like myomesin and myosin
binding protein C could also contribute to both the radial
10 Biophysical Journal 120, 1–12, September 21, 2021
equilibrium spacing and lattice spacing dynamics during
contraction (39,40). Electrostatic interactions, including
Coulomb and van der Waals forces occur between various
muscle proteins. With flow occurring in the sarcomere,
radial shearing of the filaments could also be significant.
Taken together, there are many factors that can influence
both the steady-state and dynamic lattice spacing of the
sarcomere, so we should not be surprised that different pat-
terns occur in different muscles. At all phases of stimulation,
cross-bridge activation in M. sexta flight muscle extends for
nearly the full contraction cycle (24,32), so it is also possible
that the actual volume change (Va) is greater than predicted
(Vp) at all phases because of work-dependent activation and
other dynamic effects (41).

Our experimental results apply for M. sexta flight muscle,
a synchronous flight muscle with high-power demands and a
contraction frequency of 25 Hz (24). The amount of advec-
tive advantage due to fluid pumping will certainly depend
on the particular pattern of volume change a sarcomere un-
dergoes, although it will be present in all cases in which
the sarcomere is not exactly isovolumetric. Other muscles
have different patterns of lattice spacing change. In contrast
to the patterns seen here, frog muscle’s myofilament radially
expands during contraction (14), but although this is closer to
the isovolumetric condition, it would still experience some
volume changes and an advective advantage, if not exactly
isovolumetric. Lattice spacing also decreases during activa-
tion under isometric conditions (42), suggesting the potential
for advective pumping even when muscle length is constant.
Drosophila asynchronous flight muscle produces power pri-
marily through delayed stretch activation rather than cyclical
Ca2þ release and reuptake (21,43). Its axial strain is smaller
than the 8–10% peak-to-peak strains in synchronous flight
muscle, and it does not show significant lattice spacing
change. This would still result in an advective advantage,
and even though the volume change might be lower in
magnitude, the frequencies are an order of magnitude higher.
So the magnitude of advective flow likely varies with muscle
type, but advective flow is likely a general property that has
not been widely considered in sarcomeres.

This advective advantage can contribute to the pumping
of metabolites into and out of the sarcomeric lattice beyond
what is possible with diffusion alone. Pumping could assist
in ATP delivery but could also affect muscle regulation by
influencing (Ca2þ) in the lattice. It could also enhance
clearing inorganic phosphate from the myofilament lattice
influencing muscle fatigue. Clearing high (Pi) could reduce
its interference with power stroke kinetics. However,
improved Pi transport to the rest of the cell may not always
be beneficial because uptake of Pi by the SR binds Ca2þ and
hence limits calcium release, contributing to fatigue
(44,45). Contraction-induced flows also could affect other
aspects of muscle metabolism and excitation-contraction
coupling, such as through volume changes in the t-tubule
network (46).
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CONCLUSIONS

Although muscle cells are likely isovolumetric on short
contraction timescales, sarcomeres may vary in volume.
Changing sarcomere volume necessitates flow into and out
of the myofilament lattice, and our modeling shows that these
flows can deliver a significant advective advantage over pas-
sive diffusion of ATP and other metabolites. Using time-
resolved x-ray diffraction, our experiments with insect flight
muscle show that this muscle’s sarcomeres change volume to
a greater extent than if myofilament radial spacing was con-
stant. As a result, there is significant intracellular flow and
associated advective transport. Like breathing, myofilament
volume changes during contraction, and the resulting intra-
sarcomeric flow interacts with diffusion to augment substrate
exchange. Although the exact magnitude depends on the type
of muscle and the dynamics of contraction, advective flow
due to muscle contraction is a previously unrecognized
mechanism that can influence energy delivery, substrate ex-
change, and the flux of regulatory molecules in the crowded
intracellular environment of the myofilament lattice.
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