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ABSTRACT: The time- and orientational-dependence of phosphocreatine (PCr) diffusion was measured using
pulsed-field gradient nuclear magnetic resonance (PFG-NMR) as a means of non-invasively probing the intracellular
diffusive barriers of skeletal muscle. Red and white skeletal muscle from fish was used because fish muscle cells are
very large, which facilitates the examination of diffusional barriers in the intracellular environment, and because they
have regions of very homogeneous fiber type. Fish were cold-acclimated (5°C) to amplify the contrast between red
and white fibers. Apparent diffusion coefficients,D, were measured axially,Dk, and radially,D?, in small muscle
strips over a time course ranging from 12 to 700 ms. Radial diffusion was strongly time dependent in both fiber types,
andD decreased with time until a steady-state value was reached at a diffusion time'100 ms. Diffusion was also
highly anisotropic, withDk being higher thanD? for all time points. The time scale over which changes inD?
occurred indicated that the observed anisotropy was not a result of interactions with the thick and thin filament lattice
of actin and myosin or restriction within the cylindrical sarcolemma, as has been previously suggested. Rather, the
sarcoplasmic reticulum (SR) and mitochondria appear to be the principal intracellular structures that inhibit mobility
in an orientation-dependent manner. This work is the first example of diffusional anisotropy induced by readily
identifiable intracellular structures. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Restrictions to motion in the cytoplasm have important
implications for our understanding of cellular biochem-
istry. The cytoplasm is known to be a complex and
crowded medium consisting of soluble and bound
macromolecules, fibrous cytoskeletal elements, and an
array of membrane bound organelles.1 A growing body of
evidence has demonstrated that diffusion of macromole-
cules is significantly hindered in cells due to hydro-
dynamic interactions with barriers such as the
cytoskeletal network of fibroblasts2–5 and the thick and
thin filament array in muscle cells.6,7

These previous studies demonstrated the utility of

using steady-state diffusion measurements of large tracer
molecules, which were introduced into cells as probes of
intracellular structure. However, small metabolites that
occur naturally in cells provide a separate, non-invasive
avenue for probing the barriers to diffusion in the
cytoplasm. By measuring both the time- and orienta-
tional-dependence of diffusion of small metabolites, the
length scales and orientation of diffusional barriers can
be examined. Since the intracellular diffusion coefficients
of metabolic substrates are 2–3 orders of magnitude
greater than those of proteins, it is also likely that the
mobility of substrates is of critical importance in
generating protein–substrate interactions. Further, the
barriers which are dominant in restricting the diffusion of
small metabolites are very likely to be different from
those which are dominant in restricting motion of
macromolecules. For instance, it has recently been
demonstrated that macromolecular probes are restricted
from actin-rich regions of fibroblasts,4 but this certainly
would not be expected to be the case for small
metabolites.

Previous studies have used water as a low-molecular
weight probe of tissue structure, and diffusional aniso-
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tropy has been found in skeletal muscle,8 cardiac
muscle,9,10 uterine muscle,11 kidney,12,13 and white
matter.14,15 However, water occurs in the intracellular,
interstitial, and extracellular spaces, and knowledge of its
diffusion yields little insight into intracellular structure.
Water also readily crosses lipid membranes which further
confounds the interpretation ofD.

PCr is a substrate for the creatine kinase (CK; EC
2.7.3.2) reaction, which catalyzes the reversible transfer
of a phosphoryl group from PCr to ADP, forming ATP.
Mobility of PCr in muscle cells has been measured and,
like other metabolites, has an apparent diffusivity that is
reduced by about 40% from that measured in isotropic
solutions.16–18PCr is an exceptional natural probe of the
cytoplasmic barriers that cause this reduction inD
because it is exclusively intracellular in skeletal muscle
and its charged phosphoryl group restricts it from
crossing lipid membranes. The time- and orientational-
dependence of PCr mobility has been examined in
skeletal muscle from rabbit hindlimb in the context of the
cell’s cylindrical geometry, but fiber orientation could
not be rigorously controlled and intracellular restrictions
were not noted.17

We have examined with high resolution the time-
dependence ofDk andD? of PCr in red and white skeletal
muscle from cold-acclimated (5°C) goldfish using PFG-
NMR. Skeletal muscle is an ideal tissue for examining
restricted diffusion because of the highly ordered and
well described internal structure of the cells. Our use of
very small superfused muscle strips (< 1.5 mm diameter)
allowed rigorous control of the orientation of the fibers,
which is usually impossible for measurements made in
larger tissue preparations orin vivo. Fishes are excellent
vertebrate models because the muscle cells are very
large, which reduces the interaction of the diffusing
species with the cell’s outer membrane, and because fish
offer regions of very homogeneous red or white fibers.
We report that diffusion of PCr is time- and orientation-
dependent as a result of readily identifiableintracellular
structures.

METHODS

Specimens

Goldfish (Carassius auratus) were obtained from Pine-
land Plantation Fish Farm (Newton, GA) and housed in
1000 L tanks containing recirculating well water. Fish
were acclimated to 5°C for a minimum of 6 weeks prior
to experimental use. They were maintained on a 12h:12h
day:night cycle and fed fish pellets daily. Fish weighed
approximately 200 g at dissection.

NMR Procedures

Fish were anesthetized with 100 mg/L tricaine methane-
sulfonate. Strips of either red or white skeletal muscle
were dissected from the region immediately posterior to
the operculum and placed in oxygenated goldfish ringer’s
solution.19 Muscle strips were cut parallel to the fiber
orientation and were trimmed to a diameter of approxi-
mately 1.5 mm and a length of 10–15 mm. The muscle
preparation was tied at either end with 6-0 surgical silk
and suspended in the center of a 1.9 mm ID glass
capillary superfusion chamber housed in an NMR probe.
The glass capillary was fitted with superfusion lines
which were snaked through the bottom of the probe to a
set of peristaltic pumps. Temperature of the superfused
tissue was maintained at 20°C via a Brinkman model
RM6 recirculating water bath. The NMR probe had a
horizontal, five-turn solenoidal radiofrequency coil
(2.6 mm ID) tunable to1H and 31P which surrounded
the superfusion chamber.

Experiments were performed on a Bruker 600 DMX
spectrometer interfaced with a 14 T vertically-oriented
widebore (89 mm) magnet complete withXYZ imaging
gradients (960 mT/m maximum strength). Data were
acquired and processed using a Silicon Graphics Indigo
workstation and Bruker X-Win NMR software. To
measure D of PCr, 31P-spectra were acquired at
242 MHz using a bipolar gradient pulse stimulated echo
sequence, with a longitudinal eddy current delay (BPP-
LED; 20–22). This sequence minimizes eddy-current
induced artifacts and negates the background gradients
generated from susceptibility contrast in heterogenous
samples.24 In an isotropic solution, the signal amplitude,
A, is described by

ln�A=A0� � ÿq2��ÿ �=3ÿ �=2�D �1�
where Ao is the signal amplitude in the absence of
diffusion weighting gradients. The magnitude of the
motion-encoding wavevectorq is defined as 2pq = gG�,
where g is the magnetogyric ratio,G is the gradient
amplitude, and� is the gradient duration (of each bipolar
pair). The parameterD is the time between the leading
edges of each gradient pair, andt is the time between the
end of each gradient and the next radiofrequency pulse.
In restricted or porous media, the diffusion coefficient is
time dependent requiring an additional slight correction
to D in order to obtain the true diffusion time.25

To measureD, a series of spectra were collected with
different values forG. In all experiments,� was 2 ms,t
was 250ms, the recycle time was 2 s, the eddy current
delay was 20 ms, and spectra were collected in either 256
or 512 scans. Gradient strengths ranged from 100 to 960
mT/m and pre-emphasis was used to achieve square
gradient pulses. For typical experiments, four data points
were collected for each diffusion measurement (in some
cases more points were used). Diffusion was measured at
13 diffusion times, which ranged from 12 to 700 ms. The
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direction in which diffusion was measured was alternated
for each diffusion time (e.g.D? was measured at 12 ms
followed by measurement ofDk at 12 ms). Several
determinations ofD could be made for each tissue
preparation. The bulk diffusion coefficient (D0) of PCr
was measured in a solution of 100 mM KCl, 2 mM

monobasic KPO4
ÿ, 25 mM PCr, and 5 mM ATP at pH 7.4.

RESULTS

31P-spectra demonstrated that the fish muscle prepara-
tions were maintained in an energetically favorable
condition for periods>6 h as indicated by stability of the
PCr and ATP peak areas. Experiments were conducted on
fish only as long as PCr and ATP levels were>80% of
their levels at the beginning of the experiments. This
precaution and the fact that axial and radial measure-
ments for a given time were conducted sequentially
virtually eliminated the likelihood of systematic errors
due to changes in the physiological condition of the
tissues.

A typical plot of the PCr signal attenuation in muscle
with increasedG demonstrates the linearity found at all
diffusion times (Fig. 1). At the shortest diffusion time
(D = 12 ms), the signal could only be attenuated by
approximately 10%, because diffusion weighting is fairly
low at these short times even at the maximum gradient
intensity (960 mT/m) that could be achieved in our
system. At times> 12 ms the signal could be attenuated
more, and we maintained a constant maximal attenuation
of approximately 60% for times from 50 to 700 ms.

Figure 2 demonstrates that bothDk andD? in muscle
are substantially reduced at all diffusion times from the
value measured in solution (D0 of PCr in solution was
found to be 5.56� 10ÿ6 cm2/s� 0.12, n = 10). D? was

found to be strongly time-dependent and diffusion was
highly anisotropic for both red and white skeletal muscle
in fish. The time dependence occurs at diffusion
times< 100 ms, afterwhich a steady-state long time
diffusion coefficient is reached, as would be expected for
diffusion through a porous medium. Although there is
some reduction inDk (particularly in red muscle), the
hindrance to motion in the radial direction is much
greater.

DISCUSSION

Diffusion of small metabolites through cells involves
complex interactions of the diffusing species with soluble
proteins and macromolecules, the cytoskeleton, and
membranes. Modelling such processes is highly complex.
However, for the purposes of demonstrating that we are
observing the effects of intracellular barriers to motion,
we can take advantage of the well ordered architecture of
muscle to examine these barriers in isolation. In muscle
cells, several dominant structural barriers are likely
candidates to induce diffusional anisotropy: (1) the nm-
scale myofilament lattice, which consists primarily of the

Figure 1. Typical attenuation plot of the PCr NMR signal as a
function of the diffusion-weighting factor, b, for axial
(circles) and radial (squares) diffusion in ®sh white muscle
at a diffusion time of 100 ms. Faster attenuation is indicative
of a higher D.

Figure 2. Time dependence of Dk (circles) and D? (squares)
in: (a) white; and (b) red skeletal muscle strips of ®sh.
Measurements are D� s.e.m.
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filamentous contractile proteins actin and myosin;
(2)mm-scale subcellular membranes such as mitochon-
dria and the SR; and (3) the 102 mm-scale sarcolemma,
which is the cylindrical membrane that delineates
individual muscle cells.

The time-dependence ofD? through the nm-scale
myofilament lattice can be approximated using volume
averaging.26 The formal solution forD? in a multiphase
system leads to an expression that relatesD? to the
solution of a closure problem in a single unit (a filament
and its surrounding sarcoplasm) that describes the typical
features of the entire myofilament lattice. A single
filament can be approximated by a pair of concentric
circles that represent each filament and its surrounding
cytosol as viewed in cross-section. The inner circle
represents the solute impermeable filament. The outer
circle defines the sarcoplasm. Time dependence ofD?
can then be described by

D?�t�=D0 � 1ÿ 2R

�R� l�2 f �R; t�
 !

�2�

wheret is the diffusion time,D0 is the bulk diffusion in
the sarcoplasm,R is the radius of the filament, andl is 1/2
the distance between adjacent filaments. The functionf
satisfies the transient one-dimensional diffusion equation
in the radial direction,r, with boundary conditionsf = 0 at
r = R� l, and @f/@r =ÿ1 at r = R, and with intial
conditions,f = 0 at t = 0. Dimensions of the myofilament
lattice in vertebrate skeletal muscle are well known, and
yield a weighted average estimate of 0.86 for porosity.
Figure 3 shows the expected time-dependence ofD? that
would result from interaction with the myofilament
lattice. Although this model is an approximation, it shows
unequivocally that the time-dependence ofD? reaches a
steady-state in< 0.3 ms. This is well before our earliest

PGSE-NMR measurement ofD? at 12 ms diffusion time
(Figure 2), and it demonstrates the intuitively satisfying
point that the spacing of the thick and thin filament lattice
has too fine a length scale to account for the observed
time-dependent reduction inD?.

Similarly, we can examine diffusion of a molecule
restricted within a cylinder to estimate the maximum
possible effect of the sarcolemma onD?. The cylindrical
cells in our preparations have a diameter of
84.8� 28.1mm (n = 54) in red muscle and
111.6� 39.5mm (n = 54) in white muscle, and both cell
types are several millimeters in length. Radial diffusion
in a restricted cylinder of radiusa (radius of a single
muscle cell) is well described at long diffusion times by22

D? � 4a2=� �3�
and at short times by23

D?=D0 � 1ÿ 4
3a

���
�
p

����������
D0�

p
�4�

The global behavior ofD? restricted in a single
cylinder has been approximated by interpolating between
the long- and short-time asymptotic behavior to yield22

D?=D0 � �1� 4
3
���
�
p

�����������������
D0�=a2

p
ÿ 1:81�D0�=a2�0:81

� 4�D0�=a2��ÿ1 �5�
Figure 4 shows the expected behavior ofD? for two

values of a that correspond to goldfish muscle cell
dimensions, where the value forD0 has been estimated at
4.0� 10ÿ6 cm2/s. This value was obtained by linearly
extending the short time diffusion data in muscle as a
function of the square-root of time to the ordinate. This

Figure 3. Time dependence of D? predicted for diffusion
across an array of parallel cylindrical ®bers representing the
thick and thin ®lament lattice of muscle. A porosity of 0.86
was used based on the dimensions of the thick and thin
®lament array in muscle. D0 was 5.6� 10ÿ6 cm2/s as
measured in bulk solution. See text for details.

Figure 4. Time dependence of D? predicted for diffusion
within a cylinder representing the sarcolemmal boundary of
a muscle cell. The results are shown for diffusion in two
cylinders of different radii plotted with the data for D? from
®sh white muscle. The radius of gold®sh red muscle was
42.4� 14.1 mm and for white muscle 55.8� 19.8 mm. D0

was estimated to be 4.0� 10ÿ6 cm2/s as described in the
text.
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simplification allows a better estimate of the effect of the
sarcolemma onD? by effectively treating nm-scale
interactions (including macromolecular crowding and the
effects of the myofilament lattice) as if they induce an
increase in the bulk viscosity. Figure 4 demonstrates that
the effect of the cylindrical sarcolemma cannot account
for the time dependence observed; the steady-state
diffusion coefficient is reached at a much later time
(>120 s as compared with approximately 100 ms in
muscle). It is also certain that the effect onD? due to
restriction by the sarcolemma is vastly overestimated in
Fig. 4 because PCr certainly has an average
D?� 4.0� 10ÿ6 cm2/s over length scales of tens of
microns (Fig. 2). It has previously been demonstrated that
the D? of PCr in rabbit hindlimb is time-dependent and
anisotropic due to restriction of radial mobility by the
sarcolemma.17 However, these authors calculated the
diameter of the leg muscle cells from diffusion data to be
'17mm, or five-fold smaller than the size of goldfish
muscle cells.

It is clear that the diffusional anisotropy that we
observed is a result of physical barriers with length scales
much larger than the myofilament lattice, but well within
the boundaries of the cells’ sarcolemma. Mitochondria
and SR both are logical candidates for the subcellular
features responsible for this effect. Both have character-
istic dimensions on themm length scale and have a
structural orientation that would be expected to induce
the observed anisotropy. The SR is a reticulated
membrane envelope that wraps around each myofibril
or a bundle of 2–3 myofibrils. Each myofibril is'1mm in
diameter, so the cylindrical partial membrane of the SR
would serve as a strong barrier to radial diffusion, but
would not be expected to hinder axial diffusion. The SR
is well developed in both red and white muscle of
goldfish, but it is more extensive in white muscle.27

Mitochondria are interspersed between the myofibrils
and, due to their oblate-spheroid shape, would be
expected to restrict motion radially, and to a lesser
extent, axially. Muscle from cold-acclimated goldfish
(5°C) provides a dramatic contrast, with mean free
spacing between mitochondria roughly fifteen-fold great-
er in white muscle than in red muscle (68.7 and 4.7mm,
respectively; 27). Our results (Figure 2) show a rapid
time-dependent decrease ofD? in white muscle, but only
a slight decrease inDk. This is consistent with the well
developed SR and sparse mitochondria of white muscle.
In red muscle, bothD? and, to a lesser degree,Dk showed
a time-dependent reduction. This is consistent with
mobility being hindered radially by both the SR and
mitochondria, and axially by mitochondria alone in this
muscle type.

PCr is an exceptional natural probe of intracellular
diffusion. Its highly charged phosphoryl group renders it
impermeable to lipid membranes such as those of the SR,
mitochondria, and sarcolemma, and it is exclusively
intracellular. Both of these characteristics make PCr far

superior to water as a probe of the intracellular
environment. Further, the highly ordered and known
structure of skeletal muscle make it possible to interpret
diffusive behavior in terms of known features of the
cellular architecture.

Our data show that diffusion of PCr in skeletal muscle
is inherently anisotropic, and that the most reasonable
interpretation of this is the presence of membranous
structures such as the SR and mitochondria, which can
comprise anisotropic barriers to diffusion. Magnetic
resonance techniques are frequently employed to mea-
sure diffusion in tissues, and anisotropy is nearly always
interpreted in terms of cell shape. This first example of
diffusive anisotropy induced bysubcellular barriers
emphasizes the need to fully characterize orientation-
specific constraints of intracellular diffusion in tissues,
rather than simply making the assumption that the
intracellular environment is isotropic.28

The reduction ofD? also has implications for our
understanding of intracellular energy transport in muscle.
The cell biology of the creatine kinase system in which
PCr is a substrate is complex, and there are several
alternative views of its function.29–31 Despite their
differences, all functional interpretations of the creatine
kinase system have the common feature that intracellular
diffusion (axial and radial) of PCr overmm distances is
the predominant means by which chemical potential
energy is transported from the sites of ATP production
(mitochondria) to the sites of its utilization (myosin
ATPase; 31). Therefore, a key issue in understanding
energy transport and integration of the processes of
energy supply and demand in muscle is whether or not
the diffusive flux of PCr (of whichD? is a determinant)
can be limiting for cellular function.

At least two lines of indirect evidence indicate that in
most cases, intracellular diffusive flux of PCr from
mitochondria to myofibrils is sufficient to meet the
energy demands of active muscle. The first is the typical
pattern of mitochondrial distribution in muscle, in which
mitochondria are abundant at the fiber periphery (‘sub-
sarcolemmal’ mitochondria) and present in low densities
at the fiber core.32 Kayar et al.32 present a cogent
argument that this distribution is a function of the
diffusive mobility and flux rates of mitochondrial
substrates and products: The predominance of subsarco-
lemmal mitochondria reflects the importance of short
path lengths for diffusion of oxygen and other blood-
borne substrates from capillaries to mitochondria,
relative to the path lengths for intracellular diffusion of
high-energy phosphates between mitochondria and
myofibrils. Implicit in this is that radial diffusion of
PCr from subsarcolemmal mitochondria to core myofi-
brils is sufficient. Second, quantitative models show that
diffusion of phosphorous metabolites in muscle can be
sufficient to avoid substantive intracellular gradients.31,33

For example, our own reaction–diffusion analysis shows
that [ATP], [PCr] andDGATP remain essentially constant
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across the diameter of goldfish red muscle fibers under
conditions representative of maximal contractile activ-
ity.34.

These models (including our own), however, have
assumed isotropic intracellular diffusion. Our present
results show that this is an oversimplification, and that
accurate modeling of the CK reactionin vivo should
account for restricted (i.e. time-dependent) radial diffu-
sion of PCr. Refining models to incorporate restricted
radial diffusion of PCr is likely to have little impact on
the outcome for conditions representative of slow
oxidative muscle, with small diameter cells, low rates
of ATP utilization, and high mitochondrial capacities. In
contrast, it may be important for larger diameter cells
and/or higher rates of ATP demand: our reaction–
diffusion analysis suggested that significant spatial and
temporal gradients in [PCr] andDGATP develop in
maximally active white fibers from goldfish, which have
larger diameters, lower mitochondrial density, and higher
rates of ATP demand than red muscle.34 The magnitude
of change in [PCr] andDGATP associated with these
gradients may be large enough to lead to impaired
contractile performance,34 and the logical result of
incorporating radial restrictions to PCr diffusion would
be to exacerbate this effect. Additional evidence comes
from the observation that the relative abundance of core
(‘intermyofibrillar’) mitochondria in muscle can increase
significantly in response to infrequent, high-intensity
exercise.32 These authors interpreted this as a compensa-
tory response to reduce intracellular diffusion distances
for exchange of phosphorous metabolites between
mitochondria and myofibrils.32 Similarly, Archer and
Johnston35 showed that the distribution of mitochondria
in slow muscle of Antarctic fish is relatively homo-
geneous, which they interpreted as an adaptation to
overcome thermal limitations to intracellular diffusion.
Therefore, the restrictions to radial diffusion of PCr that
we have demonstrated in this study may be a determinant
of cellular organization in muscle in situations of high
energy demand, low temperature, and/or long diffusion
distances.
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