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Summary

The time- and orientation-dependence of metabolite types. The time dependence indicated that the
diffusion in giant muscle fibers of the lobsterPanulirus  sarcoplasmic reticulum is the principal intracellular
argus was examined using31P- and H-pulsed-field  structure that inhibits mobility in an orientation-
gradient nuclear magnetic resonance. ThélP resonance dependent manner in skeletal muscle. The abdominal
for arginine phosphate and the'H resonances for betaine, muscles in P. argus are used for anaerobic, burst
arginine/arginine phosphate and -CH/-CH groups were  contractions during an escape maneuver. The fact that
suitable for measurement of the apparent diffusion these muscle fibers have diameters that may exceed
coefficient, D. Diffusion was measured axially,D), and  hundreds of microns in diameter, and nearly all of the
radially, Dp, in fibers over diffusion times of 20 to 300ms. mitochondria are localized near the sarcolemmal
Diffusion was strongly anisotropic, and D was higher =~ membrane, suggests that barriers that hinder radial
than Dp at all times. Radial diffusion decreased with time diffusion of ATP equivalents may ultimately limit the rate
until a steady-state value was reached at a diffusion time of post-contractile recovery.
of =100 ms. Changes ifDp occurred over a time scale that
was consistent with previous measurements from fish and
mammalian muscle, indicating that diffusion is hindered Key words: diffusion, giant muscle fibe, nuclear magnetic resonance,
by the same types of barriers in these diverse muscle spiny lobsterPanulirus arguscrustacea, muscle

Introduction

The cytoplasm is a complex and crowded mediunkinase (CK), which catalyzes the reversible transfer of a
consisting of soluble and bound macromolecules, fibrouphosphoryl group from creatine phosphate to ADP, forming
cytoskeletal elements and membrane bound organelldsTP. The time- and orientation-dependence of diffusion of
(reviewed in Luby-Phelps, 1994, 2000). Intracellular diffusioncreatine phosphate in skeletal muscle is of particular interest,
of proteins and other macromolecules is significantly hinderedecause radial diffusion of creatine phosphate is the
in cells by barriers such as the cytoskeletal networlprincipal mechanism for the transport of ATP equivalents
(Wojcieszyn et al.,, 1981; Jacobson and Wojcieszyn, 1984rom mitochondria to the myosin ATPases in the fiber core
Luby-Phelps et al., 1987; Janson et al., 1996) and the thick aflainwood and Rakusan, 1982; Meyer et al., 1984). Several
thin filament lattice in muscle cells (Jurgens et al., 1994groups have used pulsed-field gradient nuclear magnetic
Arrio-Dupont et al., 1996; Papadopoulos et al., 2000). Mostesonance (PFG-NMR) to measure non-invasivBlyof
biochemical reactions are therefore dependent on the diffusiameatine phosphate in muscle cells, amdsitu D typically
of small metabolites (molecular mass <1kDa), which havéas values that are 40-50 % of the bulk diffusion coefficient
diffusion coefficients D) that are 2—-3 orders of magnitude (Do) of creatine phosphate in water (Moonen et al., 1990;
greater than those of proteins. In extreme cases, such as actian Gelderen et al., 1994; Hubley and Moerland, 1995;
rich regions of cells that exclude protein-sized macromoleculgdubley et al., 1995; Kinsey et al., 1999; de Graaf et al.,
(Luby-Phelps et al.,, 1987), metabolic fluxes must be000). The time dependence of radidgf and axial
exclusively dependent on the diffusion of small metabolitesdiffusion (D) of creatine phosphate in mammalian skeletal
Therefore, the composition of intracellular barriers to diffusiormuscle was first measured by Moonen et al. (1990) and van
and the extent to which these barriers reddad metabolites Gelderen et al. (1994). These authors concluded that the
in vivo has important implications for our understanding oftime-dependent decrease IDp was a consequence of
cellular energetics. creatine phosphate being restricted within the cylindrical cell

Creatine phosphate is a substrate for the enzyme creatimembrane (the sarcolemma), which defines the boundaries
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of a muscle fiber. Our own investigations of diffusion in the NMR procedures
homogenous red and white muscles of fish revealed that theMuscle fibers were prepared as described in Kinsey and
decrease ibp with time was more likely to be a result of Ellington (1996). Lobsters were placed on ice for 20 min prior
subcellular barriers that occur on a length scale of gif@ew to dissection. The carapace on the dorsal surface of the
(Kinsey et al., 1999). Candidate diffusion barriers on thimsbdomen was removed, and bundles of 2—3 giant fibers were
length scale include the sarcoplasmic reticulum (SR) anibolated from the deep extensor abdominal muscle. The muscle
mitochondria. Subsequent measurements by de Graaf et fibers were tied at either end with 6-0 surgical silk and
(2000) on rat skeletal muscle were interpreted to indicateuspended in the center of a 1.9mm i.d. glass capillary
that radial diffusion of creatine phosphate was restricted bguperfusion chamber housed in a NMR probe. The glass
undefined, cylindrical shaped structures with a diameter ofapillary chamber was connected at either end to superfusion
22um, too small to be accounted for by the sarcolemmadines that were fed through the bottom of the probe to a pair of
Therefore, whileDp of creatine phosphate has been found tgeristaltic pumps. The fibers were continuously superfused at
have a consistent pattern of time dependence in skeletal flow rate of 10mIimint with lobster saline solution
muscle, the barriers that induce the observed diffusivé457 mmoltlNaCl, 15 mmoltl KCI, 1.8 mmolt1MgCl, and
anisotropy are unresolved. 2.5mmolt! MgSQu, buffered with 10 mmotf Hepes and

In the present study, we have us&®-PFG-NMR to 10mmolt!MES, pH 7.5). The temperature of the superfused
examine the time dependence Dfi and Dg of arginine tissue was maintained atZDusing a refrigerated recirculating
phosphate (AP), an invertebrate phosphagen analogous water bath. The NMR probe had a horizontal, five-turn
creatine phosphate, in giant fibers of spiny lobster abdominablenoidal radiofrequency coil (2.6 mm i.d.) tunabléHoand
muscle. The fibers are characterized by their extreme siz&!P, which surrounded the superfusion chamber.
which can exceed 50(m in diameter and 1cm in length  Experiments were performed on a Bruker 600 MHz DMX
(Jahromi and Atwood, 1971), as well as a paucity ofvide-bore spectrometer with micro-imaging gradient coils
mitochondria, which in giant crustacean fibers are almog960 mTntl maximum gradient strength) located at the
exclusively localized to the periphery of the cell National High Magnetic Field Laboratory in Tallahassee, FL,
(subsarcolemmal mitochondria; Kent and Govind, 1981; Ts&JSA. Data were acquired and processed using a Silicon
et al., 1983). The large size of the fibers means that aerob@raphics Indigo workstation and Bruker X-Win NMR
post-contractile recovery involves diffusion of arginine software. The probe was oriented so that the long axis of the
phosphate over hundreds pin, and barriers to diffusion superfusion chamber, and hence the long axis of the muscle
may ultimately limit this process. Use of giant fibers in thefibers, was oriented parallel to tlyeaxis imaging gradient.
present study minimizes the effect of restriction withinTherefore, both thex and thez gradients was oriented
the cylindrical sarcolemma, allowing an examinationperpendicular to the muscle fibers. This careful alignment of
of intracellular barriers. In addition, the lack of the probe and the homogeneous orientation of the giant fibers
intermyofibrillar mitochondria means that the contractilewithin the probe ensured that our measurements of axial
filaments and SR are the only obvious anisotropic barriers tiffusion (along they-axis) and radial diffusion (along the
diffusion. We also usetH-PFG-NMR to examine diffusion or z-axis) contained essentially no contamination from fibers
of protonated metabolites, which differ from AP in theiroriented at angles off-axis. To measreof phosphorylated
molecular mass and chemical characteristics. We tested taempounds31P-spectra were acquired at 242 MHz using a
hypotheses that (i) all of the metabolites would have similabipolar gradient pulse-stimulated echo sequence, with a
anisotropic diffusion, (ii) the time dependence of radiallongitudinal eddy current delay (BPP-LED; Cotts et al., 1989;
diffusion would be consistent with hindrance pisn-scale  Wu et al., 1995; Gibbs, 1997) as previously applied to fish
structural barriers such as the SR, and (iii) diffusionmuscle fibers (Kinsey et al., 1999). This sequence minimizes
coefficients collected at long diffusion times (i.e. distanceboth eddy-current-induced artifacts and the background
averaged over intracellular barriers) would be inverselgradients generated from susceptibility contrast in
proportional to molecular mass, as expected in an isotropiteterogenous samples (Fordham et al., 1996). To meBsure
solution. of protonated compoundstH-spectra were collected at
600MHz using the BPP-LED pulse sequence as above
modified to include the CHESSCHEmical Shift Selective)
water suppression sequences (Moonen et al., 1990) inserted

Specimens during the relaxation delay and during the mixing time (Fig. 1).

Adult spiny lobster®anulirus argud_atreille were obtained The CHESS sequences are as described in Kinsey and
from the Keys Marine Laboratory in Long Key, FL, USA or Ellington (1996). In an isotropic solution, the NMR peak
from the University of Florida Marine Laboratory in St amplitude A, is described by:
Augustine, FL, USA. Specimens were maintained 4C2a _ _
10001 tanks containing recirculating seawater. Lobsters were In(A/Ao) =~(yGB/2mP(A~8/3~1/2)D=-bD, @
exposed to a 12h:12h light:dark cycle and fed frozen shrimphere Ap is the peak amplitude in the absence of diffusion-
daily. weighting gradients. The magnitude of the motion-encoding

Materials and methods
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Fig. 1. (A) Pulse sequence u:

to measure D and Dg in

lobster abdominal muscle fibe 90" 180° 90° 90> 180° 90" 9O°
The solid bars represent excitat

radiofrequency pulses, with t WS1
magnetization tip angle (degre
indicated over each pulse. The stipf
bars represent magnetic field grad
pulses. TM is the mixing tim&,, echc
time, & is the duration of the spatii
encoding gradients, is a short dela)
A is the approximate diffusion tin
(corrected as described in text), AC WS1 w2
the signal acquisition period, and W

and WS2 are water suppress ﬁm\ W ({M W (ﬂ{\ W
sequences that were used in RFRy.o

IH spectra only. (B) The wat z

suppression sequences are sh m
pp q G, A /\ [\ m

B

diagrammatically (for details, s

Kinsey and Ellington, 1996). Diffusic G
.. . . . N Z

coefficients at a given diffusion tin.c

were determined by collecting a series of spectra at different amplitudes of the spatial-encoding gradients. The diffusisratijusted by

changing the value d. Additional details are given in the text.

wave vectoryGo/2m, is defined by the magnetogyric ratio of affect radial diffusion, such as: (i) the nm-scale myofilament
31p orlH, y, the gradient amplitud® and the gradient duration lattice, which consists primarily of the filamentous contractile
of each bipolar paid. The diffusion time is defined by the proteins actin and myosin, (ii)um-scale subcellular
termA-0/3-1/2, whereA is the time between the leading edgesmembranes, which in lobster abdominal muscle principally
of each gradient pair, ards the time between the end of eachconstitute the SR, and (i) thex10? um-scale sarcolemmal
gradient and the next radiofrequency pulse (Figbhlis the  membrane, which is the cylindrical membrane that delineates
composite diffusion-weighting factor. individual muscle cells. Two of these barriers, the myofilament
To measureD, a series of spectra were collected withlattice and the sarcolemmal membrane, both have known
different values foiG. In all experimentsd was 2mst was dimensions and their effect on radial diffusion can be
250us, the recycle time was 2s, the eddy current delay wasredicted.
20ms and spectra were collected in either 256 or 512 scans.We have previously used a volume-averaging approach
Gradient strengths ranged from 100 to 960 m¥,mand the (Carbonell and Whitaker, 1984) to model the time dependence
current pulses through the gradient coils were pre-emphasizefiDg in the myofilament lattice, and details of this procedure
so that the magnetic field gradient produced was square, age available in Kinsey et al. (1999). The effect of restriction
shown in Fig. 1A. At least four data points with different within the cylindrical sarcolemma on the time dependence of
values ofG were collected for each diffusion measurementdiffusion has been approximated by Gibbs (1997), by
Diffusion was measured at seven diffusion times, which rangeidterpolating between the theoretical long- and short-time
from 20 to 300ms. The diffusion time was adjusted byasymptotic behavior dDg to yield:
changing A values, while all other time variables were
constant. The direction in which diffusion was measured Wap pg= a+i/DoNa2—

alternated for each diffusion time (eDo was measured at 0 3 / T o (2)
20ms followed by measurement ©fj at 20 ms). Several 1.8100A/a?)0-81+ 4(DoANa?) O
determinations ob could be made for each fiber preparation. a

Analysis where a is the radius of the cylinder (muscle fiber). It is
The time dependence of intracellular diffusion coefficientsexpected that diffusion through the SR would yield a curve of
is influenced by fixed structures in the cytoplasm, and th®p against diffusion time that is similar in shape to that for
highly organized structure of muscle would be expected tdiffusion through the myofilament lattice. However, while we
have a different effect oBg and D). ATP equivalents must know that the SR membranes have radial increments qmthe
diffuse from subsarcolemmal mitochondria to the fiber core, sscale, we lack an adequate morphometric description of the
barriers to radial diffusion directly impact cellular energyreticulations in lobster muscle SR to mathematically describe
transport. Several dominant structural barriers are likely tthe effect orDp. Therefore, we can analyze the effect of the
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SR by elimination, since its influence B will have a time  difference in attenuation slopes associated with axial and radial
dependence that is intermediate to that of the myofilamemliffusion. The time dependence DfjandDp is presented in
lattice and the sarcolemmal membrane (Kinsey et al., 1999)Fig. 4. The unrestricted, bulk diffusion coefficieDy of a
metabolite in water would be expected to be higher Bham
the crowded environment inside a muscle fiDgrof arginine
Results phosphate has been previously determined to be#00%cn?

The lobster muscle fibers could be maintained in ams? (Ellington and Kinsey, 1998), which is considerably higher
energetically favorable condition for >6h, based on thehan theD values for arginine phosphate in lobster muscle (Fig.
constant amplitudes of thé&P-NMR peaks arising from 4A). The most obvious pattern in both tHe- and!H-NMR
arginine phosphate, ATP angd Bs well as the lack of change derived data was the orientation-dependence of diffusion
in intracellular pH, determined by the chemical shift of the Pwithin lobster muscle fibers, whei; was lower tharD) at
peak (reviewed in Kinsey and Moerland, 1999). The onhall diffusion times for all of the metabolites (Fig. 4). From 20
phosphorylated compound with sufficient signal for measuringo 100ms, a substantial reduction Dy was apparent for
D at all diffusion times was arginine phosphate, although warginine phosphate and for betaine. This pattern was not
were able to reliably measure ATP diffusion in some cases (seesolved for the two smallH resonances arising from
below). Peak assignmentslid-spectra were made by spiking arginine/arginine phosphate and -CH/-C#foups since we
muscle extracts with putative compounds and by comparisomere unable to measui at the shortest diffusion times. In
of our spectra to the chemical shift data given in Agar et aktontrast to the pattern for radial diffusid@),was only slightly
(1991). The betaine peak at 3.2p.p.m. was large and welme-dependent for all of the compounds and demonstrated no
resolved in H-NMR spectra, andD could be
measured at all diffusion times for this metabc
(Fig. 2). Although several other peaks were
visible, the extremely small tissue sample yiel
relatively little signal for the smaller peaks at
high gradient strengths necessary to meabBurin
addition, most of the other peaks!i-spectra fron
lobster muscle contain contributions from multi
metabolites, thus confounding measuremenDc
However, two additional peaks did demonst
sufficient signal and linear amplitude attenua
with increasing gradient strength, aBdcould be
measured for these peaks at some diffusion tim
peak at 1.95p.p.m., which principally compri
arginine, but may have a slight contribution fr Betaine
lysine, could be measured at diffusion times ran /
from 30 to 150 ms. Although this peak has a cher
shift specific to arginine, most of this amino aci
probably in the form of arginine phosphate, wt
facilitates comparison of théP- and IH-NMR
methods. Diffusion of a small peak at 1.0 p.p.m.
also measured at diffusion times ranging from 2
150 ms. We do not have an identity for this peak
it likely consists of -CH and -Ciyroups of aliphati
amino acids. Despite the uncertainty in assigni
of this peak, it was included because it has diffu
coefficients that are consistent with a low molec
mass solute, and because it further illustrates
general diffusive pattern in muscle (see bel T T T T
Several sizeable peaks with chemical shifts of 3 4.0 3.0 2.0 1.0
4.0p.p.m. are present in Fig. 2, but were not inclt p.p.m.

in the qnaIySIS because they were often reduci Fig. 2. A region of a lobster abdominal musélg-spectrum. The peaks for
absent in othetH-spectra. . betaine, arginine/arginine phosphate (at 1.95p.p.m.) and/-CH groups

Those peaks that were examined always had | yielded linear attenuation plots and sufficient signal-to-noise ratios to allow
decreases in signal amplitude@svas increased  measurement db at several diffusion times. Alanine and lactate methyl peaks
all of the diffusion times that were analyzed. Fii are also indicated for reference, although diffusion of these metabolites was not
illustrates this linearity as well as the character examined in the present study.

Arginine/AP

Alanine
Lactate

-CH,/-CH groups
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7.9- in aerobic post-contraction recovery in lobster fibers, it is of
781 interest to examine the effect of intracellular barriers on the net
77 movement of arginine phosphate. Fig. 5 shows the extent to
oy which the radial root-mean-square (RMS) displacement of
o 7.64 L . .
= arginine phosphate in lobster muscle deviates from that of
5 795 arginine phosphate in a non-restricted environment. At the
_% 7.4 maximal diffusion time of 300ms measured in this study,
§ 7.3 arginine phosphate diffused a distance of onlyn7 whereas
= 7.2 in an unrestricted environment, it would diffuse twice that
71 distance.
7] The principal cause of the diffusive anisotropy can be
6.9 inferred from the model data presented in Fig. 6, which
o 1x10°  2x10°  3x10°  4x10°  5x10°  predicts the effects of the myofilament lattice and the

sarcolemmal membrane on the normalized radial diffusion
coefficient of arginine phosphat®{/Do). The results of this
Fig. 3. Typical attenuation plot of the NMR peak amplitude as aanalysis would be nearly identical for the other metabolites.
function of the diffusion-weighting factob in the axial (open The predicted effect of the nm-scale myofilament lattice leads
squares) and radial (filled squares) directionsinargusmuscle.  to a very rapid reduction iD/Do (<0.2ms), after which
This example is from a measurement of arginine phosphate diffusiog steady-state diffusion coefficient is reached (Fig. 6A). In
at a diffusion time of 150ms. A steeper attenuation slope igontrast, restriction of metabolites within the 300 diameter
indicative of a higheb, as seen for axial diffusion. sarcolemma of lobster fibers only minimally impacts radial
diffusion (Fig. 6B). In factDp is only about 5% less thdbg
rapid decrease at short diffusion times. Thealues in both at a diffusion time of 300ms (Fig. 6B). It is expected that the
orientations were fairly stable after about 100 ms, as would bate of decay oDp/Do with time will be considerably less in
expected for diffusion through a porous medium. the large fibers of lobsters than in cells of ‘normal’ dimensions.
Since radial diffusion of arginine phosphate fromIin Fig. 6C the combined effect of these two types of structural
subsarcolemmal mitochondria to the fiber interior is importanteatures has been removed from the arginine phosiihate

b (scm2)

A C
4.0 1 . 4.0 - . .
Arginine phoghate Arginine/arginine phosgphate
3.0 3.0 -
2.0+ 20
101 10- E\i———i\E—_—-
o
fﬂln 0 r r r 0 T T T
5 o 100 200 300 0 50 100 150
©
3
X B D
0O 50+ 30 - . )
. : -CH,/-CH aiphatic groups at 1.0 p.p.m.
Betaine
4.0 1
30- 2.0
——
2.0
1.0 A
1.0+
O T T T 0 T T T
0 100 200 300 0 50 100 150
Diffusion time (ms) Diffusion time (ms)

Fig. 4. Time dependence @& (open squares) anbpg (closed squares) for several metabolites in abdominal muscle fibérs afus
Diffusion was measured using t#éP-NMR peak for arginine phosphate (A), and #&NMR peaks arising from (B) betaine, (C)
arginine/arginine phosphate and (D) 4¥&H groups. Values are means.em. (N=4, except for -CHl-CH peak, wher&l=3).
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18 - observed at the short diffusion times that could be measured
16 . for arginine phosphate3!P experiments) and betainéH(
experiments). 31P-PFG-NMR methods have been used
extensively in studies of creatine phosphate and ATP diffusion,
and the results from different laboratories using a variety of
tissues vyield similar values fdd (Yoshizaki et al., 1990;
Hubley et al., 1995; Hubley and Moerland, 1995; de Graaf et
s = al., 2000) and patterns ©&f time dependence (Moonen et al.,
" 1990; van Gelderen et al., 1994; Kinsey et al., 1999; de Graaf
am et al., 2000).1H-PFG-NMR has been applied to measure
metabolite diffusion in skeletal muscle (de Graaf et al., 2001),
10 but 1H-spectra ofP. argusmuscle have predominantly small
peaks that overlap considerably and complicate measurements
\/? of D. An exception is betaine, which has an unusually large
Fig. 5. The radial root-mean-square (RMS) displacement of argininQeak amplitude that m'n'm'Z?S the effect of overlap with other
phosphate irP. argusfibers as a function of the square root of theP€aks. The facts that the time-dependent patterBrofor
diffusion time. The RMS displacemehtis described bj\=v2Dt,  betaine closely matches that for AP (Fig. 4), and that Héth
where t is the diffusion time (ms). The unrestricted RMS andlH-derived measurements yidllvalues that are linearly
displacement was calculated using @ value for AP of dependent oWM, (Fig. 7), suggest that théi-PFG-NMR
4.054106cn?s! (Ellington and Kinsey, 1998). The effect of method employed here yields reliable results. As noted earlier,
restriction is noted by the deviation of the radial RMS displacementhe -CH/-CH and arginine/arginine phosphate resonances
\{alues of AP in the fibers (fiIIegI squares) frpm the Iin.e depicting th‘f)robably yield D values that are a composite of several
time-dependent displacement in an unrestrlcted_ mgdlum. Data pointsatapolites. However, the compelling feature of the
were calculated from the mean valueofshown in Fig. 4A. metabolites that give rise to these two small peaks is their
anisotropic diffusive behavior, which is consistent with that
values, and compared to the bulk diffusion coefficient forobserved for the well-resolved peaks of AP and betaine.
arginine phosphate (4.8506cn?s1). Here, the residual time ~ Several previous studies have focused on diffusion of the
dependence of AFDp values presumably is caused by phosphagen, creatine phosphate, in skeletal muscle, because
structures other than the myofibrillar lattice or the sarcolemmatf its role in cellular energy transport (Meyer et al., 1984;
membrane. Walliman et al., 1992). The invertebrate phosphagen, arginine
Fig. 7 shows the relationship between intracellDlaalues  phosphate, fulfils the same role in crustacean muscle and is
and the reciprocal of the square root of molecular mass. Thigssponsible for the vast majority of high-energy phosphate
relationship should be linear in an isotropic solution, as welflux (Ellington and Kinsey, 1998). We will therefore focus on
as in a porous medium at long diffusion times (i.e. wben arginine phosphate in the present discussion. An important
reaches a steady state). We examiDgslalues at a diffusion feature of our data is that the time dependence of arginine
time of 100 ms. This selection was made, not only because tiphosphate diffusion was nearly identical to that previously
D values have largely stabilized at this point, but also becausibserved for creatine phosphate diffusion in white muscle
measurements @) at a diffusion time of 100 ms are available fibers from cold-acclimated goldfistCarasius auratus
for lactate and alanine in lobster abdominal muscle fiber&Kinsey et al., 1999). In this previous work, as in the present
(Kinsey and Ellington, 1996), and these data can be includestudy, we used small tissue samples and carefully oriented the
in the analysis. In addition, we were able to estirbgtef ATP  fibers axially along thg-imaging gradient in order to measure
by averaging values from three diffusion times collected fronDj or Dp. In both fish white muscle ariel argusmuscle,Dy|
a muscle preparation that yielded an adequate signal-to-noiséthe phosphagen (creatine phosphate or arginine phosphate)
ratio and linear attenuation plots. We arrived at a steady-stateas essentially independent of time over the range of
value ofDj; (L00-300 ms diffusion time) of 1.13+0.23¢s'  diffusion times measured (Fig. 4A). However, we know that
(N=3), which is consistent with previous measurements of AT} must decrease in a time-dependent fashion prior to our
diffusion in skeletal muscle (de Graaf et al., 2000). The longearliest measurements to account for the fact EhgDo.
time behavior ofD) can be seen to be linearly related to theSimilarly, the time course over which phosphad®nwas
square root of molecular mass (Fig. 7). reduced was the same in fish white muscle Bndargus
muscle. In both types of musclBp reached a fairly constant
value at a diffusion time of 75-100 ms (Fig. 4A). The nearly
Discussion identical patterns oDp of creatine phosphate and arginine
The principal finding of the present study was thatphosphate in fish white muscle arfl argus muscle,
metabolite diffusion was anisotropic fh argusmuscle fibers respectively, suggest that the barriers that restrict diffusion are
(Fig. 4). In addition to the orientation-dependence that wathe same in both tissues. White muscle fibers from goldfish
apparent for all metabolites, a rapid decreaseDinwas that have been acclimated to cold have an extensive SR and
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A Fig. 6. The predicted effect of the thick and thin filament lattice and
1.00+ restriction within the cylindrical sarcolemma on the time dependence
0.95 1 of Dp for arginine phosphate. (A) The effect of the nm-scale thick

o 090 and thin filament lattice, using a porosity of 0.86, on the rel&ive

% 085" of arginine phosphate. Note the short time require®foto reach a

(@] 10 steady-state value. (B) The effect of restriction within the
080 ' ; ;

' sarcolemmal membrane of a cell with a radius of friOon the
e relative D of arginine phosphate (note: axes are different than A).
0.70 1 (C) The predicted time dependence of the absdhtef arginine
0.65 T T 1 phosphate in an unrestricted environment (solid line), in the presence
0 04 0.8 12 of the thick and thin filament lattice (dotted line), and when restricted
within the sarcolemmal membrane of a cell with a radius ofub%0
1004 B (dashed line). The lower squares depict the raw data collect&d for
' of arginine phosphate (Fig. 4A), and the upper squares show the
0.99 + ~ predictedDp of arginine phosphate if the effects of the thick and thin

o 0.98 1 \\\ filament lattice and restriction within the sarcolemma are removed.

% 0.97 - \\\\\ The upper squares therefore predict the patternDaf time

0 (o6- - dependence imposed by residuaim-scale barriers. See text for

' Tt~ additional details.
0.95 - b
0.94 -
0.93 ' ' : muscle in vivo, apparent limits to creatine phosphate
0 100 200 300 . e -
displacement at long diffusion times indicated a compartment
with an axial dimension of 44m, which the authors suggested
457 ¢ corresponded to the length of a muscle fiber (Moonen et al.,
W= 1990). These diffusion measurements were made on muscles

—~ 35 that were oriented at an angle relative to the diffusion-

i” 0 weighting gradients, and was measured in only one

§ 254 i E direction. Subsequently, van Gelderen et al. (1994) examined

S 25 =5 B : £ cion | i :

? 20 K [] the time dependence of diffusion in rabbit skeletal muiscle

o vivo along thex, y and z axes of the laboratory frame (the

x 154 K & \ : .

& P X muscle fibers were not oriented with respect to these axes). The
1.01 = x orientation- and time-dependent values bfwere used to
0.57 calculate the trace of the diffusion coefficieDtrf), assuming

0 . . 1 restriction within a cylindrical compartmeridr; is invariant
0 100 200 300

to orientation, which is sometimes important im vivo
experiments where orientation of fibers may not be controllable
or when fiber orientation is not uniform. From the time-
relatively few core (intermyofibrillar) mitochondria (Tyler dependent pattern &frr, van Gelderen et al. (1994) estimated
and Sidell, 1984). Giant glycolytic fibers from crustaceanghat the cell diameter of rabbit skeletal muscle wagm.7De
also have an extensive SR, and are virtually devoid oBraaf et al. (2000) recently conducted a similar analysis of the
intermyofibrillar mitochondria (S. T. Kinsey, unpublished time dependence @, also fitted to a cylindrical model, in
results; Jahromi and Atwood, 1969; Tse et al., 1983)at skeletal musclén vivo. These authors estimated that
Therefore, with respect to diffusion barriers, the principakylindrical compartments with diameters of 16 andu2?
difference between the two types of muscle fibers is the fibeestricted the motion of ATP and creatine phosphate,
size. White muscle fibers from goldfish are approximatelyespectively. However, de Graaf et al. (2000) recognized
100pum in diameter (Kinsey et al., 1999), whiteargusfibers  that these dimensions were considerably smaller than the
used in the present study were approximately |800in  dimensions of rat skeletal muscle cells, and they concluded that
diameter. The fact that the time dependenceDof was yet-to-be-defined, subcellular, cylindrical barriers restrict ATP
identical in these two fibers of dramatically different sizesand creatine phosphate diffusion in skeletal muscle.
indicates that restriction by the sarcolemmal membrane cannotin contrast to the conclusions drawn from studies of
account for the observed reductionDn. diffusion in mammalian skeletal muscle, we believe that the
Other studies have found a time-dependent decreaBe inprincipal barrier that induces the anisotropy observed in
of creatine phosphate in mammalian skeletal muscle th&®FG-NMR measurements is the reticulated SR membrane.
is similar to that observed in the present paper, but th8everal lines of evidence support this conclusion. First, our
interpretations have been quite different (Moonen et al., 199@nodeling results clearly indicate that the time-dependent
van Gelderen et al., 1994; de Graaf, 2000). In rat quadricepsduction in diffusive flux through the nm-scale thick and thin

Diffusion time (ms)
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filament lattice is too rapid to be detected by NMR method&e controlled, we do not believe it yields relevant length scales
(Fig. 6A). This intuitively satisfying result is very robust to of barriers to diffusion.
moderate variation in the estimate of myofilament porosity or Part of the difficulty in assessing the effect of the SR (and
filament dimensions. Second, restriction within a cylinder thesarcolemmal clefts) is the complex three-dimensional structure
size of most skeletal muscle fibers has only a slight effect oof these membranes. For instance, we know that diffusion
the observed time dependencelof (Fig. 6B) (Gibbs, 1997; through the SR will lead to a time-dependent reductiddrin
Kinsey et al., 1999). This was partly what motivated us tantil a steady-state value is reached, as is the case for diffusion
select crustacean giant muscle fibers for this study, since #irough the thick and thin filament lattice (Fig. 6A). However,
physiologically relevant diffusion times the effect of thethe effect of the SR on diffusion will be a function tefo
sarcolemma orDp is virtually undetectable. This leaves us variables, neither of which are adequately described or easily
with intracellular barriers with length scales intermediatemodeled. Both the membrane porosity and the length scale in
between the myofilament lattice, which has a nm-length scaléhe direction of diffusion will have an impact on the time
and the sarcolemma, which has @l®pm-length scale. In dependence ofDo. Because of this complication, our
lobster giant muscle fibers, the only obvious barrier is the SRonclusions are drawn from the fact that barriers in muscle
membrane, and the associated sarcolemmal invaginations, fdyers from mammals, fish and crustaceans induce the same
clefts, that are peculiar to crustaceans (Peachey, 196fime-dependent anisotropy despite the fact that they are
Selverston, 1967). The SR is a reticulated membrane envelogeamatically different with respect to cell size, mitochondrial
that wraps around each myofibril or a bundle of 2—3 myofibrilsdensity, and the presence or absence of sarcolemmal clefts. All
Each myofibril iss1um in diameter, so the cylindrical partial of these tissues have in common a well-developed SR,
membrane of the SR would serve as a strong barrier to radiabwever, and the function of this organelle ireCdynamics
diffusion, but would not be expected to hinder axial diffusiondemands that its radial length scale is relatively invariant,
The sarcolemmal clefts in crustaceans are partial membranegardless of the type of skeletal muscle.
that project radially into the fiber core with a linear spacing Another finding of the present study is that when the effect
of approximately 5Qum (Peachey, 1967; Selverston, 1967).of the thick and thin filament lattice and restriction within the
These membranous structures would therefore be expectedsarcolemma are mathematically removed, the intracellar
have some effect on radial, but not axial, diffusion invalues at short diffusion times do not differ substantially from
crustacean muscle. Whereas the SR will constitute a simil&o (Fig. 6C). This is in agreement with previous studies, which
barrier to radial diffusion in crustacean, fish and mammaliaimdicated that at short diffusion times the cytoplasm viscosity
skeletal muscle, the sarcolemmal clefts are specific twas not significantly higher than that of water (Luby-Phelps et
crustaceans. However, the sarcolemmal clefts are aal., 1993; van Gelderen et al., 1994; de Graaf et al., 2000). In
incomplete membrane with relatively large linear spacing, andddition, the steady-state diffusion of metabolite®.irargus
the effect of this potential barrier on radial diffusion is likelymuscle had diffusion coefficients that were inversely
to be minimal. proportional to their molecular mass (Fig. 7). This is consistent
As described above, de Graaf et al. (2000) have proposed aith the idea that when diffusion is temporally (and hence
alternative view of the subcellular structures that inducespatially) averaged across intracellular structural barriers, the
diffusive anisotropy in skeletal muscle. However, we know oftytoplasmic space in lobster abdominal muscle behaves as
no cylindrical barriers in skeletal muscle that have a lengtiwould be expected for a well-mixed, bulk solution.
scale of 16—2im as described in their study (de Graaf et al., Diffusion analyses such as the present study are useful for
2000). We contend that their determination of a length scale @robing the nature of the intracellular environment, but they
this magnitude is derived from the fact that these authors fitlso raise the following question: does the diffusive flux of
their diffusion data to a model of restriction within an metabolites impose constraints on muscle function? The
impermeable cylinder. Thus, while their method ofabdominal muscles in lobsters, crayfish and shrimp are used
determiningDTr has great utility when fiber orientation cannot solely for a rapid series of ‘tail-flips’ that propel the animal
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away from potential predators at a high velocity. Thedistances would not be limitinger se but would simply not
abdominal muscle bundles are composed almost exclusively bé selected against. However, it is clear that the large diffusion
fast-twitch, glycolytic fibers. These fast-twitch fibers of distances and barriers to diffusion impose severe limits on the
lobsters and crabs tend to be the largest, often exceedingte of post-contractile recovery, even if aerobic metabolic
500um in diameter and more than 1 cm in length (Jahromi angdotential and oxygen supply were increased. This argument
Atwood, 1971; Tse et al., 1983). In addition, nearly all of thealso raises issues as to the nature of the SR in fast-contracting,
mitochondria in these fibers are located peripherally near theerobic fibers. Here, a substantial SR is required for rapid
sarcolemmal membrane (subsarcolemmal mitochondria; Keeixcitation—contraction coupling, but it must be sufficiently
and Govind, 1981; Tse et al.,, 1983). This arrangement gfermeable to permit high rates of ATP-equivalent flux from
mitochondria forms a cylinder of aerobic metabolic potentiamitochondria to the myosin ATPase.
that has essentially the same dimensions as the muscle fiberén summary, metabolite diffusion in lobster giant muscle
themselves. There are important functional implications to thébers is anisotropic, indicating that the barriers to radial
combination of extreme cellular dimensions and highlydiffusion are more substantial than those that hinder axial
localized aerobic machinery. Rapid, aerobically powerediffusion. The similarity of the time dependence @f in
contraction is logically forbidden, since this would requirecrustacean muscle to that found in skeletal muscle from
rapid diffusive flux of ATP-equivalents (i.e. arginine mammals and fish suggests a common diffusive barrier, despite
phosphate) over a distance of hundreds of microns. Thie fact that these tissues differ dramatically in fiber diameter
displacement of moleculegia diffusion, A, scales as the and mitochondrial density. The time-dependent reduction in
square-root of the diffusion tim&, A=vV2Dt. The steady-state Dp is consistent with barriers onan scale, and the most
value of D for arginine phosphati situ is =1x10%cm?s?  likely candidate is the SR membrane system. The combination
(Fig. 5), meaning that it takes several minutes for argininef large diffusion distances and barriers to diffusive flux appear
phosphate to diffuse from subsarcolemmal mitochondria at the severely limit the capacity for aerobic metabolic processes
fiber periphery, to the sites of ATP demand at the fiber core @fi crustacean giant muscle fibers.
a crustacean giant muscle fiber. In contrast, muscle that
contracts aerobically has relevant diffusion distances that canThe authors gratefully acknowledge many useful
be traversed in milliseconds. Since the escape-response discussions with Dr Bruce R. Locke and Dr Stephen Gibbs.
lobsters is induced by a short-term burst of muscle activityVe thank the National High Magnetic Field Laboratory,
(England and Baldwin, 1983), reliance on anaerobicTallahassee, FL, USA for the use of NMR instrumentation.
metabolism (phosphagen hydrolysis and glycolysis) to supplWe also appreciate the help of Dr William F. Herrnkind with
ATP poses no obvious problems. However, post-contractilanimal supply and maintenance. This work was supported by
recovery ultimately relies on aerobic metabolism, and the larggrants from the National Institutes of Health (R15-AR46184-
dimensions of crustacean fibers and barriers to radial diffusiv@lAl) to S.T.K. and the National Science Foundation (DBI-
flux would be expected to severely limit the rates of thes89-78613) to S.T.K. and (IBN-98-08120) to T.S.M.
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