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In Vivo *'P-NMR Diffusion Spectroscopy of ATP and Phosphocreatine in
Rat Skeletal Muscle

Robin A. de Graaf, Arnaud van Kranenburg, and Klaas Nicolay
Department of Experimental In Vivo NMR, Image Sciences Institute, University Medical Center, Utrecht, the Netherlands

ABSTRACT The aim of this study was to measure the diffusion of ATP and phosphocreatine (PCr) in intact rat skeletal
muscle, using 3'P-NMR. The acquisition of the diffusion-sensitized spectra was optimized in terms of the signal-to-noise ratio
for ATP by using a frequency-selective stimulated echo sequence in combination with adiabatic radio-frequency pulses and
surface coil signal excitation and reception. Diffusion restriction was studied by measuring the apparent diffusion coefficients
of ATP and PCr as a function of the diffusion time. Orientation effects were eliminated by determining the trace of the diffusion
tensor. The data were fitted to a cylindrical restriction model to estimate the unbounded diffusion coefficient and the radial
dimensions of the restricting compartment. The unbounded diffusion coefficients of ATP and PCr were ~90% of their in vitro
values at 37°C. The diameters of the cylindrical restriction compartment were ~16 and ~22 um for ATP and PCr, respectively.
The diameters of rat skeletal muscle fibers are known to range from 60 to 80 um. The modelling therefore suggests that the
in vivo restriction of ATP and PCr diffusion is not imposed by the sarcolemma but by other, intracellular structures with an
overall cylindrical orientation.

INTRODUCTION

NMR spectroscopy allows the noninvasive study of metab+estriction and diffusion anisotropy, respectively. The unre-
olism in living systems. Phosphorus-31 has been a promistricted diffusion coefficients of PCr and ATP and the
nent nucleus for in vivo NMR studies since the first reportsdimensions of the restricting compartment were estimated
of its application to biological samples (Moon and Richards,by modeling the experimental data under the assumption of
1973; Hoult et al., 1974). In vivé*P-NMR is primarily  cylindrical symmetry. This choice was based on the fact that
used for bioenergetic studies because it allows the measurthe cellular units of skeletal muscle, the muscle fibers, and
ment of molecules like phosphocreatine (PCr), adenosinthe major constituent of the sarcoplasm, the myofibrils,
triphosphate (ATP), and inorganic phosphatg, @s wellas  have an elongated, cylindrical shape (Salmons, 1995).
intracellular pH (for a review see Radda, 1992). Knowledge This is the first study to report on the diffusion charac-
of the intracellular diffusive transport of the high-energy teristics of ATP in intact skeletal muscle in situ.
phosphates PCr and ATP is crucial for the quantitative
description of mammalian bioenergetics. NMR diffusion
measurements of PCr and ATP provide an exceptionaTHEORY
means of probing the barriers to diffusion in the cytoplasmicBelow we will first explain the novel elements of the NMR
space, in terms of both their dimensions and their orientatiorpulse scheme that made possible the quantitation of ATP
A major goal of this study was to design a NMR pulse diffusion in intact muscle. Thereafter, the basic theory of
scheme that would allow the measurement of ATP diffusionNMR diffusion measurements in homogeneous and hetero-
with sufficient sensitivity. To that end, a frequency-selec-geneous systems that formed the basis of the data evaluation
tive stimulated echo sequence was developed that refocusgssummarized.
J-modulation of the ATP resonances. The sequence is based
on the use of adiabatic radiofrequency pulses, in combina- L
tion with a surface coil for signal excitation and reception. Adiabatic stimulated echo sequence

The apparent diffusion coefficients of PCr and ATP wereThe measurement of the diffusion coefficient of ATP (and,
determined as a function of the diffusion time and in thI'EEto a lesser extent, that of PCr) B&P_NMR spectroscopy
orthogonal directions, to account for the effects of diffusionposes a number of challenges. First, NMR of low gyromag-
netic nuclei like3!P is an insensitive technique that makes
the measurement of the ATP diffusion coefficient in vivo a
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surement of ATP and explain why most in vitéP-NMR
diffusion measurements of ATP suffer from a relatively 90°BIR-4  90° BIR-4 90° BIR-4

poor signal-to-noise ratio (Moonen et al., 1990; Yoshizaki V v TE/2 v ‘ ™ ' V TE/2
et al., 1990; Van Gelderen et al., 1994; Hubley and Moer- RF / / >—

land, 1995; Hubley et al., 1995). Often only PCr diffusion
data are presented (Moonen et al., 1990; Van Gelderen f*®"Y R
< >

al., 1994; Kinsey et al., 1999). PCr has a reasonably Tgng
(~170 ms), is present at relatively high concentrations Gradient ——= e«
compared to ATP, and has a singlet resonance. B

Surface coils are among the most sensitive NMR anten- 90° BIR-4 90° SSAP 00° SSAP

nae and are therefore frequently used for in vivo studies.
When the surface coil is not only used for signal reception, g TE/2 ™ TE/2 >_

but also for transmission of conventional RF pulses, signal

losses arise. This is because the nutation angle of such RFequency‘H J—H( "ﬂ

pulses is directly proportional to the generated RF field, d —

which is inherently inhomogeneous for surface coils. TO Gradient ——5/ .« :L / »
eliminate these RF-related signal losses, we decided to
employ adiabatic excitation pulses (Garwood and Ke, 1991l'fIGURE 1 NMR pulse sequences for the generationf)fg nonselec-
Garwood and Ugurbil, 1992; De Graaf and Nicolay, 1997).tive stimulated echo andj a selective stimulated echad)(The nonse-
Adiabatic pulses are amplitude- and frequency-modulatetbctive sequence employs adiabatic 90° BIR-4 pulses, for which the RF
RF pulses, capable of generating a uniform nutation ang|émplitude and frequency modulations are shown. Diffusion sensitization is

throughout the sensitive volume of the coil, independent 0fa\chieved by magnetic field gradients in the two TE/2 periods. The indi-
the RF amplitude ! vidual magnetic field gradients are characterizedeland 3, the gradient

] . . ramping time and pulselength, respectively. The magnetic field gradients
A stimulated echo sequence is the most appropriate NMRye separated by a deldy The third magnetic field gradient during TM is
pulse sequence for the study of translational diffusion ofa TM-crusher gradient used to dephase transverse magnetiz&jorhe
compounds with ShOI’TZ relaxation times (Moonen et al., selective sequence is executed with two adiabatic, frequency-selective
1990; Van Gelderen et al., 1994). FigAlshows a conven- SSAP pulses. These RF pulses have no effect orthd P resonance,

. . . . while the a- and y-ATP resonances are simultaneously rotated over a
tional stimulated echo sequence, executed with three adia- Y y

equency-dependent nutation angle (which is ideally 90°). As a conse-
batic 90° BIR-4 RF pulses. Pulsed magnetic field gradientsguence, J-evolution during TE will be refocused. Further details are given
executed during the two TE/2 periods, sensitize the NMRn the text.
signal to translational diffusion. The influencesTigfandT,
relaxation, diffusion, scalar coupling, and frequency offsetgduring TE for scalar coupled spins. At practical echo times
can be evaluated using the product operator formalisnthat allow sufficient time to incorporate the pulsed magnetic
(Serensen et al., 1983). For a scalar coupled, two-spifield gradients, the cosine term in Eq. 1 accounts for a large
system the density matrix of nucleus | at the top of the echgart of the signal losses associated with the pulse sequence
is given by in Fig. 1 A. The signal intensity for scalar coupled spin
systems like ATP would therefore significantly increase
ly - - N when J-evolution during TE is refocused. The sequence
G(TE+TM) = 21 —e TMITy) g TEMegbADCC o 7] TE) shown in Fig. 1B generates a selective stimulated echo and
(1) indeed is capable of refocusing the J-evolutioneefand
v-ATP. The SSAP pulse (De Graaf et al.,, 1995) is the
in which TE is the echo time; TM is the mixing tim&; and ~ adiabatic analog of a jump-return pulse that achieves semi-
T, are the longitudinal and transverse relaxation timesgselective excitation. In this study, tfeATP resonance was
respectivelyb is the diffusion-weighting factor (see below); nhot excited, while the other resonances were excited accord-
ADC is the apparent diffusion coefficient; antlis the ing to a frequency-dependent sinusoidal excitation profile.
spin-spin coupling constant. The product operator evaluation of the pulse sequence in
The stimulated echo represents 50% of the maximallyFig. 1 B gives the following expression for the magnetiza-
achievable signal, because only 50% of the transverse mag¢jon of a scalar coupled, two-spin system at the top of the
netization is along the longitudinal axis during TM. It can echo:
also be seen from Eq. 1 that relaxation affects the
magnetization during TM, whild, relaxation is only op- ¢(TE+ TM) =
erative during TE. Therefore, by choosing a relatively short @)
TE and a long TM period, the diffusion labeling time can be
long, without introducing large signal losses due i@  The cosine term for J-evolution has vanished and has been
relaxation. The last term in Eq. 1 arises from J-evolutionreplaced by a sine-squared term describing the excitation

A

|
Ey(l — @ Mg TEMg bADCGIR(D 117
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profile of the two SSAP pulses. By adjusting the intrapulsedirection of diffusion sensitization. The measured diffusion
delay within the SSAP pulse, the frequency of maximumcoefficient is commonly referred to as the apparent diffu-
excitation can be adjusted. Therefore, the sine-squared tergion coefficient (ADC). The restriction effects necessitate
in Eqg. 2 can be made unity for one ATP resonancer(y), complete knowledge of the diffusion tensor to adequately
while the other resonances experience slight signal lossedescribe the diffusion process. When the restriction ele-
By using appropriate values for J-coupling constants and thenents have cylindrical symmetry on a macroscopic scale,
SSAP excitation profile, it can be estimated that the selecthe diffusion tensoD’ in the tissue frame of reference
tive stimulated echo sequence generates almost three timssnplifies to
more signal than the conventional stimulated echo sequence. b o0 o

D = ( 0 D. O ) (7)
Isotropic diffusion 0 0 D

Stejskal and Tanner (1965) have shown that NMR experiyherep | andDj are the diffusion coefficients as measured
ments can be sensitized to diffusion by the use of pulsegerpendicular and parallel to the cylinder axis, respectively.
magnetic field gradients (Fig. 1). The general expression fofpe off-diagonal elements in the diffusion ten&@rof Eq.

the signal attenuatior(G)/S(0)) due to unrestricted diffu- 7 are zero in the tissue frame of reference. However, the

sion is given by diffusion coefficients are measured in the gradient frame of
SG) N y reference in which diffusion is described by the diffusion

= - G(t)dt"|-D- G(t")dt” |dt tensorp (Eq. 4). Becagse the gradient frame generally does

S0) not coincide with the tissue frame of reference, all elements

oTe ° 3) of D are nonzero. We have adopted the approach to the

orientational dependence of the diffusion coefficients that

S(G) andS(0) are the signal intensities in the presence anchas been suggested by Van Gelderen et al. (1994) and others
absence of diffusion sensitizing gradien®,is a gradient (Basser et al., 1994; LeBihan, 1995). The approach uses the

In

vector, andD is a rank two tensor given by trace of the diffusion tensor because this property is invari-
D, D, D, ant to rotation:
D=| Dx Dy Dy (4) Tr(D) = (D, + Dy, + D,,) = (2D. + D))
ZX zy zz _ Tr(D/) _ 3DTr (8)

For isotropic solutions, the diffusion coefficient is indepen-
dent of the direction along which it is measured, i.e., allDy,, which will be referred to here as the trace diffusion
elements of the diffusion tensBrare equal. For rectangular coefficient, is the average of the diffusion coefficients mea-
magnetic field gradients, Eq. 3 then becomes sured separately in the y, andz directions. The use of the
trace of the diffusion tensor implies that the results are not
|n<S(G)) _ —szaz(A _ 8)D - _bD (5) affected by the orientation of the sample in the magnet or
S0) 3 the distribution of fiber orientations in the muscle complex.
The signal attenuation in a diffusion experiment (with
two gradient pulses of amplitud®, durations, and sepa-
ration A) for the case of diffusion sensitization parallel and
perpendicular to the main cylinder axis in the case of
cylindrical boundaries is given by (Neuman, 1974; Van
Gelderen et al., 1994)

in which G is the gradient strengtld, is the duration of the
gradient pulseA is the gradient separation, and thealue
is a measure of the strength of the diffusion weighting.

The mean square displacementf the molecule inves-
tigated is given by the Einstein equation:

A% = 2Dty (6)

S )
in which ty; is the diffusion time that equald\(— &/3) for |n(50> = _VZGZDfSZ(A - 3) )
rectangular magnetic field gradients. Equation 6 is very
useful because the displacement is the actual physical prognd

erty that is measured. S
In() = —2v°G?
g)= 27

%

In vivo the presence of physical restricting barriers (e.g.,, 3 2C,0 — 2+ 267 + 27Ot — @ 87D — g Cni 1)
cell membranes) makes the effective diffusion coefficient™ < Cra(Read, — 1)

dependent on the shape, the size, and the permeability of the

restricting barriers as well as on the diffusion time and the (20)

Anisotropic diffusion
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respectively, in whichC,, = Dfozﬁq. Dy is the unbounded six different amplitudes of the diffusion gradients were used, resultiibg in
diffusion coefficientR is the radius of the cylinder, ang,, ~ values trri;lnqrirl\\/glzjtf'rom _1|_?]Omm’2't(')t.~40(]3?hsmm’2 at mtaxidmlt,lm, dtepgnd-h_ )
- ing on the ime. The acquisition of three separate data sets, in whic
are the roots of the equation the diffusion gradient was applied in they, or z direction, allowed the
Ji(amR) =0 (11) calculation of the apparelﬁlxx,. Dyyj andDzz,. gsing Eq. 4. The ayerage of
these represents the trace diffusion coefficient (Eqg. 8). Restriction effects
Jfl is the derivative of a Bessel function of the first kind, were assessed by determining the trace diffusion coefficient as a function
order one. of the diffusion timet;. The diffusion time was changed by increasing the
. . TM delay. TM was chosen to be 37.5, 75, 150, 300, 500, 800, and 1200 ms.
The mOdelmg of the eXpe”mental data that was based on In vitro 3P-NMR diffusion experiments were performed using the
the above expressions assumes a finite diameter and a@Bove stimulated echo sequence, on two different spherical samples con-
infinite length of the cylindrical compartment, i.e., restric- taining 1) 40 mM PCr, 25 mM ATP, 15 mM;Pand 30 mM MgC} (pH
tion effects are assumed to play a role only in the radial and -21? and dZ) 25me ADP atntf] 3;OT,\n,,Wl Mg5%l(p1|_(|)o7§)dglz-ol\(l)MR ;v gf)o
. . . . performed as above, except tha was 50, , , ,an ms.
not in the axial direction. H-NMR experiments of Cr and water diffusion were carried out on a
sample containing 40 mM Cr (pH 7.2), using a one-turn surface coil (& 20
mm) tuned to a proton frequency of 200.1 MHz, and ¥5.0 s, NA=
MATERIALS AND METHODS 32, and TE= 10 ms. For thé'H studies, the SSAP pulses were used for

The experiments were performed using a Varian (Palo Alto, CA) Spec_water suppression. In vitro experiments were perfqrmed at' 20°C and at
trometer interfaced to a 4.7-T Oxford magnet equipped with a high-37°C- The sample temperature was maintained with the aid of a warm
performance gradient insert (220 mT/m in 306). In vivo experiments yvater circulation s_ystem. The in vitro data were averaged from four
were conducted on adult male Wistar rats (300-376 g, 6) that were ~ independent experiments. ) ) . )
mechanically ventilated with )0/O, (7:3) and 0.8% halothane. Body The NMR spectra were analyzed with the time-domain flttmg routln.e
temperature was kept at 37 1°C by means of a water-heated pad. The RF VARPRO (Van der Veen et al., 1988). The resonances were fitted with
pulse was transmitted and the NMR signal received with a two-turn surfac&Crentzian lineshapes. After fitting the first spectrum of a series without
coil (@ 25 mm) tuned to the phosphorus frequency (80.984 MHz). Theconstramtg, all fqllowmg.spectra were fitted with flxed.llneW|dths, phases,
surface coil was positioned on the skeletal muscle of the left hindleg, whictfnd chemical shift positions:- and y-ATP were both fitted as a doublet

271 —
includes the gastrocnemius, plantaris, and soleus muscles. Except for thel = 1815_22'0 Hz). ) ) ) .
inherent localization provided by the surface coil, no spatial localization "€ Signal attenuation curves were fitted to a single exponential func-

was used to maximize sensitivity and to avoid potential cross-terms pelion to yield the apparent diffusion coefficient. The data points that related

tween diffusion gradients and volume selection gradients. the tface diffusi_on coeffif:ient to_ the di'ffu_sion time were fitted with a
Diffusion-weighted spectra were acquired with the pulse Sequencé;radlent-expansmn algorithm written within IDL. (Interactive Data I'_an-.
shown in Fig. 1B, using a repetition time TR- 5.0 s, echo time TE= 20 guage; Research System_s, Boulder, CQ) tp obtain the unboundgd diffusion

ms, number of acquisitions NA 128, acquisition time= 51 ms over a coefficientD; and the_ radius of the cylindrical boundaRy according to
spectral width of 2500 Hz. The frequency offset of the selective SSAPEAS- 9 and 10, following the procedure used by Van Gelderen et al. (1994).
pulses (corresponding to the nulling frequency) was set ongtAd P

resonance, while the intrapulse delay was adjusted to give maximum

excitation of they-ATP resonance. The duration of the BIR-4 and SSAP

pulses was 2.0 ms, with modulation functions as previously describedRESULTS

(Garwood and Ke, 1991). . 1
Diffusion sensitization was accomplished using magnetic field gradi-FIg' 2 shows*'P-NMR spectra from rat skeletal muscle, as

ents (Fig. 1) in which the ramp timewas set at 30@s, while the gradient ~measured asa funCtion of the thO time TE. The. spegtra
pulselengths was 9.3 ms. To measure the apparent diffusion coefficientswere acquired with the nonselective and the selective stim-

30 (msec)

5 0 5 10 15 5 0 5 q0 15
PPM PPM

FIGURE 2 3!P-NMR spectra of rat skeletal muscle measured as a function of the echo time 7 floe fionselective andBj the selective NMR pulse
sequences as shown in Fig.AlandB, respectively. Thg8-ATP resonance is not visible B, because of the frequency-selective excitation profile of the
SSAP pulses. However, because J-evolution is refocuséd time «- and y-ATP signal intensities at longer echo times (FE20 ms) are substantially
higher than those obtained with the nonselective NMR pulse sequahceEhe PCr peak is cut off to allow a better visualization of the ATP peaks. Note
that the relative peak intensitiesiare affected by the excitation profile of the SSAP pulses. This explains the difference in intensityrobtiy-ATP
peaks. TM was 75 ms.
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ulated echo sequences as depicted in FigAland B, function of the diffusion-weighting factdo (Eq. 5) for the
respectively. Fig. 2 shows that the NMR signal decreasethree different directions. The trace diffusion coefficients,
with prolongation of the echo time, as expected. Howeveras calculated from data exemplified in FigAdare shown
in the case of the selective sequence theand y-ATP  in Fig. 4 B as a function of the TM period. The diffusion
signals persisted at longer echo times (compare Figh 2, restriction is evident from the decrease in the trace diffusion
andB) because their attenuation was no longer affected byoefficient with increasing TM times. The solid lines in Fig.
J-modulation effects. In subsequent in vivo diffusion mea-4 B represent the best fit according to Egs. 9 and 10. Fig. 4
surements a TE of 20 ms was used. Fi@® demonstrates C shows the mean square displacement as a function of TM.
that appreciable ATP signal persists at this echo time wheifhe dotted line represents the mean square displacement
the new pulse scheme is used. when assuming unrestricted diffusion, and its deviation
The diffusion coefficients of inorganic phosphate)(P from the experimental curve is another manifestation of the
phosphocreatine (PCr), and ATP were measured under irestrictions imposed on PCr and ATP diffusion in vivo. The
vitro conditions. These measurements in a homogeneoumbounded diffusion coefficientd; and the radiufk were
medium serve as a reference point for the in vivo studies. Asbtained by modeling the data for a cylindrical diffusion
expected, the diffusion coefficients were independent otompartment (Table 2D; of PCr and ATP as determined in
TM because diffusion is unrestricted in this case (data novivo were ~86% and~95% of the in vitro diffusion coef-
shown). In addition, the diffusion coefficients of creatine ficients at 37°C (Table 1), respectively. The limiting radii
(Cr) and water were measured usittNMR. The in vitro  for ATP and PCr were estimated to amountt8 and~11
diffusion coefficients measured at 20°C and 37°C are sumum, respectively. The data analysis for theand a-phos-
marized in Table 1. At 37°C, the diffusion coefficients of all phates in ATP yielded essentially identical results.
molecules tested were’50% higher than at 20°C. These
data are in good agreement with values in the literature
(Moonen et al., 1990; Nicolay et al., 1995; Hubley et al.,

1996 Kinsey et al., 1999). DISCUSSION
Two representative sets of diffusion-weight&®-NMR  The in vivo measurement of the diffusion coefficient of
spectra from intact skeletal muscle are shown in Fig. 3. Sixmetabolites by NMR poses a challenge because of the low

spectra were acquired with different gradient strengths, anthherent sensitivity of NMR and is further complicated by
the magnetic field gradient direction was approximatelysignal losses associated will} and T, relaxation and by
parallel (Fig. 3A) or perpendicular (Fig. B) to the muscle  J-evolution in the case of scalar-coupled spins. A diffusion-
fiber direction. Signal attenuation is more prominent in Fig.sensitized NMR pulse sequence was presented that mini-
3 A than in Fig. 3B. This is a manifestation of diffusion mizes most of the above signal losses and allows the de-
anisotropy. The effect is not only evident for the PCrtailed characterization of the diffusion properties of PCr and
resonance but, because of the good signal-to-noise rati?yTP under in vivo conditions.
also clearly visible for thex- andy-ATP resonances. The diffusion NMR experiments were done as a function
Measurements such as those in Fig. 3 were carried out fasf the direction and the duration of diffusion sensitization.
three orthogonal gradient directions and as a function offhe data are indicative of diffusion restriction and anisot-
diffusion time. Fig. 4A gives a typical example of the ropy effects that appear to be similar for PCr and ATP. The
integrated signal intensities for PCr andandy-ATP as a  relationship between the trace of the diffusion tensor and the
diffusion time was assumed to be governed by cylindrical
geometry, inspired by the macroscopic and microscopic

TABLE 1 Diffusion coefficients D of metabolites in vitro, as structural features of skeletal muscle (Salmons, 1995). The
measured at 20°C and 37°C modeling, which yielded satisfactory fits of the experimen-
D(10°m?-s7Y) tal data, produced two significant results. First, the un-
T, 20°C T,37°C bounded diffusion coefficient®; of PCr and ATP in vivo
P 0.59+ 0.09 0.95% 0.07 approached in wtro_values. Similar va_lues have been_ re-
PCr 0.48+ 0.05 074+ 004  Ported for PCr by Kinsey et al. (1999) in excised goldfish
ATP' 0.35+ 0.05 0.53= 0.06 red and white muscle and by Van Gelderen et al. (1994) in
crt 0.63* 0.05 0.91* 0.03 rabbit hindlimb. Second, the diameter of the cylindrical
ADP' 0.33+0.04 0.52£0.05  regtriction elements was estimated to be 16 angu@2for
Water 1.93+ 0.02 3.00+ 0.02

ATP and PCr, respectively. Similar numbers were found for
*In vitro samples contained 1) 40 mM PCr, 25 mM ATP, and 30 mM PCr in rabbit muscle (Van Gelderen et al., 1994). Our data
MgCly; 2) 25 mM ADP and 30 mM MgGt or 3) 40 mM Cr (pH 7.2). — ghow that the diffusion characteristics of ATP and PCr are
The ADC of ATP is the average of the values for treanda-phosphates. ble i . This i | ibl It b th

The ADC of ADP was determined from the signal of the termiggdhos- comparable _m VIvO. ISisap al_JSI € result because the
phate. two metabolites probe the same intracellular compartment

*Measured with"H-NMR spectroscopy. in skeletal muscle. There are no transport systems that

Biophysical Journal 78(4) 1657-1664
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FIGURE 3 Typical diffusion-weighted A B
pCr| AP

31P-NMR spectra from rat hindleg skeletal

muscle in vivo acquired at TM= 75 ms. / \
Diffusion sensitization was performed)(

in the z direction (which was approxi- Y o
mately parallel to the muscle fibers) and

(B) in thex direction of the gradient frame 89
of reference (which was approximately 124 G
perpendicular to the muscle fibers). The 182

diffusion weighting increases from back to st 206 (mT / m)
front. The diffusion anisotropy is clearly vis- T ‘ ‘ ‘ U i

ible for both the PCr and ATP resonances. 0 PigM -10 1503 0 PigM -10 15

mediate the transfer of PCr across membranes. Thereforis relatively low in the muscle complex sampled, the ATP
this charged molecule is entrapped in the cytoplasmic comdiffusion data also primarily report on the cytoplasmic
partment of the myocyte. In contrast, ATP has access teompartment. Further study is required to establish whether
other parts of the muscle cell, including the mitochondrialthe slightly smaller diameter of the restricting element for
matrix space. However, because the mitochondrial densitATP as compared to PCr is significant.
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FIGURE 4 In vivo diffusion of PCr and ATP in rat skeletal muscl&) (ntegrated signal intensities for PCr and andy-ATP as a function of thé

value (TM = 75 ms). The curves were fitted with a monoexponential function to estimate the apparent diffusion coefficient. The diffusion anisotropy is
evident from the curves for the different gradient directiar(# ), y (H), andz (®). (B) Trace diffusion coefficienD+, for PCr anda- and y-ATP as a
function of TM (which is proportional to the diffusion time). Each experimental point is the average of six independent measurestsrtard deviation.

The solid line represents the best fit to the experimental data according to Egs. 9 a®) Ifade mean square displacemarf, for PCr, anda- and

v-ATP as a function of TMAZ%;, was calculated from the (time-dependent) trace diffusion coeffidfgpias shown inB, according to Eq. 6. The solid

lines are the best fit to the experimental data. The dotted lines indicate the mean square displacement when the unrestricted diffusiorDgg@lficient

as obtained from the modeling B, is used in Eq. 6. The difference between the dotted and solid lines is again indicative of diffusion restriction.
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TABLE 2 Unbounded diffusion coefficients D; for PCr and (Jacobus, 1985) and 2) facilitated diffusion (Meyer et al.,
- and y-ATP and radius of cylindrical boundary 1984) in which PCr diffuses to sites of ATP utilization and
D; (10°m?-s7?Y R (10" ¢ m) is used to rephosphorylate ADP via creatine kinase activity.
PCr 0.64= 0.07 10.7+ 0.9 Diffusion of Cr to the ATP-delivering sites and its phos-
y-ATP 0.51+ 0.08 8.2+ 1.0 phorylation by local creatine kinase species close the Cr/
a-ATP 0.49+ 0.09 8.8+ 1.1 PCr cycle (Wallimann et al., 1992; Nicolay et al., 1998).

The net fluxJ of metabolites by direct diffusion is propor-
tional to D; *(dC/dr), i.e., the product of the free diffusion

Van Gelderen et al. (1994) have proposed that PCr difcoefficient and the concentration gradient. Realistic in vivo
fusion in the radial dimension of the myocyte is limited by concentrations for metabolites in rat skeletal muscle are
the sarcolemma. The diameters of muscle fibers in rafPCr] = 20 mM, [ATP] = 5 mM, [Cr] = 8 mM, and [ADP]
hindlimb are known to range from-60 um for fast-type = 0.02 mM. Our data show that the unbounded in vivo
IIA fibers in gastrocnemius muscle (Schluter and Fitts,diffusion coefficients of PCr and ATP are90% of their in
1994; de Ruiter et al., 1995) and for slow-twitch fibers in vitro values. Therefore, the unbounded in vivo diffusion
soleus muscle (McDonald and Fitts, 1995)+®&0 um for  coefficients of Cr and ADP are estimated to be 0.82 and
slow-type | fibers in soleus muscle and fast-type 1B fibers0.47 X 10 ° m?s ™2, respectively. Assuming equal concen-
in gastrocnemius muscle (Schluter and Fitts, 1994). Thereiration gradients, it can be shown thii., ~ 5J,1p and
fore, we favor the interpretation that the diffusional anisot-Js, => Japp. This would imply that direct diffusion may
ropy in rat muscle results from intracellular barriers well suffice for ATP transport to the myofibrils (forward flux),
within the boundaries of the sarcolemma. Kinsey et albut that the CK-mediated facilitated diffusion mechanism is
(1999) have recently studied PCr diffusion anisotropy inhighly favorable for the return of ADP equivalents to the
isolated goldfish muscle. Their data also provided convincmitochondria. When the facilitated diffusion model of
ing evidence that the radial restriction does not involve theMeyer et al. (1984) is considered, it nevertheless can be
cell membrane. In addition, the time scale over whichshown that>99.8% of the forward flux is also carried by
changes in diffusion occurred indicated that interactions oPCr/Cr because of the near-equilibrium CK system. There-
PCr with the thick and thin filament lattice of actin and fore, direct diffusion of ADP and ATP will only play a
myosin were not involved. Kinsey et al. (1999) hypothesize significant role in the absence of cytoplasmic CK. Direct
rather, that the sarcoplasmic reticulum and mitochondria aradenine nucleotide diffusion will suffice for short diffusion
the principal intracellular structures that restrict diffusionallengths €2 um) but may be expected to limit metabolic
transport of PCr in an orientation-dependent manner. Botleapacity for longer diffusion distances. It should be noted
have dimensions on the micron length scale and have that the above calculation made use of the estimated un-
structural organization that is compatible with the observedounded diffusion coefficients, while diffusive transport
anisotropy. Further experimentation is warranted to subever length scales of tens of microns will strongly reduce
stantiate this interesting hypothesis. the effective diffusion coefficients. This situation will make

The NMR signal that forms the basis of our diffusion the role of indirect diffusive transport of ATP/ADP via the
assessment originated from a mixture of fiber types. ItPCr/Cr couple even more prominent. Evidence in support of
cannot be excluded that metabolite diffusion differs amonghe proposal that direct ATP/ADP diffusion may limit the
fiber types. However, Moerland and co-workers have re<capacity of energy metabolism is provided by findings in
ported that the effective diffusion coefficient of PCr is very transgenic mice lacking the cytoplasmic M-type CK isoen-
similar in different fiber types of fish muscle (Hubley et al., zyme. Skeletal muscle in these animals lacks burst activity
1997; Kinsey et al., 1999), suggesting that the cytoplasmi@nd shows increased mitochondrial density, especially in
compartment poses similar barriers to diffusion in thesghe myofibrillar compartment (Van Deursen et al., 1993).
tissues, despite their functional differences. It should beThis adaptation causes a reduction of the mean diffusion
stressed that the current analysis procedure is insensitive fiath lengths of the adenine nucleotides between mitochon-
the distribution of fiber orientations in the sensitive volumedria and myofibrils.
of the NMR receiver coil. The results possibly are affected The present findings may contribute to the debate on the
by the presence of nonmuscle tissue in the sensitive volumeonstitution of the intracellular milieu. The in vivo un-
of the coil. This is considered a minor issue because théounded diffusion coefficients of both ATP and PCr ap-
ATP and PCr content of this tissue is low. proach in vitro values. This suggests that the viscosity of the

The measured in vivo ADC values of PCr and ATP aqueous cytoplasm is not much lower than that of water.
provide useful information concerning the diffusive intra- Wheatly and co-workers (Agutter et al., 1995; Wheatley,
cellular transport that connects the free-energy deliverind998) have recently postulated that diffusion has only a
sites (e.g., mitochondria) and the free-energy utilizing sitesninor role in metabolic activity and is “assisted” in many
in the muscle cell (e.g., myofibrils). ATP can essentially beaspects of cell physiology. NMR diffusion spectroscopy
transported by two different mechanisms: 1) direct diffusionmeasures molecular displacement and is not able to discrim-
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inate diffusion per se (in the sense of random BrowniarMattiello, J., P. J. Basser, D., and LeBihan. 1994. Analytical expressions

motion) from “assisted” diffusion. Further experimentation Eéézﬁ bAng.iﬁE_“{Tf diffusion imaging and spectroscogyMagn.
1S requlred to a}ssegg the phyS|caI mechanisms that und,erllXcDonald, K. S., and R. H. Fitts. 1995. Effect of hindlimb unloading on
the apparent diffusivity of ATP and PCr that was found in  rat soleus fiber force, stiffness, and calcium sensitidtyAppl. Physiol.
this study. 79:1796-1802.
Meyer, R. A., H. L. Sweeney, and M. J. Kushmerick. 1984. A simple
analysis of the “phosphocreatine shuttleAm. J. Physiol.15:
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