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Diffusion Coefficients of ATP and Creatine 
Phosphate in Isolated Muscle: Pulsed Gradient 
31P NMR of Small Biological Samples 
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Measurements of the intracellular diffusion coefficients (DJ of ATP and creatine phosphate (PCr) in stable, 
isolated preparations of skeletal muscle were made by means of pulsed field gradient (PFG) "P NMR. 
Experiments used a PFG N M R  probe specifically designed for small, superfused biological samples. This 
provided a magnetic field gradient in the z axis of up to 195 G/cm with minimal eddy currents. Di,7p and DiIyr in 
white (fast, glycolytic) skeletal muscle from goldfish (Carassius auratus) were determined to be 2.48 f 0.33 and 
3.49 k 0.33 X lo-" cm2/s, respectively, at 25 "C and a diffusion time of approximately 19 ms. For comparison 
with Di values, diffusion coefficients of ATP and PCr also were measured in solutions of ionic composition similar 
to that of fish muscle cytosol. The in uitro diffusion coefficients of ATP and PCr were 3.54k0.11 and 
5.28k0.08 X lo-' cm2/s, respectively, at 25 "C. 

____ 

INTRODUCTION 

Pulsed field gradient nuclear magnetic resonance spec- 
troscopy (PFG NMR) is an effective method for deter- 
mining diffusion coefficients in a wide variety of 
systems.' This technique also makes possible analysis of 
structural properties and fluid transport in porous 
materials.' Due to its non-invasive nature NMR is well 
suited for studies of biological systems, and PFG NMR 
can provide information about intracellular diffusion 
and cellular compartmentation." Pulsed field gradient 
techniques have been widely applied to biological 
systems in the form of 'H imaging studies and 'H 
spectroscopic studies of water diffusion. The combi- 
nation of PFG NMR and 3'P NMR provides a unique 
method for measurng the intracellular diffusion coef- 
ficients (D,) of the bioenergetically important mole- 
cules ATP and creatine phosphate 

In this study we describe a PFGNMR probe 
designed specifically for the study of intracellular diffu- 
sion of phosphorous metabolites in small tissue sam- 
ples, Small sample size provides several distinct techni- 
cal advantages for PFG NMR: the magnetic field 
gradient needs to be homogeneous only over a small 
sample volume and the gradient coils can be placed 
near the sample and distant from the B,, coil. This 
increases the magnitude of the gradient across the 
sample and reduces the effects of eddy currents that 
influence the B,  magnetic field and signal acquisition. 
Small size also provides distinct biological advantages: 
small, excised tissue samples are readily maintained in 
a condition representative of normal physiology, and 
samples can be selected on the basis o f  desired physio- 
logical or biochemical properties.x 

Autho r  to whom correspondence should be addressed 

Ahhreviations used: D ,  in iiirro dif lusion coeflicient; [ I , .  intracellular 
diffusion coel'ficient; FID. frcc induction decay: PCr. creatinc phos- 
phate; PFG. pulsed field gradient; PGSE, pulsed gradient spin echo: 
S N R .  signal-to-noise rat io. 

We also report measurements of the D, of  ATP and 
PCr in metabolically stable preparations of white skele- 
tal muscle from goldfish (Caru.ssiu.s aururtcs). These 
data were obtained with a short diffusion time (approx- 
imately 19 ms) i n  order to obtain an estimate of the t rue 
intracellular self-diffusion coefficients for these mole- 
cules. In uiuo measurements of D,,,,, and D,,,r, are 
compared with the in oitro diffusion coefficients ( D )  of  
these compounds measured in solutions of ionic com- 
position similar to that of goldfish skeletal muscle. 

EXPERIMENTAL 

An i m a 1 s 

Goldfish were obtained from Pineland Plantation Fish 
Farm (Newton, GA)  and housed in 1000 L tanks. Fish 
were acclimated to a temperature of 25 k 1 "C for a 
minimum of 6 weeks. Animals were maintained o n  a 
12 h : 12 h day: night cycle, and fed a daily diet of catfish 
chow. Animals weighed 210 +_ 53 g (mean k SEM) at 
dissection. 

Statistics 

Comparisons using analysis of  variance (ANOVA and 
repeated measures ANOVA) and [-test passed tests of 
normality and equal variance. A significance level o f  
p c0.05 was utilized in all statistical procedures. 
Statistical analyses were performed using the 
SigmaStartTM for WindowsrM software program (Jandel 
Scientific Software, San Rafael, CA). 

Probe and gradient driver 

Experiments were performed on a Bruker HX-270 
wide-bore (89 mm) superconducting magnet with a 
Macintosh@-based pulse programmer and a 
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Figure 1. Gradient probe. (A) Side view of the probe with the RF coil and sample tube located below one of the gradient coils. (6) 
Probe head with the upper gradient coil removed and the RF coil and lower gradient coil, which appears as a dark circle, exposed. 

mAcSPECT' data acquisition system (Tecmag, Inc., 
Houston, TX). The PFG NMR probe was constructed 
at Florida State University and is shown in Fig. 1. The 
configuration of the probe and its system for tissue 
superfusion were based upon the design described by 
Wiseman el A glass capillary tube (2.0mm 
ID x 2.4 mm OD) oriented in the xy plane relative to 
the B,, magnetic field served as the sample holder. The 
RF coil was an eight turn solenoid (32-swg) wound on 
the  sample tube with the spacing between turns equal 
to the diameter of the wire. It has been shown that this 
configuration optimizes the signal-to-noise ratio (SNR) 
from a small sample by increasing sample volume, even 
though the quality factor for this coil design is not 
optimal .8 

The gradient coils were an opposed pair of coaxial, 
circular coils positioned above and below the sample 
tube to produce a magnetic field gradient along the z 
axis. With this configuration, D, values in muscle were 
measured radially, i.e., perpendicular to the long axis 
of the muscle fibers. Gradient coils were wound on 
conical Teflon formers, patterned as described by 
Tanner,' with an OD of 2.5cm and an ID of 1.5cm. 
Each coil was made from 16 turns of 26-swg copper 
wire insulated with a coating of poly(viny1 formyl) 
resins. This design was selected for its simplicity and 
good gradient uniformity across a small sample 
volume."' A schematic of the gradient coil driver is 
shown in Fig. 2. The circuit used TTL logic for com- 
patability with the pulse programmer output. The use 
of a high gain, high current Darlington transistor 
allowed rapid rise and fall times of less than 20 ps for a 
52 G/cm gradient pulse. Current output was varied by 
switching fixed-value carbon-composition resistors, in 
series with the gradient coils, in  or out of the circuit. 

Gradient characteristics 

Gradient strength (g) was calibrated by measuring the 
echo attenuation of water due to diffusion in a magnetic 
field gradient." For calibration, the probe was tuned to 
270MHz to observe 'H and temperature was main- 
tained at 25 f 0 . 5  "C. By this method g was determined 
to be 12.0 G/(cm A) with a maximum gradient strength 
of 195 G/cm at 16.3 A. For subsequent experiments the 
probe was tuned to observe "P at 109MHz. 
Homogeneity of the gradient was tested by determining 
the diffusion coefficient of PI in a small sample of 
200 n m  PI in water (1 mm in length along the sample 
tube axis) placed at different locations in the sensitive 

Figure 2. Gradient driver circuit diagram. 
C1= 100 pF R1 = 6.2 kR R6=1  kR 

D1, D2=1N914 R3 = 5.6 kQ R12=910 R 
U 1 = 74LS04 01 = 2N3906 

Q2 = MJ3000, 10 A 

C2= 1000 KF, 50 V R2= 10 kR R7-R11=1OR 

R4 = 4.7 kR 
R5 = 2.7 kQ 

darlington 
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volume of the RF  coil. Measured diffusion coefficients 
did not differ significantly with sample location, indicat- 
ing that the magnetic field gradient was homogeneous 
over the sample volume. We considered the possibility 
that vibrations associated with gradient pulses may 
cause convection in the sample, which would inflate 
diffusion coefficients measured in this probe. Direct 
inspection of the probe while in the magnet gave no 
indication of mechanical instability when gradient 
pulses were applied. Further, if significant convection 
did occur, this would have the consequence of making 
the apparent mobility for phosphorous metabolites 
similar to that of the bulk medium. Our analysis indi- 
cated this was unlikely, because diffusion coefficients of 
phosphorous metabolites measured in this probe were 
an order of magnitude less than the diffusion coefficient 
of water. In addition, diffusion coefficients for PCr and 
ATP measured here agree well with previously 
reported values obtained by NMR and by other meth- 
ods. To determine the extent of residual eddy currents 
after gradient pulses, 3'P spectra of 149 mM P, in water 
were taken in which the RF pulse was applied after a 
5 ms gradient pulse of 195 G/cm. The delay between 
the gradient pulse and the RF  pulse was varied from 
5 ps to 2 ms. Comparisons between spectra acquired 
with gradient pulses and control spectra in which the 
gradient pulses were not applied were made using 
difference spectra. This analysis showed that under 
these conditions, which represent the highest gradient 
intensity used, there was no detectable signal loss or 
phase distortion 500 ps after the gradient pulses. 
Subsequent experiments included a delay of at least 
500ps after gradient pulses, prior to RF  pulsing or 
signal acquisition. 

Sample preparation 

For determinations of D,, strips of white skeletal mus- 
cle were isolated from the anterior epaxial region of 
goldfish that were anesthetized with tricaine methane- 
sulfonate (100 mg/L). This preparation consists of a 
uniform population of fast, glycolytic muscle fibers. '' 
Strips of tissue were cut to a size that filled the inner 
volume of the sample tube (approximately 90 mg wet 
weight), and werc mounted in the sample tube using 
4-0 silk suture thread tied to the ends of the tissue. 
Throughout the experiment, isolated tissue was super- 
fused with goldfish Ringer's solution'3 that was main- 
tained at 25 k0.5 "C and equilibrated with 95%) O?: 5% 
COz gas. Fully relaxed "P spectra (12 s recycle delay) 
were acquired at the beginning and at the end of each 
experiment in order to observe the metabolic status of 
the tissue. Preparations were stable for approximately 
6 h, after which an increase in the P,/PCr ratio was 
observed. To prevent changes in metabolite levels from 
influencing measurements of D,, the duration of experi- 
ments was limited to less than 6 h post-dissection. 

Determination of D values of ATP and PCr were 
made in solutions of the following composition (mM): 
10 ATP, 30 PCr, 10 Tris (tris(hydroxymethy1)amino- 
methane), 30 MOPS (3-(4-morpholino)-propane- 
sulfonic acid), 5 EGTA (ethylene glycol-bis(P- 
aminoethyl ether) N,N,N',N'-tetraacetic acid), 
180 K + ,  and 240 ionic strength; pH = 7.02. pCa" = Y.O, 
and pMg'+ =2.5.  Solutions were contained in 100 yL 
glass micropipettes that were inserted in the  sample 
tube. Temperature was maintained at 25 f 0.5 "C by 
passing temperature-controlled air across the sample 
tube. 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

5.0 0.0 -5.0 .10.0 -15.0 -20.0 
PPm 

Figure 3. PFG 31P NMR spectra of goldfish skeletal muscle. PCr is at -2.52 ppm and the 
y-, U- and fi-ATP peaks are at -5, -10 and -18.5 pprn, respectively. Experiments were 
performed using a stimulated echo: xl2 pulse = 4.2 ps, r ,  = 3 rns, rz = 20 rns, i~ = 2.5 rns 
and A = 20 rns; a 5 rns homospoil pulse was applied between the second and third RF 
pulses. Magnitudes of the diffusion gradient pulses (in Glcm) are given on the left-hand 
side of the spectra. 
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Figure 4. A plot of signal attenuation (In[A(g)/A(O)I) vs the 
square of gradient strength for PCr (0-0) and a-ATP (M) in 
aqueous solution. Data are from a single experiment and the 
lines represent least squares regressions with r =  -1.0 and 
-0.98 for PCr and ATP, respectively. 

Measurement of diffusion coefficients 

A PFG stimulated echo pulse sequencei4 was used to 
determine D,,,, and in goldfish skeletal muscle. 
Pulse sequence parameters are given in Fig. 3 and are 
dcfined as follows: ti is the time between the first and 
second 90" R F  pulses, t2 is the time between the first 
and third 90" RF  pulses, 6 is the width of the gradient 
pulses, and A is the spacing between the leading edges 
of the gradient pulses. For each determination of D,  a 
spectrum was acquired without diffusion gradient 
pulses and three spectra were acquired using three 
different diffusion gradient strengths. In oiuo PFG "P 
NMR spectra (Fig. 3) were acquired as 1600 FIDs and 
2048 data points with a +2000 Hz sweep width and a 2 s 
recycle delay. The accumulated FIDs were zero-filled 
to 4096 points and multiplied by an exponential corre- 
sponding to 15Hz line broadening prior to Fourier 
transform. 

To ascertain if the observed D,  was a function of 
diffusion time, separate experiments were performed in 
which D,,, I was determined at five different diffusion 
times on individual muscle samples. The pulsed gradi- 
ent spin echo (PGSE) pulse sequence" was used and 
the diffusion time, defined by the parameter A - 6/3, 
was set at either 8.7, 11.2, 14.0, 19.0 or 29.2ms. For 
each diffusion time, four 31P spectra were acquired with 
gradient strengths of 0, 22, 58 and 128 G/cm. In order 
to obtain the required number of spectra from indivi- 
dual muscle samples the number of FIDs per spectrum 
was reduced to 200, and under these conditions data 
suitable for analysis were obtained only from PCr. 

For measurements of D in solution, "P spectra were 

acquired as 340 FIDs and 1024 data points with a 
k2000 Hz sweep width and a 5 s recycle delay. The 
PGSE pulse sequence was used with the following 
parameters: t = 25 ms, A = 20 ms and 6 = 4 ms. By set- 
ting '5 equal to 25 ms (1/2 J )  the J-couplings of the ATP 
peaks result in the triplet of the P-ATP peak being in 
phase with the PCr singlet, and the a- and y-ATP 
doublets being 180" out of phase." A control spectrum 
was acquired without gradient pulses and five spectra 
were acquired at gradient strengths of 19,37,52,66 and 
78G/cm. FlDs were zero-filled to 2048 points and 
multiplied by an exponential corresponding to 15 Hz 
line broadening prior to Fourier transformation. 

Data were analyzed using the equation of Stejskal 
and Tanner:" 

where A (g) is peak amplitude with gradient pulses, 
A (0) is peak amplitude without gradient pulses, y is the 
magnetogyric ratio, and 6, A and g are defined above. 
Peak amplitudes were determined by fitting Lorentzian 
lineshapes to the peaks" using the MacNMRTM soft- 
ware (Tecmag, Inc.) non-linear least squares algor- 
ithm. Diffusion coefficients were calculated from a least 
squares regression of In[A (g)/A (O)] against g' (Fig. 4). 
Correlation coefficients for both in uioo and in oitro 
data were greater than 0.80. 

~ ~ ~ 

RESULTS 

Table 1 presents measurements of D,,,, and in 
isolated preparations of goldfish skeletal muscle, as 
well as previously reported diffusion coefficients in 
skeletal muscle for comparison. Fully relaxed spectra 
taken before and after the stimulated echo spectra 
showed no measurable P,, indicating preparations were 
metabolically stable throughout the experimental per- 
iod (less than 6 h). Measurements of DIN., at different 
diffusion times using the PGSE pulse sequence showed 
that D,,,r was independent of diffusion time in the range 
from 8.7 to 29.2 ms (Fig. 5). Table 2 presents values of 
DATp and DpCr in solution determined in this study and 
in previous studies. Values of D,,,, and D,,,, in  goldfish 
skeletal muscle were significantly less (Mann-Whitney 
rank sum test, p c0.01) than values of DATp and Dp(.r in 
solution. 

Table 1. Diffusion coefficients of ATP and PCr in skeletal muscle 

D~ATP ~ I P C ,  
(X IO  crn2/s) ( X I O  6crn2/s) T PCI Method Ref. 

2.48k 0.33 (4)" 3.49 f 0.33 (5) 25 PFG NMR This paper 
2.0k0.12 (11) 2.8f0.09 (11) 24 PFG NMR 7 

NA -7.3 37 PFG NMR 5 
-1.3 (ll)b NA 20 Tracer diffusion 18 

Diffusion coefficients are means+ SEM ( n ) .  
a The values determined from the a- and pATP peaks did not differ significantly 
(Mann-Whitney rank sum test, p=0.20)  and D,,, represents the average of 
these values. The B-ATP peak did not provide enough signal for consistent 
measurements. 

Value obtained by extrapolation from Fig. 2 of Ref. 18. 
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Figure 5. D,pCr in goldfish skeletal muscle as a function of 
diffusion time by the PGSE method. Diffusion coefficients are 
shown as means+-SEM (n=4) .  does not vary significantly 
between diffusion times of 8.7 to 29.2 ms (one-way repeated 
measures ANOVA, p=0.79). Note that QK, determined by the 
PGSE method did not differ significantly from QPcr measured 
with a PFG stimulated echo given in Table 1 (f-test, p=O.19). 

DISCUSSION 

Values of the Di of ATP and PCr obtained in the 
present study a ree favorably with those obtained by 
Yoshizaki et al. for the femoral biceps muscle of frog. 
In contrast, Moonen et report a value of Dipcr in rat 
hindlimb that is more than two-fold higher than our 
value and that of Yoshizaki et al.' One possible ex Ian 
ation is that the value reported by Moonen et al. was 
obtained at a higher temperature than either the pres- 
ent study or that of Yoshizaki et al.' However, a 
calculation based upon the Stokes-Einstein equation2' 
predicts a 1.5-fold increase in diffusion coefficients 
between 25 "C and 37 "C, which is substantially less 
than the observed difference. This calculation accounts 
for the difference in absolute temperature and incor- 
porates an estimate of the effects of temperature on 
viscosity of the cytosol." The physical effects of tem- 
perature on diffusion therefore do not provide a com- 
plete explanation for differences between the value of 
DiPCr obtained by Moonen et a[.' and the values of DiPCr 
in the present study and Yoshizaki et al.' The structure 
of the myofilament lattice in vertebrate skeletal muscle 
is similar across taxa and QPcr in frog and goldfish 
muscle are closely comparable, indicating that species 
differences are unlikely to be a significant factor in this 
discrepancy. 

The apparent Di for both phosphorous metabolites 
and water in muscle can be influenced by structure 

B 

P -  

Table 2. Diffusion coefficients of ATP and PCr in solution 
DATP DpCr 

( x ~ O - ~  crn2/s) ( x ~ O - ~  cm2/s) T l"C) Method Ref. 

3,5420.11 (24)' 5.2850.08 (24) 25 PFG NMR This paper 
3.750.4 (4) 5.220.3 (4) 24 PFG NMR 19 

3.8 5.4 23 PFG NMR 5 
-3.8 NA 25.5 Porous 20 

diaphragm 

Diffusion coefficients are means 5 SEM (n) .  
a The values determined from the y-, a- and P-ATP peaks did not 
differ significantly (one-way repeated measures ANOVA, 
D =  0.26) and OAT, represents the average of these values. 

within the As molecules diffuse, intracellular 
barriers restrict the effective displacement. This 
reduces the apparent Di as the time over which diffu- 
sion is observed increa~es.~. '  The observation that Dipcr 
did not vary significantly over diffusion times ranging 
from 8.7 to 29.2ms in our experiments (Fig. 5) indi- 
cates that the measured value of Dipcr represents the 
true (unrestricted) intracellular self-diffusion coef- 
ficient. The corresponding root mean square displace- 
ment of PCr due to diffusion over this period of time is 
0.8 to 1.4 pm, which as pointed out by Moonen et a1.' 
yields an estimated 'compartment size' of twice this 
value. The data thus indicate that the minimum effec- 
tive compartment size for unrestricted diffusion of PCr 
in muscle is approximately 3 pm. 

Diffusion coefficients in this study were measured 
radially (i.e., perpendicular to the long axis of indivi- 
dual muscle fibers), whereas Moonen et measured 
DiPCr approximately parallel to the muscle fiber axis. It 
has been shown that the diffusive mobility of water in 
skeletal and cardiac muscle is markedly anisotropic, 
with DiHZo measured in an orientation parallel to the 
myofiber axis greater than that measured perpendicular 
to it.'9.23 Although debated, the diffusive anisotropy of 
water in muscle is thought to reflect (at least partially) 
underlyin structural anisotropy of the myofilament 
lattice. 19."If present, similar anisotropy in the diffusive 
mobility of intracellular phosphorous metabolites could 
explain the observation that Dipc, measured parallel to 
the myofiber axis is greater than DIP,, measured 
radially. However, in this study measurements of Dipcr 
were limited to short diffusion times and restricted 
diffusion was not observed (Fig. 5 ) .  Measurements of 
the diffusive mobility of PCr (or ATP) should not be 
influenced by structural anisotropy of the sample under 
these conditions. 

The present measurements of DATP and DPCr in uitro 
are very similar to previously reported diffusion coef- 
ficients for these molecules in solution (Table 2), and 
the ratio DATplDpC, in solution (0.67) is virtually identi- 
cal to the ratio D,ATpIDipcr in fish muscle (0.71). Given 
that ATP and PCr diffuse through the same environ- 
ment in solution, the fact that DiA,JDipcr= DATP/DPCr 
strongly suggests that ATP and PCr also diffuse 
through an identical environment in the cell. 
Therefore, there is no indication that the observed D,,,, 
is affected by compartmentation differentially from 
Dim-, and we interpret our value of DiA,P as the true Di. 
While this interpretation is valid for the short diffusion 
time used in this study, it may not be the case for 
diffusion over a time greater than 19.2 ms. The value of 
D,,,, obtained by Kushmerick and Podolsky'' is consi- 
derably lower than our value and that of Yoshizaki et 
al.' This difference in DiK,p  may be explained by the  
long diffusion time (1 to 45 min) inherent to the tracer 
diffusion method used by Kushmerick and Podolsky,lR 
which could allow boundaries within the cell to 
influence the apparent Di. 

Kushmerick and Podolsky" compared measurements 
of diffusion coefficients in muscle to those in solution 
and concluded that D, is substantially reduced relative 
to D in simple aqueous solutions. These authors sug- 
gested that in addition to the effects of cytosolic struc- 
ture, intracellular diffusion is retarded by a higher 
viscosity of the cytosol compared to that of water." In 
contrast, Moonen et conclude that at short diffusion 



times, PCr in rat skeletal muscle is diffusing in an 
environment with a viscosity similar to the macroscopic 
viscosity of bulk water. The use of fluorescence meth- 
ods has also indicated that cytoplasm has a viscosity 
similar to that of bulk water.24 Although D,,,, deter- 
mined in the present study differs from the value 
obtained by Kushmerick and Podolsky,'8 our data do 
support the proposition that the viscosity of the cytosol 
is greater than that of simple aqueous solutions. Values 
of D,,,, and DlW, in goldfish skeletal muscle are 30% 
and 34% less, respectively, than D values measured at 
the same temperature in aqueous solutions with an 
ionic composition similar to fish skeletal muscle (Tables 
1 and 2). This corresponds to a cytosolic viscosity that is 
roughly 1.4 to 1.5 times higher than that of water, 
assuming that other determinants of the diffusion coef- 
ficient (such as molecular radius) are similar in the two 
systems. This result is in agreement with Rorschach er 
al." and Fushimi and Verkman," who similarly con- 
clude that the intracellular viscosity is 1.2 to 1.4 times 
as viscous as free water. 

Our measurements of D,,,, and D,,,r were accom- 
plished through the use of small, superfused samples. 
The use of small samples and a dedicated probe 
provided high gradient strengths with minimal eddy 
currents as well as the maintenance of tissue viability 
during data acquisition. The primary disadvantage with 

the use of small samples is the low sensitivity. This 
problem is magnified in pulsed gradient experiments by 
the short T2s of phosphorous nuclei in biological sam- 
ples, which lead to considerable signal loss during spin 
evolution. Additional complications arise when observ- 
ing ATP diffusion from phase modulation due to 
J - c ~ u p l i n g . ~ ~ ~ * ~  For the studies of isolated muscle 
reported here, the problem of T2 signal loss was mini- 
mized by using a stimulated echo.I4 With this pulse 
sequence the signal was not affected by T. during the 
time between the second and third 90" RF pulses, 
substantially reducing T2 loss during the time over 
which diffusion affected the NMR signal.'. l 4  Also, the 
strength of the gradient produced by the probe de- 
scribed in this paper combined with the short time 
required for eddy current dissipation allowed short t, 
times, on the order of 3ms. The short 7!  time further 
reduced the effect of T,, and essentially eliminated the 
effect of J-coupling on the ATP resonances since the 
spins were in the transverse plane for a period of time 
much less than 1/J. 
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