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Double quantum (DQ), J-resolved 1H NMR spectra from rat
nd bovine skeletal muscle showed a splitting frequency (;24 Hz)
or the lactate methyl protons that varied with the orientation of
he muscle fibers relative to the magnetic field. In contrast, spectra
f lactate in solution consist of a J-coupled methyl doublet and a
-coupled methine quartet (JHH 5 7 Hz) with no sensitivity to
ample orientation. Spectra acquired in magnetic fields of 4.7, 7,
nd 11 T showed that the splitting was not due to inhomogeneities
n magnetic susceptibility within the muscle, because the magni-
ude of the splitting did not scale with the strength of B0 fields.
riple quantum coherence (TQC) spectra revealed two distinct

ransition frequencies on the methyl resonance. These frequencies
esulted from intra-methyl and methine–methyl couplings in this
our spin system (A3X). Decoupling experiments on the triple
uantum coherence showed that the observed frequency splitting
as due mainly to the dipolar interactions between the methine
nd methyl protons of the lactate molecule. Thus, all the proton
esonances of the lactate molecules in muscle behave anisotropi-
ally in the magnetic field. Adequate design and interpretation of
pectroscopic experiments to measure lactate in muscle, and pos-
ibly in any cell and organ which contain asymmetric structures,
equire that both the dipolar coupling described here and the
ell-known scalar coupling be taken into account. © 1999 Academic

ress

Key Words: proton NMR spectroscopy; skeletal muscle; lactate;
ipolar coupling; scalar coupling.

INTRODUCTION

The observation of narrow linewidths in31P NMR spectra o
etabolites in solution and from red cells and muscle1)

naugurated the extraordinarily successful application of N
pectroscopy in medicine and biology to quantify the relat
etween metabolism and function in intact biological syste
his application is commonly made under the assumption

he spectral resonances of metabolites from cells, tissues
rgans satisfy the requirements for rotational narrowing;

s, the molecules of interest tumble freely. Isotropic molec
otion has the effect of averaging to zero any orienta

1 To whom correspondence should be addressed, at University of Wa
on, Mail Box 357115, 1959 NE Pacific Ave., Seattle, WA 98195-7115.
06 543 3495, E-mail: kushmeri@u.washington.edu.
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ependent properties, such as dipolar coupling, which
ommon features in the NMR spectra of solids and liq
rystals.
However, recent findings (2, 3) suggest dipolar couplin

nteractions within the methylene group of creatine and p
hocreatine. The frequency difference due to dipolar coup
as shown to vary with the orientation of the muscle fib

elative to the magnetic field in accordance with the theore
rediction for ordered magnetic dipole–dipole interactions4).
hese observations are an indication of incomplete mot
veraging of the creatine and/or phosphocreatine molecu
keletal muscle. For these metabolites, the system of
ehaves like a liquid crystal where, on a time average, the
ave a preferred orientation.
The purpose of this study was to test whether an aniso

ue to dipolar interactions can be observed in the pr
pectra of lactate in skeletal muscle. This was motivate
ignificant variations in lactate spectral intensity first note
reliminary experiments with rat hindlimb muscle. Exp
ents were then designed to test for the presence of d

oupling using bovine abdominal muscle. This muscle
hosen for its homogeneously oriented fibers, which a
ccurate measurement of the orientation dependence wi
pect toB0.
The observation of dipolar interaction of lactate molecule

keletal muscle poses a number of issues and difficultie
ost spectroscopic investigations of lactate currently in u
iological samples. The results presented here show una
ously that there is an orientation-dependent dipolar cou

n lactate resonances in muscle. The coupled spins withi
actate molecule responsible for the observed anisotropy
een identified.

METHODS

MR Spectroscopy

Spectra were acquired on a Bruker (GE Omega) 4.7 T (2
Hz) CSI spectrometer, with 5 G/cm maximum gradi

trength; a Bruker (GE Omega) 7 T (300.521 MHz) CS
pectrometer, with 134 G/cm maximum gradient strength;

g-
:

1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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214 ASLLANI ET AL.
ruker DRX500 operating at 11.7 T (500.13 MHz) with
roximately 70 G/cm maximum gradient strength. All spe
ere acquired at ambient temperature, (21–23°C)
At 200.1 MHz, three coils were used for transmission

etection of proton signals: (a) a cylindrically symmetric s
le coil was used for phantom solutions verifying pulse
uences, (b) a single turn solenoid mounted above a
otatable through 360 degrees was used to test the effe
uscle fiber orientation on the proton spectra of bovine
ominal muscle, and (c) a single turn surface coil (1.5 cm
iameter) was used to study rat muscle samples. At 3
Hz, a single 16 element, linear driven, bird-cage, Bru

GE) coil was used for both transmission and reception o
roton signals. At 500 MHz, a standard Bruker triple re
ance, triple axis gradient TXI 5 mm probe was used.
uscle samples were oriented in the magnetic field paral

heB0 axis. The samples were rotated about they axis in thexz
lane for all of the experiments testing for the angular de
ence with respect to theB0 field. In one set of experimen

he samples were rotated about thex axis in theyz plane. In
rder to remove the effects of intermolecular multiple-quan
oherences (5), all spectra were acquired using magic an
radients (6).
After shimming, double quantum sequences with a p
idth of 20 ms at 1 kW for 80 acquisitions of 1024 comp

FIG. 1. Pulse sequences used for multiple quantum coherence (MQ

1 andf2 were cycled according to well defined schemes (8). To select for
rst gradient. To select for TQC the second gradient pulse (shaded) was
rom approximately zero to 1/Jmax, whereJmax was the largest coupling exp
-resolved,” respectively. In these experimentst9 was set to slightly exceed
he observation of the multiple quantum frequencies,t1 was fixed at approxi
or observing the splitting of the multiple quantum coherence, thep pulse in
Q splittings. In all casest2 was fixed at approximately 20 ms, and variatio
ere performed applying a low level decoupling field (g B2/2p, approxima

shaded).
a

d
-
-
ge
of
-

n
.5
r
e
-
e
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e

oints (Fig. 1) were used to selectively excite the coupled
ystem of lactate separately from lipid resonances (7) at 4.7 T;
imilar conditions were used at other field strengths. The
ime (DQ preparation time shown ast1 in Fig. 1) was incre
ented in 32 steps of 1/Jmax, common forJ-resolved exper
ents. Phase cycling was utilized to further reduce spu

ignals (8).
Triple quantum (TQ) spectra were acquired by changing

atio of the gradient intensity from 2 to 3 (see Fig. 1). B
ouble and triple quantum coherences were modulated d

he preparation timet1 as result of couplings that allow the
ignals to develop. When these couplings are measure
arying t1 in a two-dimensional manner, these spectra
eferred to as “DQ,J-resolved” and “TQ,J-resolved,” respec
ively.

TQ spectra were also acquired after selective decoupli
he methine proton with cw irradiation duringt1 (Fig. 1) (in
hich case the influence of the methine proton on the d
pment of the TQ coherence is removed), or duringt9 (in
hich case the effect of the methine proton on the TQ splitt

s removed). Decoupling will not occur during the gradi
ulse which is contained int9 (Fig. 1). However, any splitting

n the f 1 dimension will not be observed since the grad
ulse length is not incremented witht9. In these experimen
hase cycling (8) was also used to reduce spurious signal

election in lactate. In order to eliminate any unwanted coherences, the
C the strength of the second gradient pulse (unshaded) was double th
le the strength of the first gradient pulse. For both DQC and TQC,t1 was incremente
ted to be observed. These spectra are referred to as “DQ,J-resolved” and “TQ
length of the encoding gradient pulse (;1 ms). In the TQC spectra acquired

tely 20 ms andt9 was incremented to cover the expected MQ frequency ra
middle oft9 was added andt9 was incremented through the range of expe
f this time did not qualitatively alter the results obtained. Decoupling exp
200 Hz) selectively to the methine proton during eithert1 (unshaded) ort9
C) s
DQ
trip
ec
the
ma
the
n o

tely
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215ANISOTROPIC ORIENTATION OF LACTATE IN SKELETAL MUSCLE
ata Processing

Free induction decays acquired at 200 and 300 MHz
ne-dimensional spectra were baseline corrected and apo
ith a 1.5 Hz Gaussian function prior to Fourier transfor

ion. Free induction decays of the two-dimensional spe
ere apodized with a 10 Hz Gaussian function in tht 2

imension and with a sine2 function (10° phase shift an
panning 80% of the data set) in thet 1 dimension. Baselin
orrection was used before Fourier transformation in bot 1

ndt 2 dimensions. Integration of the lactate peaks in both c
as done using a line integral from the acquisition softw

GE Omega 6.0.2). Data acquired at 500 MHz were proce
sing a sine bell apodization and displayed in magnitude m
ithout any baseline correction.

Statistics. Non-linear curves for equationsDf 5 Df dc 6 7,
hereDf dc 5 1.5 D0 [1 2 3(cosu cosa 2 sin u sin f sin a)2]
escribes the angular dependence of dipolar coupling int

ions (2), were fit to the data using Fig.P. for Windows (B
oft, Cambridge, U.K.). The fitting values forD 0, f, andu are
iven as means6 SD. Error of fit is given as the square ro
f the mean of the squared residuals.

ample Preparation

Phantom studies were made with solutions of lactate
nd without liquid triglyceride (Crisco). The phantom was
l plastic syringe filled with a 0.5M sodium lactate solutio

pH 5 7) with and without the insertion of a glass tube fil
ith liquid triglyceride (0.6 cm diameter by 4 cm length2
8% of observed volume). All muscle samples were place

he coil covered with paraffin film to minimize dehydrat
uring long spectral acquisition. All samples were at amb

emperature (20–23°C).
The dependence of the lactate1H NMR spectra on th

rientation of the muscle fibers relative to the magnetic
as determined on samples from rat and bovine muscle
ine muscle was studied with lactate at its endogenous
entration or with the lactate concentration increased by in
ng lactate solution into the sample. The muscles with
dded exogenous lactate are referred to as spiked samp

Rat muscle preparation.Male Sprague–Dawley rats (3
nd 745 g) were sacrificed with an intraperitoneal injectio
n overdose of ketamine/xylazine according to a protoco
roved by our university’s animal care committee. Mus
amples of irregular shapes, but sufficient to identify the m
rientation of the muscle fibers (average 4.0 g wet weightn 5
)), were dissected from the thigh. Samples were wrapp
araffin film and left in the refrigerator (T 5 6°C) for 15 h prior

o spectral acquisition, by which time glycogenolysis and
olysis produced a stable concentration of lactate.

Bovine muscle preparation.Bovine abdominal muscl
ommonly referred to as flank steak, was obtained from a
eat market. Muscle fibers from this muscle are unifor
zed
-
ra

es
e
ed
de

c-

h

in

t

d
o-
n-
t-
e
.

f
p-
e
r

in

-

al
y

riented and free of visible fat. Cylindrical samples (1.6
iameter by 1.7 cm length) were cut from the slab of me
enerate samples of reproducible size and shape. The cy
al shape of the samples gave a radial symmetry which
anced the spectroscopic resolution and allowed good co
f angular orientation of the fiber bundles easily visible w

he unaided eye. For the experiments at the 7 T cylindrica
amples were cut to fit into the 5 mm tube; therefore s
rregularities of the sample shape were unavoidable. The
les used in these experiments were cheap, readily ava
nd highly reproducible and required no additional an
acrifice.
Proton NMR spectra were initially obtained from bov
uscle samples (n 5 9) containing only endogenous lacta
o positively identify the lactate doublet, these samples (n 5
) were spiked by injecting 130ml of 5 M sodium lactat
olution into the muscle. The lactate was injected into mul
ites to minimize formation of liquid pockets inside the tis
nd to facilitate its subsequent diffusion. Spectra were acq
ithin 40 min of the injection and after 15 h storage (T 5 6°C).

ovine Muscle Characterization

Because the history of the bovine muscle was unknown
ikely differed from the rat muscle samples, bovine muscle
haracterized as described below:

Extraction of tissue metabolites.Samples from the sam
ackage were frozen in liquid nitrogen, pulverized, and

racted with 0.59M perchloric acid solution with a ratio
olume to tissue weight of 8:1 (9). The samples containe
ither endogenous metabolite concentrations (n 5 4) or were
piked with exogenous lactate (40 min,n 5 2 and 15 h,n 5
). Extracts were centrifuged (14,500g) and the supernata
as neutralized with a solution of KOH (0.59M)/TES (40
M). The insoluble KClO4 was removed by centrifugatio

3000g) and the supernatant was stored in the freezer (277°C)
or subsequent metabolite analysis.

Lactate assay. This assay was based on lactate dehy
enase oxidation of lactate to pyruvate with concomitant
ation of NADH (10); a Sigma kit (catalog No. 826-B) w
sed. The increased absorbency at 340 nm of NADH

inearly proportional to the amount of lactate present in
oncentration range used, 0.3 to 13 mM. Aliquots of the
eutralized perchloric acid extract were diluted as neede

inearity. Muscle content was expressed as micromoles
ram weight of muscle. This assay determined the repro

bility of lactate content from various batches of meat and
tability of the added exogenous lactate.

AA analysis. Extracts of bovine muscle samples (n 5 4)
ere analyzed for amino acid composition by HPLC on

on-exchange column (15 cm) using ninhydrin for post colu
erivatization (Pickering PCX 3100 reaction module, Pic

ng Laboratories, Mountain View, CA) and photodiode ar
etection (Water’s). This analysis was developed in our
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216 ASLLANI ET AL.
ital laboratory using a gradient of lithium buffers, pH 2.8, 3
nd 7.5 (11). This assay determined whether other metabo
uch as alanine, which might contribute to our spectra
resent.

Histochemical analysis. Two pieces of bovine muscle ti
ue were fixed in 10% neutral-buffered formalin after the 1
f spectra acquisition. Routine methods were used to o
araffin-embedded sections which were stained with hem
lin and eosin (H & E). Photomicrographs were taken wi
03/0.95 planapoZeiss objective on a Zeiss microscope

erfaced with a 35 mm camera.

Electrophoretic gels. Proteins of two different sampl
rom bovine abdominal muscles were electrophoretically
rated on a Tris–glycine gradient gel (4 to 20%, NOVAX)
tained with Coomassie Blue to assess the extent of prote
12). The electrophoretic patterns were compared to co
rofiles obtained from freshly dissected EDL and soleus m
uscles and rabbit psoas myofibrils. This analysis teste
roteolysis of the major proteins of the thick and thin filame
f muscle’s nanostructure.

Water content. The water content of samples of rat th
uscle (n 5 3) and of bovine abdominal muscle from th
ackages was measured to check for any dehydration o
ovine muscles samples compared to the rat muscle. We
f the muscle samples were measured before and after l

lization; the difference in weight was taken as the w
ontent. They were dried for an average of 72 h (when
hange in the vacuum pressure was recorded for at leas

RESULTS

Q Spectroscopy in Phantoms and Rat Muscle

The spin system for the lactate molecule gives rise to do
nd triple quantum coherences which can be chosen to ed
istinguish lactate resonances in skeletal muscle from tho
ater and lipid signals (13). Figure 2a shows a “one-puls
pectrum of a 0.5M lactate solution with added liquid trigly
ride. Note the large water signal and also the presence

riglyceride methylene resonances at;1.2 ppm overlappin
ith the lactate doublet. Good suppression of both the w
ignal and the lipid methylene peaks accompanies DQ fil
pectra with selection of the lactate methyl resonance a
pm (Fig. 2b). These results verify the expected perform
f the pulse sequence.
The novel observation in this work is that the proton N

pectrum of lactate in skeletal muscle is dependent on
rientation of the muscle fibers relative to the magnetic fi
0. Typical DQ spectra of muscle from a rat hindlimb
hown in Fig. 3; these spectra are the same as those
ovine muscle (shown later.) When the muscle fibers w
riented predominantly parallel withB0 (a 5 0°, Fig. 3a), ther
as a splitting of;25 Hz for the lactate methyl (mean 25 H
5 5, stdev5 0.8). In contrast, when the muscle fibers w
,
s,
re

h
in
x-

a

p-

sis
ol
se
or
s

he
hts
h-
r
o
h).

le
nd
of

the

er
d
.2

ce

he
,

om
re

riented perpendicular toB0 (a 5 90°), the lactate meth
plitting became unresolvable (Fig. 3b,n 5 5). These spectr
rove that the lactate methyl splitting varies with the rotatio
sample from parallel to perpendicular orientation with res

o B0. The 7 HzJ-coupled doublets are not resolved in th
pectra due to inhomogeneity of the muscle samples (s
ing on water gave a linewidth of;40 Hz).

haracterization of Bovine Abdominal Muscle

The anatomical arrangement of the cells in the rat hind
uscle is not optimal for orienting the muscle fibers w

FIG. 2. Selectivity of DQ filtered spectrum for lactate editing. (a) O
ulse spectrum of lactate from a composite sample with 58% volume tr
ride (Crisco) and 42% volume 0.5M lactate solution. (b) DQ filtered1H NMR
pectrum of the same sample as that used in (a). The pulse sequence p
ery good suppression of the water signal (at;4.7 ppm) and also a goo
election of theJ-coupled protons of the lactate methyl group from the si
ising from triglyceride resonances at;1.2 ppm. Spectra were acquired at
. The gain in (b) was;1000 times higher than the gain used in (a).



c vin
m fib
i eta
b

from
t ele
m ter
f wit
p leu
( 10
T ge
m y th
l tom

o igh-
m ows
t eric
p uscle
fi ater
c 4.6%
m n
m dif-
f at
m

M

f the
s
4 s from
t aria-
t met-
a g the
1 ay of
t ctate
c sam-
p ounts
o con-
c sites
w tate
d

the
p oton
r mine

tem
m ovine
m e EDL
( used
a tion of
l be
i myo-
fi with
p s not
s fter a
p

(a)
M d
p in t
c Th
f rien
p

217ANISOTROPIC ORIENTATION OF LACTATE IN SKELETAL MUSCLE
ertainty relative to the magnetic field. We chose the bo
uscle because it contains very homogeneously oriented

n bundles easily verified by eye. It also proved to be m
olically stable and reproducible.
The following evidence shows that the tissue obtained

he meat market retained the essential features of sk
uscle. Figure 4 shows normal electrophoretic gel pat

rom the bovine muscle (columns 3, 4, 7, 8) compared
atterns from fresh mouse EDL (columns 5, 9) and so
columns 2, 6), and rabbit psoas myofibrils (columns 1,
here was no evidence for proteolytic fragmentation of lar
olecular-weight proteins into smaller ones as indicated b

ack of low-molecular-weight protein fragments at the bot

FIG. 3. DQ filtered1H NMR spectra of lactate in rat hindlimb muscles.
uscle fibers are oriented parallel withB0. (b) Muscle fibers are oriente
erpendicular toB0. The same sample was used in both cases. Note that
ase of parallel orientation a 25 Hz frequency splitting is observed.
requency splitting becomes unresolvable when the muscle fibers are o
erpendicular with respect toB0. (Spectra were acquired at 4.7 T.)
e
ers
-

tal
ns
h
s

).
r-
e

f the gel and the presence of the normal amounts of h
olecular-weight proteins at the top of the gel. Figure 5 sh

wo photomicrographs demonstrating the normal sarcom
attern and inter-cellular connective tissue. Thus, the m
bers retain their essential histological structure. The w
ontent in these samples was found to be an average of 7
ass (n 5 5, stdev5 0.9), a typical value for mammalia
uscle (14). There was no significant variation between

erent packages of meat (n 5 3) or between bovine and r
uscle.

etabolite Composition

Lactate content in samples cut from different areas o
ame package averaged 43.2mmol/g tissue (n 5 5, stdev5
.2). These measurements, repeated on muscle sample

hree packages of flank steak, did not show substantial v
ion in lactate content. The spiked muscle samples were
bolically stable since lactate content did not change durin
5 h after the addition of exogenous lactate. Lactate ass

he spiked samples showed an 8-fold increase in the la
ontent of the spiked samples compared to endogenous
les as expected from its endogenous content and the am
f exogenous lactate added. This unphysiologically high
entration of lactate was used to saturate any binding
hich are present in muscle, both specific binding to lac
ehydrogenase and non-specific binding.
Amino acid content of bovine muscle was analyzed for

resence of additional metabolites which might have pr
esonances in the region of interest. Taurine and gluta

FIG. 4. Normal molecular weight distribution of proteins in postmor
uscle. Electrophoretic gel patterns of an endogenous sample from b
uscle (columns 3, 4, 7, 8) compared with patterns from standard mous

columns 5, 9) and soleus (columns 2, 6). Rabbit psoas myofibrils were
s controls (columns 1, 10). Note that there is no evidence of accumula

ow-molecular-weight peptides at the bottom of the gel, which would
ndicative of proteolytic fragmentation. Also, the presence of the major
brillar proteins (bands on the top of the gel), seen by comparison
roteins from fresh mouse muscle, indicates that any proteolysis wa
ufficient to destroy the major structural proteins of the muscle even a
rolonged spectroscopic experiment.
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218 ASLLANI ET AL.
ere present at 4 and 6mmol/g, respectively. The only meta
lite besides creatine with a content similar to endoge

actate was carnosine, present at 15mmol/g. None of thes
etabolites have resonances within the selected spectra
ow of 0–2.5 ppm. Alanine has aJ-coupled doublet tha
ppears at around 1.3 ppm in the proton spectra, but its co

n bovine muscle was found to be 3.5mmol/g muscle (n 5 4,
tdev5 0.8), that is, 8% of lactate in endogenous samples
nly 2% of lactate in spiked samples. Because of its
oncentration, the possible contributions of resonances
lanine were not studied.

FIG. 5. Histology of postmortem muscle. Photomicrographs of H&E
ollected, show characteristic features in the light microscope of muscle
y the striation pattern at approximately 2mm. Note that the muscle fiber
xperiment.
s

in-

ent

d

m

ests for Bulk Susceptibility Effects

The multiple quantum filtered acquisition (Fig. 1) sho
xclude any effect of resonance frequency inhomogeneity

ng t1, so magnetic susceptibility effects should not show u
he indirectly detected dimension of the multiple quant
-resolved experiments (7, 8). However, as another test of t
ossibility that this orientation-dependent anisotropy of

actate proton spectra might be due to an anisotropy in su
ibility, spectra of bovine muscle were acquired on three
erent magnets: 4.7, 7, and 11.7 T. If the additional split

ained histological sections of bovine muscle, fixed after spectroscopic
rs in longitudinal section (top) and in transverse section (bottom). The scale is give
tained their normal sarcomere striation pattern even after a 15 h spec
st
fibe
s re
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219ANISOTROPIC ORIENTATION OF LACTATE IN SKELETAL MUSCLE
hat we observe was due to susceptibility inhomogeneitie
xperimental artifact, then its value would be expected t
roportional to the field strength. However, spectra showe
ame splitting value (;24 Hz) at all three different fields whe
uscle fibers were oriented parallel toB0. These results elim

nate magnetic susceptibility variation within the sample a
xplanation for the observed chemical shift differences in

actate resonances, and assigns this orientation-dependen
ing to dipolar coupling interactions.

Q Spectra of Bovine Muscle

Typical DQ, proton spectra from a cylindrical sample
ovine muscle are compared with lactate in solution in Fig
igure 6a shows a double quantum filtered,J-resolved spec

rum of a 0.3M sodium lactate solution with the expec
ontours at1/2 3.5 Hz. In Fig. 6b, contours are seen both
he J-coupled doublet,JHH 5 6.9 Hz, and for an addition
oublet coupled by 23.4 Hz (n 5 15, stdev5 2.1) when the
ample was oriented parallel toB0. When the sample wa
otated by 90° around they axis in the xz plane of the
aboratory frame, only the familiarJ-coupled doublet is ob
ained (Fig. 6c). In this case dipolar and scalar couplings ca
ach other, resulting in an unresolved single peak. Note

here is a large difference in signal to noise between
pectrum in Fig. 6a (solution, 0.3M lactate) and the spectra
igs. 6b and 6c due to a lower concentration of lactate in
uscle than in the solution. Thus, spectra acquired on sam

rom bovine muscles showed splittings like those obta
rom rat muscles for similar angles of orientation but at be
esolution.

To validate the assignment of these peaks to lactate, sp
ere also acquired at 4.7 T on spiked samples both imm
tely after exogenous lactate was added and 15 h later.
ase of parallel orientation, the peak intensities of the cou
ystems (24 and 6.9 Hz) increased equally. Thus, both s

FIG. 6. DQ filtered 1H NMR spectra demonstrating dependence of sa
sodium lactate solution, (b) lactate in an endogenous sample from bo

rom the same sample as that in (b) but with the muscle fibers oriented
Hz) are present in all cases, an additional frequency splitting (;24 Hz) is
his additional 24 Hz splitting is not observed when the sample is orien
ther, thus collapsing into an apparent singlet.
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esonances originated from lactate in the muscle sam
pectra were also acquired on spiked samples every h aft

actate addition, for a total duration of 13 h. Initially, t
ntensity of the peaks with 7 Hz coupling was approxima
0% higher than the intensity of the peaks with 24 Hz c
ling. Within an h, the intensities of the sets of coupled pe
ecame the same and the system appeared to have re
teady state. These results suggest that the exogenous
ixes with the endogenous molecules after a short tim
iffusion and has an indistinguishable orientation-depen
plitting due to dipolar coupling. A related result was obtai
y Kreis et al. for Cr/PCr pool in muscle (2, 3). However

actate, unlike creatine, has a four-spin system (A3X) with
omonuclearJ-coupling (methyl–methine) that contributes

he observed splitting in addition to the contribution fr
ipolar coupling (15).

Q Spectra

It is important to identify the interactions that contribute
he observed splittings in the complex spin system of
actate molecule since they could be due to intra-methyl an

ethine–methyl dipolar coupling. Figure 7 shows TQ,J-re-
olved spectra acquired on spiked samples from bovine
les and from lactate solution (0.3M). No TQ proton signa
as seen from lactate in solution in the region of inte

0–2.5 ppm), as expected for the isotropic case where th
o intra-methyl coupling present. However, TQ spectra
uired on muscle samples did show a signal in this reg
igure 7a shows a typical TQ,J-resolved spectrum with th
uscle fibers parallel toB0, and Fig. 7b, a spectrum with fibe
erpendicular toB0. Thus, this signal was modulated w
espect tot1 at the same frequency as that observed for the
pectra (Fig. 6) in both the parallel and the perpendic
rientations. These results prove that the proton spectra re

le orientation on the magnetic field. Spectra were acquired at 4.7 T from
abdominal muscles with fibers oriented parallel to the magnetic field,B0, (c) lactate

pendicular toB0. Note that although the coupled contours due toJ-coupling (JHH ;
ent in the case of parallel orientation of the muscle fibers with respectB0.
perpendicular toB0. In this case dipolar and scalar couplings have canceled
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pres
ted



c d
d

vin
m Th
e an
1 ar
p ipo

c e-
s
a
H
O hows
t
m ies
o l and
m

rtain
w thyl
o re
a thine
p
1
a d
t hen
i
c cted
d ted
i ing
d an
a cted
m
d l
c elec-
t ri-
m tain-
i itting
w lied
c ne–

parallel
t ow
n

wi
fi The
t to
t ak
c ak
c ies
a ese

220 ASLLANI ET AL.
ontributions from at least one three-spin system involve
ipolar coupling interactions.
Figure 8 shows TQ coherence spectra from spiked, bo
uscle samples with the carrier frequency at 3.2 ppm.
xistence of two peaks at two different frequencies (740
280 Hz) indicates that two distinct transition frequencies
resent. These frequencies correspond to two sets of d

FIG. 7. Triple quantum coherence spectroscopy. TQ,J-resolved spectra
o B0, (b) the same sample as that in (a) but with the muscle fibers orien
o signal in the region of interest (0–2.5 ppm). (Spectra were acquired

FIG. 8. TQ coherence spectra from spiked, bovine muscle samples
bers oriented parallel toB0. The carrier frequency was set at 3.2 ppm.
ransition frequencies appear at;740 and;1280 Hz, corresponding closely
wo sets of dipolar coupled spins, A3 and A2X (see text). Note that the pe
orresponding to the transition frequency of;1280 Hz is larger than the pe
orresponding to the frequency of;740 Hz. The existence of both frequenc
t the methyl resonance shows that an intramethyl dipolar coupling is pr
in

e
e
d
e
lar

oupled spins, A3 and A2X. This result shows that two thre
pin systems are involved. The transition frequencies at;1280
nd;740 Hz correspond tov1 5 3 3 VA 5 3 3 4245 1272
z andv2 5 (2 3 VA3) 2 VX 5 (2 3 424)2 1605 688 Hz.
bservation of both frequencies at the methyl resonance s

hat an intra-methyl coupling is present (7, 8). This intra-
ethyl coupling could only be dipolar in origin. The intensit
f these peaks depend on the magnitude of the intra-methy
ethine–methyl coupling.
Decoupling experiments were performed to asce
hether the observed 24 Hz splitting is a result of intra-me
r methyl–methine interactions. TQJ-resolved spectra we
cquired on spiked bovine muscle samples while the me
roton was selectively decoupled duringt1 or duringt9 (Fig.
). In the TQC experiments, the decoupling duringt1 removed
ll peaks except for the peak at 33 VA3 when it was applie

o the methine proton, and it removed all the TQC signals w
t was applied to the methyl protons. Decoupling duringt9
ollapsed the 24 Hz splitting observed in the indirectly dete
imension of the 2D,J-resolved experiment, and demonstra

ts origin in the methine–methyl coupling. Without decoupl
uringt9, the TQC is observed to be split into a doublet by
pproximately 80 Hz coupling (Fig. 9a). This is the expe
ultiplicity and splitting of an A3 TQC in an A3X spin system
ue to an approximately 26 Hz AX coupling (8). This signa
ollapsed to a singlet when the methine was decoupled s
ively (Fig. 9b). Although methine decoupling in this expe
ent would also be expected to randomize any TQC con

ng methine coherence, the fact that the observed spl
ithout decoupling collapsed when decoupling was app
learly shows that this splitting results from the methi

: (a) a spiked bovine abdominal muscle sample with the fibers oriented
perpendicular toB0. Note that TQ,J-resolved spectra from lactate in solution sh
4.7 T.)
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ethyl coupling. The correlation of the value of this splitt
ith that observed in theJ-resolved DQ spectra and the D
ltered 1D spectra points to a common origin for all.
These results are explained by the presence of both
ethyl and methine–methyl TQC couplings, with the obse
4 Hz splitting arising from methine–methyl coupling on
he magnitude of the intra-methyl coupling, even taking
ccount the 3-fold averaging from methyl group rotat
hould be larger than that with the methine proton bec
horter inter-proton distances are involved. The geomet
he lactate molecule would dictate that the intra-methyl
ling should also be observable if a methine–methyl coup
ppears, which we have shown is the case. The intra-m
oupling is not observed directly here, presumably due
istribution in the value of its orientationally averaged c
ling constant which yields only broad peaks.
Note that the lactate signal in Fig. 9 appears to show s

tructure in thef 2 dimension. Although couplings cannot
uled out, the samples used at 11.7 T were much smaller
hose used at 4.7 T. Therefore, irregularities of the sa
hape relative to its size were larger, resulting in multiplet-
tructures possibly due to magnetic susceptibility effects
himming. The important observation is that no susceptib
ffects were observed in thef 1 dimension.

uantifying the Orientational Dependence of the Observe
Spectra

To quantify the angular dependence of the dipolar coup
hree data sets were obtained (Fig. 10). For each experi
he orientation angle was varied about they axis witha defined
s zero when fibers were parallel relative to the magnetic

FIG. 9. Decoupling TQ spectra to identify the spin interactions. Spli
ith (b) selective decoupling of the methine proton. Spectra were acquir

s applied equidistant to the methine proton upfield of the methyl, while
ere set to 5 ms (the observed splitting is not sensitive to the value of
a-
d

o
,
se
of
-
g
yl
a
-

e

an
le
e
d

y

g,
nt,

d,

0. The anglea was varied in a controlled way to measure
hange in the splitting frequency for the lactate methyl dou
n the indirectly detected dimension of the DQ,J-resolved
pectra. In the first data set (Fig. 10, empty circles), an en
nous bovine muscle sample was rotated clockwise from
0° with respect toB0 and the splitting was measured for e
ecordeda. The second data set (Fig. 10, full circles), w
btained from a spiked sample within 40 min after additio

actate. The third data set (Fig. 10, empty triangles) was
ained from a spiked sample 15 h after lactate injection to
he effects of long diffusion times. To test for any asymm
n the apparatus the experiment was repeated for a s
ample rotated in the counterclockwise direction (Fig. 10,
riangles).

The dipolar coupling contribution,Df dc, is described by (2),

Dfdc 5 1.5D0@1 2 3~cosu cosa 2 sin u sin f sin a! 2#,

[1]

hereu andf are the Euler angles defining the transforma
rom the laboratory reference system to the molecular onea is
efined above, andD 0 is the dipolar coupling constant. B
ause the TQ experiments showed that the methine–m
ipolar coupling is the main contributor to the observed dip
oupling effects, the contribution from the scalar coup
eeds to be taken into consideration as well (15). Therefore, th
ata were fit with two functions that account for both dipo
oupling andJ-coupling:Df 5 Df dc 1 7 andDf 5 Df dc 2 7.
he fitting of the data withDf 5 Df dc 2 7 gave a best fi
fitting error, 0.64) forD 5 (19.9 6 1.65) Hz,u 5 (92 6

of the triple quantum coherence observed on the lactate methyl witho
at 11.7 T with the muscle fibers approximately aligned withB0. In (a) the decouple
b) it is applied directly at the methine frequency. For these datat1 andt2 (Fig. 1)
se delays).
tting
ed
in (
the
0
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.89)°, andf 5(31 6 2.4)°. Two sets of values forD 0, u, and
yielded indistinguishable fits forDf 5 Df dc 1 7. D 0 5

25.9 6 1.2) Hz, u 5 (10 6 2.2)°, f 5(26 6 2.8)° gave a
tting error of 0.81, whereasD 0 5 (10.6 6 0.66) Hz, u 5
88 6 4.6)°, f 5 (44 6 5.3)° gave a fitting error of 0.46.

The only solution that is in accordance with muscle a
ymmetry is the solution that results from fitting the data w
he functionDf 5 (Df dc 1 7) whereD 0 5 25.9 Hz,u 5 10°,

5 26°. This solution indicates that the preferred orienta
or the time averaged methine-methyl vector in lactate m
ules is nearly parallel to the muscle fiber axis. Interestin
his angular orientation is very similar to that obtained by K
t al. (2) for the Cr/PCr pool (u 5 5.1°, f 5 90°, D 0 5 4.92
z). All the other solutions would sugest that muscle fib

ack cylindrical symmetry. In order to verify that these
ndeed improbable solutions, a control experiment was d
Q spectra were acquired with the muscle fiber axis per

FIG. 10. Orientational dependence of the observed frequency splittiD
ircles), a muscle sample containing only endogenous lactate was rotate
ata set (full circles), belongs to a spiked sample. The third data set (tria

s the best fit to the theoretical curveDf 5 Df dc 1 7, whereDf dc is given in E
roundB0 (full triangles). (Note that from Eq. [1] it is apparent that there

erm has a negligible effect on the value forDf dc.)
l

n
-
,

s

s

e.
n-

icular to thexy axis of the laboratory frame. Rotation of t
ample around B0 in the xy plane showed no change in t
plitting frequency of 24 Hz.

DISCUSSION

The experiments described here show that the proton N
pectra of lactate in skeletal muscle depend on the orien
f the muscle fibers relative to the magnetic field. We h
hown that this result is not due to susceptibility effects
ause spectra acquired on different magnetic fields showe
ame splitting frequency. Dawsonet al. have observed tw
eaks, typically 15–20 Hz apart, for the lactate methyl of
uscles (16). The presence of this chemical shift differen
as been explained as due to susceptibility effects that

rom the presence of paramagnetic myoglobin in oxida

(with the angle (a) between muscle fibers andB0. In the first data set (emp
lockwise, 90° aroundB0, andDf was measured for each correspondinga. The secon
les), belongs to a spiked sample 15 h after exogenous lactate is added.e solid line
1]. There was no difference in the measuredDf for counterclockwise rotation
term that would depend on the sign ofa; however, foru 5 10° andf 5 26° that
ng,f)
d c
ng
q. [
is a



fi th
w ig
d net
fi ult
a erv
i ara
m
m .

ctr
o ter
a vin
m on
w
b out
d tem
i
s QC
e th
m am
e em
o us
d ll o
t on
l

g i
l ed
e en
l cte
e rop
m rag
h Th
a th
c
d ph
c ly
f th
a

am
s ese
T te
m r
( lg
b e
e no
s ris
t nt
t s t
s s
a bo
s ifo
d ith
o ou
b
s titi

s , and
o of
i hu-
m ent
r and
e t the
c lly in
s

,
w phos-
p -
s . The
m ally
r yosin
fi cing
( ule
( rom
g ic re-
s ity
o y
i roxi-
m
m nase
a nt in
m s to
b cou-
p xcess
o cific
b tions
a rom
t ac-
r ulti-
c rges
o field.
S
T ould
b the
r uld
i ost
m ori-
e ctra
i

ro-
t for
t ntifi-
c n of
s xing
t ectra.
I n into
a these
e MR
s ctive
t lysis
o ectra

223ANISOTROPIC ORIENTATION OF LACTATE IN SKELETAL MUSCLE
bers. As such this mechanism is different from the results
e present. The spectra presented in this paper are h
ependent on the orientation of the fibers with the mag
eld but they do not depend on the field strength. This res
direct indication that the splitting frequency that we obs

s not a magnetic susceptibility effect, thereby excluding p
agnetic effects like those presented by Dawsonet al. as the
echanism for the dipolar coupling effects reported here
This orientational effect observed in the proton NMR spe

f lactate in skeletal muscle is due to dipolar coupling in
ctions. The DQ filtered spectra of rat (Fig. 3) and bo
uscle (Fig. 6) showed a split lactate methyl resonance
hen the muscle fibers were oriented parallel toB0. A com-
ination of TQJ-resolved and TQC spectra with and with
ecoupling proved that there were two three-spin sys

nvolved; that is, all of the protons in the lactate A3X spin
ystem are involved in the dipolar coupling. Further, the T
xperiments suggest that methyl–methine interaction is
ain contributor in the observed frequency splitting. Intr
thyl dipolar coupling, which the decoupling experiments d
nstrate to be present, is not observed, probably beca
istribution in coupling constants gives broad peaks. For a

hese interactions to exist, there must be anisotropic moti
actate molecules in muscle.

This anisotropy is observable as an additional couplin
actate (A3X) proton spectra of muscle with and without add
xogenous lactate. As expected, this anisotropy is not se

actate in solution. Neither endogenous lactate nor inje
xogenous lactate satisfies the conditions required for isot
otional averaging. Thus, lactate in muscle, on a time ave
as a preferred orientation within the structure of muscle.
nisotropy is clearly present in post-mortem muscle, and
ontrasts the phenomena described by Kreiset al. (2, 3) for the
ipolar coupling of methylene protons in the creatine/phos
reatine resonance, which they report is observable on
resh living muscle. We have not studied the reasons for
pparently different result.
The presence of both the 7 and 24 Hz splittings in the s

ample means that both scalar and dipolar coupling are pr
his can only occur if there are separate pools of lacta
uscle. For a spin system with both dipolar (Ddc) and scala

JHH) coupling, the observed splitting corresponds to the a
raic sumJHH 1 Ddc (15). Lactate in one pool gives only th
xpected 7 HzJ-coupling; that is, these molecules are
ubject to dipolar coupling. Lactate in the other pool gives
o a frequency splitting which depends on the angular orie
ion of the fibers in the magnet. The observed signal is thu
um of both scalar and dipolar coupling (15). When lactate wa
dded exogenously into the sample, the intensities of
calar and dipolar signals increased, suggesting a un
istribution of the added lactate between the two pools, ne
f which is naturally close to saturation. One hypothesis w
e that lactate inside the muscle fiber structureper se is
ubjected to order effects whereas lactate in the inters
at
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pace behaves as lactate in solution, i.e., tumbles freely
nly the 7 Hz scalar coupling is observed. The volume

nterstitial space in normal muscle in intact animals and
ans (14) is approximately 7% of the total. Thus, our pres

esults may form a basis for distinguishing intracellular
xtracellular lactate in living systems because it is clear tha
omplex MQ pulse sequences can be used successfu
keletal muscle.
Several hypotheses for theorientational force involved
hich have been proposed for the case of creatine and
hocreatine dipolar coupling (2), may also apply to the re
tricted movement of lactate molecules in skeletal muscle
ovement of the observed molecules may be diffusion

estricted due to the small spacing between actin and m
laments. However, for lactate, comparison of this spa
around 20 nm) (17) to the width of a hydrated lactate molec
around 0.6 nm, using simple molecular calculations f
iven bond lengths and bond angles) suggests that ster
triction is unlikely. However, recent studies of the diffusiv
f ATP and phosphocreatine in muscle by31P spectroscop

mplicated this structural space as the cause of the app
ately 2-fold reduction in diffusivity of molecules (12) in
uscle. Specific lactate binding to the lactate dehydroge
nd non-selective binding to other macromolecules prese
uscle cells is another possibility. This possibility appear
e excluded by a similar increase in both 24 and 7 Hz
lings when exogenous lactate is added several-fold in e
f the physiological range; at this high concentration spe
inding sites would be saturated. Another class of explana
rises from the highly structured organization of muscle, f

he nanostructure of the intracellular myofilaments at the m
omolecular level to connective tissue matrix at the m
ellular level. Regular protein structures would order cha
n the surface of the proteins and set up an electrical
uch a field within the myofilaments is well described in (18).
hus, as an anion at normal physiological pH’s, lactate c
e subject to an oriented electrostatic force in addition to
andom Brownian motion. Obviously, this hypothesis wo
mply that other small and charged metabolites, like m

etabolites and signaling molecules, would show partial
ntation and thus dipolar coupling effects on the NMR spe

n skeletal muscle.
The observation of dipolar coupling interactions in the p

on NMR spectra of muscle has far-reaching implications
he use of NMR spectroscopy in biological systems. Qua
ation of resonances will be affected both by the orientatio
tructurally anisotropic samples and by the choice of mi
imes used to develop the coherences used for editing sp
n the case of lactate, these effects have not yet been take
ccount except in this work. Our results demonstrate how
ffects can be observed in the application of proton N
pectroscopy of highly structured tissues, such as conne
issue, peripheral nerves, and tracts within the brain. Ana
f the mechanisms yielding orientation-dependent sp
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ould make NMR a valuable tool for studying functio
spects of structure at the cellular, tissue, and organ leve
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