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The methyl protons of creatine in skeletal muscle exhibit a strong
off-resonance magnetization transfer effect. The mechanism of this
process isunknown. We previously hypothesized that the exchange-
able amide/amino protons of creatine might be involved. To test this
the characteristics of the creatine magnetization transfer effect were
investigated in excised rat hindleg skeletal muscle that was equi-
librated in either H,O or D,0 solutions containing creatine. The
efficiency of off-resonance magnetization transfer to the protons of
mobile creatine in excised muscle was similar to that previously re-
ported in intact muscle in vivo. Equilibrating the isolated muscle
in D0 solution had no effect on the magnetic coupling to the im-
mobile protons. It is concluded that exchangeable protons play a
negligible role in the magnetic coupling of creatine methyl protons
in muscle.  © 2001 Academic Press
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INTRODUCTION

In the past decade, severalvivo 'H MR studies on brain

This study addresses the MT effects of the tCr protons in r
skeletal muscle. Figure 1 schematically depicts the mechanis|
of magnetization transfer that are potentially relevant to tCr i
muscle.

A number of studies have been carried out to gain a mechan
tic understanding of the off-resonance MT effect of tCrin roder
skeletal muscle. Induction of ischemia of rat hindleg skelet:
muscle had no effect on the magnitude of the off-resonance M
effect 6). This demonstrates that phosphocreatine (PCr) and cl
atine (Cr) contribute to the MT phenomenon to the same extel
Furthermore, comparative measurements in wild-type and trat
genic mouse muscl&) showed that creatine kinase deficiency
hardly changes the tCr MT effect. This suggests that specific i
teractions of tCr with creatine kinase that is present up to 1 ml|
concentrations in skeletal muscl&?} are not responsible for
the generation of the phenomenon.

It is also known that the creatine methyl protons in rat brai
(4) and rat skeletal muscl®)as well as human brairi() and
muscle (0) exhibit a magnetic coupling to the mobile water

and skeletal muscle demonstrated a magnetic coupling betwBEHoNS In these tissues. Selective inversion of the water mag

the protons of certain low-molecular-weight metabolites and t &
immobile proton pool 1-11). Off-resonance saturation of th
immobile proton pool results in a reduction of tHe MR sig-

nal of the mobile protons of a number of different metabolites.
For the methyl protons of creatine/phosphocreatine (tCr) t
magnetization transfer (MT) effect was found in rat bralr (
4) and skeletal musclés) as well as in mouse skeletal muscl

reported forN-acetylaspartate (NAA) and choline-containin
compounds (Cho) in rat brair2{4), lactate in rat brain after
induction of global ischemia3( 4), and lactate in rat brain C6
glioma (7). The exchange of magnetization between the i
mobile proton pool and mobile metabolite protons can occ F
via two main routes: (i) chemical exchange in which the enti
molecule exchanges between an immobile and mobile state;
(ii) cross-relaxation (exchange of magnetization through spac%

1 To whom correspondence should be addressed at Department of Experi
talin VivoNMR, Image Sciences Institute, University Medical Center Utrec!

K

ation causes a transient reduction in the intensity of the pe
rom tCr methyl protons. The mechanism of the inversion tran:
er process is also unknown. A number of different pathway
at might magnetically couple the mobile creatine protons f
e mobile water protons are depicted in Fig. 1.

In the present study, the possibility that exchangeable proto

Eplay a role in the transfer of magnetization from the immobil

Bhoton pool and the mobile water pool to the tCr methyl proton

qn rat skeletal muscle was tested (see Fig. 1). Exchangeable p

ons might be involved in the intermolecular transfer of mag
netization to the tCr methyl protons. Transiently immobilizec
xchangeable protons can be saturated by the off-resonance
Id in the off-resonance MT experiment and become labele
the selective water inversion pulse, followed by chemic:

gﬁ(&hange, in the inversion transfer experiment. Intermolecul

oss-relaxation between these transiently immobile exchanc
le protons and the tCr methyl protons would thus result in
reduced tCr signal intensity. Alternatively, or in parallel, an in

ﬁ?giﬂolecular MT via exchangeable amide/amino protons in t(
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protons. The spin states of the tCr amide/amino protons can
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paraformaldehyde. Following fixation, the muscle was equil
. brated in an aqueous buffer containing creatine. Both of res
Macromolecular interface nance and selective water inversion MT studies demonstrat

that the characteristics of the magnetic coupling of creatine
WM excised muscle were essentially identical to those in intact mt
cle in vivo. This motivated us to assess the effects of equil
bration of the muscle preparation in a®-based solution of
'\ / creatine.
Cr

COO- METHODS

lIH NH. An adult Wistar rat that had been used in a brain ischem
\2 v 2 study was perfusion fixed with paraformaldehyde. One hindle
N_C was excised and stored in fixative &4 Prior to the NMR stud-
/ ies the muscle was stored in phosphate-buffered saline (PE
H,C NH,* solution (pH 7.4) containing 100 mM creatine and 6%Tfor
— 6 2 weeks (the buffer was refreshed three times). After the fir
\ H.O series ofH NMR studies (see below) the leg was stored in PB
2 buffer containing 100 mM creatine and 95%®Mfor two weeks
3 I 2 5 I4 (the buffer was refreshed three times) and the NMR experimer
were repeated. During the NMR studies, the muscle was cover
H.O with plastic foil to prevent dehydration.

2/ H 'H NMR experiments were performed at 200 MHz on &
H H H H H H H Varian spectrometer interfaced to a horizontal 40-cm-bore, 4.
T Oxford magnet. During the MR experiments the temperatul
Immobile proton pool was maintained at 3T by a flow of warm air. A volume coil
was used for RF transmission and signal reception. To guit
volume selection 21 consecutive slices of 1 mm thickness we

FIG.1. Schematic representation of possible magnetization transfer patflaged with a spin echo sequence (field of viewx 5 cm;
ways involved in the magnetic coupling of creatine protons in tissues. The craatrix, 256x 256; echo time TE, 30 ms; repetition time TR, 2.1
atine methy! protons are depicted in bold and underlined while the creatige two acquisitions). An external standard was used to estims

amide and amino protons are indicated in bold and italic. Arrows: 1, cher'ri'he proton density of the muscle and to determine the efficien
cal exchange of creatine between a mobile and a macromolecule bound st

aje; o 5 ) ;
2, cross-relaxation between the immobile proton pool and the mobile creatf?lt H substitution by°D. Using point resolved spectrqscqpy
methyl protons; 3, cross-relaxation between the immobile proton pool and fRRESS) 13) @ 7.5x 7.5x 5-mm volume was selected inside
protons of mobile water; 4, chemical exchange of water protons between a tlae hindleg for'tH NMR measurements on Cr (using chemica

bile and immobile state; 5, chemical exchange of the amide protons of Cr withjft selective (CHESS) water suppression prior to PRESS) a
the immobile proton pool; 6, chemical exchange of mobile protons between IPFO/H DO (CHESS was omitted)

Cr amide group and water. In this study the role of exchangeable protons in th .
magnetic coupling of Cr methyl protons was examined. Except for the processesOﬁ'resonanCéH NMR MT experiments were performed by

as indicated by arrows 1 and 2, all the indicated magnetization transfer st&Plying a 3-s saturation pulsgg,, 300 Hz), prior to CHESS,
involve participation of exchangeable protons. ofwhichthe frequency offset was varied (frerd 00 to 100 kHz)

around the offset of the Cr methyl (8t32) or H,O/HDO protons

(nt=8, TR=5s, TE= 144 ms).
perturbed via chemical exchange and cross-relaxation from thé’'he magnetic coupling between the protons of water and tl
immobile proton pool in the off-resonance MT experiment anr methyl group was investigated using inversion transfer. Tt
in a more direct manner, via chemical exchange with water proater (or Cr methyl) magnetization was selectively invertec
tons in the inversion transfer experiment. Intramolecular transfetlowed by a variable delay. Water-suppressed PRESS spec
of magnetization from the amide/amino protons to the methydere recorded (nt, 32; TR, 10 s; TE, 144 ms; 10 inversion del:
protons of tCr could explain thia vivo observations. It should times from 0to 5 s).
be noted that an efficient intramolecular MT requires transientTo aid in the analysis of the off-resonance MT experiments,
immobilization of the tCr molecule. Im vitro solutions, water (TE, 144 ms; TR, 10s;inversiondelaytimes, from0to5s)Bnd
inversion has no effect on the signal intensity of the tCr meth{deven TE times, from 30 to 150 ms; TR, 10 s) measurements
protons. water (nt, 8) and Cr (nt, 32) were performed. The off-resonan

The role of exchangeable protons in the tCr MT effect wadT curves were fitted according to a two-pool exchange mode

studied in excised rat skeletal muscle that had been fixedas described irg).
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Spectra were quantified using iterative fitting of the time daquilibrated muscle (Fig. 2B). Usingd NMR imaging it was
main signals with the variable projection method (VARPRQ3stimated that equilibration in D solution reduced the pro-
(14). A series of spectra was first fitted without prior knowledggyn density of the muscle by about 80% (data not shown). Tt
to estimate the mean linewidths of the resonancg®(HDO at  graphical representation of the off-resonance MT experimer
4.7 ppm and tCr at 3.03 ppm). The mean linewidths were nggig. 2C) demonstrates that the tCr MT effect remained una
used as prior knowledge to fit the spectra once more. No prieted when substituting 40 for D,O. The MT data were fitted
knowledge about the chemical shift positions was included. according to a two-pool exchange model. The immobile protc

pool with which the Cr methyl protons exchange magnetizatic
RESULTS was estimated to amount to about 0.3% of the mobile creatil
pool and itsT, was found to be approximately }4s, in both

In line with previousin vivo observations, the Cr methyl pro-H,O- and B:O-equilibrated muscle.
ton signal showed a pronounced off-resonance MT effect in ex-Off-resonance MT curves were also recorded for mobile we
cised muscle equilibrated in® (Fig. 2) as well as a strong cou-ter in both the HO- and the RO-soaked muscle (Figs. 2D and
pling with the mobile water protons (Fig. 3). These observatio2&, respectively). A more prominent MT effect was observe
made it possible to investigate the role of exchangeable protdaswater protons in BO-equilibrated muscle, as is also eviden
in the magnetic coupling of Cr protons in excised muscle.  from Fig. 2F. The mathematical modeling indicated that the irr

The pronounced off-resonance MT effect on the Cr methgiobile proton pool with which mobile water exchanges magn:
protons in muscle soaked in aqueous buffer is shown in Fig. 2ézation had increased from 0.4 to 0.6% of the mobile water poc
Aprominent off-resonance MT effect was also observedhi®D Taking into account that the mobile water pool had decreas!
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FIG. 2. Off-resonance magnetization transfer to the creatine methyl protons and the protons of mobile water in excised skeletal muscle. Panels A an
the Cr methyl peak as a function of the frequency of saturation@-thnd DO-equilibrated muscle, respectively. The relative intensities of the Cr methyl sign
in A (O) and B (e ) are plotted in C together with the fit according to a two-pool exchange model (—) and the direct spill-over curve (---). Panels D—F show ¢
data for the protons of mobile water. The spectra in D and E were recordeg0nahd DO-equilibrated muscle, respectively. Panel F shows the relati@ H
and HDO signal intensities of D {) and E @ ) with the fit according to a two-pool exchange model (—) and the direct spillover curve (---).
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FIG. 3. Magnetic coupling between mobile water protons and Cr methyl protons in excised skeletal muscle, equilibra®econtdining (A—-C) and
D,0-containing solution (D—F). Panels A and D depict the water signal as a function of the time after selective inversion of the water resonancan@&hels
show the Cr methyl resonance for the same inversion recovery times. Panels C and F depict the relative intensities of the watpasitted Cr methyl signal
(e) in H20O- and ByO-equilibrated muscle, respectively.

by 80%, these data suggest that the immobile proton pool to DISCUSSION
which the mobile water protons are magnetically coupled had
decreased by 70% upon storage of excised muscle,i@ D ThelH NMR experiments oex vivorat hindleg muscle equi-
solution. librated in a creatine-containing® solution were indicative of
The transfer of magnetization from mobile water protons @strong off-resonance MT effect on the creatine methyl proton
Cr methyl protons was also compared betweg®Hand DO-  Similarly, the magnetic coupling between the mobile protons
equilibrated muscle, using inversion transfer. Figures 3A amdater and the Cr protons that had been detestedvo per-
3D show the inversion recovery of the water proton magnesisted in excised muscle. These observations prompted us to
zation in HO- and B O-equilibrated muscle, respectively. Sethe previously suggested involvement of exchangeable protc
lective inversion of water resulted in an efficient magnetizatian the in vivo MT phenomenong). Substitution of approxi-
transfer to Cr in HO-equilibrated muscle (Fig. 3B). The effectmately 80% of the NMR-detectable protons by deuterons on
was strongly reduced in the;,D-equilibrated tissue (Fig. 3E). marginally affected the off-resonance MT characteristics of C
The decreases in Cr signal intensity were approximately 50 afildis suggests that exchangeable protons, both in the muscle
20% at maximum in KO- and B O-soaked muscle, respectivelysue and within the creatine molecule itself as well as in wate
(compare Figs. 3C and 3F). Selective inversion of the Cr protptay a minor role in the generation of the off-resonance MT e
signal did not result in a significant transfer to water (data néect on the Cr methyl signal itH NMR. Our findings on the
shown). modification of the water off-resonance MT dispersion curve
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with solvent composition are in agreement with previous report$ S. A. Roell, W. Dreher, and D. Leibfritz, Combining CW and pulsed sat
(e.g. see Refs!.5—17). uration allowsin vivo quantitation of magnetization transfer observed for
’ . . . total creatine by*H-NMR-spectroscopy of rat braimagn. Reson. Med

The magnetic coupling of the mobile water protons to the Cr 42,222-227 (1999)

protons as probed by selective water inversion was less efficiept ' i :

: - L. . R. A. de Graaf, A. van Kranenburg, and K. Nicolay, Off-resonance metab

n DZO'eq.u'"brated mus_de- This is most probgbly dU§ to the lite magnetization transfer measurements on rat brain inidiign. Reson.

reduced size of the mobile water proton pool. Itis plausible that med 41,1136-1144 (1999).

this pool size argument also is the reason why inversion transferm. J. Kruiskamp, R. A. de Graaf, G. van Vliet, and K. Nicolay, Magnetic

from Cr to water protons is not observed. f:oupling ofcreatir_le/phosphocreatine protons in rat skeletal muscle, as st
Taken together, the present data suggest that exchangeabl@&d by *H-magnetization transfeiagn. Reson. Medi2, 665-672 (1999).

. . g . . . g : H 31 ] i
protons play an insignificant role in the magnetic coupling of cre®: M. J-fKrU'S?mprfi-_ Vj‘l” Viiet, alnd K. _ll\ldlcolaifH Z”d P,malg”e“zaé'of’? _
atine protons in skeletal muscle. Two major possibilities remain anster studies of hindleg muscle in wild type and creatine kinase-deficie

Fia. 1): (i) direct int | lar t fer f _ bi mice,Magn. Reson. Med!3,657—664 (2000).
(_See 9. 1): (i) direct intermolecular ranster from Imm(? "7V, Luo, J. Rydzewski, R. A. de Graaf, R. Gruetter, M. Garwood, and T
“_?ed prot_ons to the tCr methyl protons, via cross-relaxathn, and Schleich, Invivo observation of lactate methyl proton magnetization transf
(if) chemical exchange of tCr molecules between a mobile and in rat C6 gliomaMagn. Reson. Med}1, 676—685 (1999).
immobile state. Since cross-relaxation hasrérdependence 8. b. J. Meyerhoff, Proton magnetization transfer of metabolites in huma
on the distance, the first mechanism presumably also requiresbrain,Magn. Reson. Med!2,417-420 (1999).
transient immobilization of the tCr molecule. 9. G. Helms and J. Frahm, Magnetization transfer attenuation of creatine re
While the mechanism that forms the basis of the off-resonance onances inlocalized proton MRS of human briaiivo, NMR Biomed1.2,
MT effect of creatine/phosphocreatine in skeletal muscle is uno- ;91_294599?){? L hs. M. J. Kruisk 4K Nicolay. M )
solved, the biological implications of the phenomenon also r&> R A- de Graaf, R. Lamerichs, M. J. Kruiskamp, and K. Nicolay, Magnet
. . ) coupling between water and metabolites in human tissnéBroceedings
maln _to be eStab“S_hed- Due to the promment r0|e_ of thg Creéa- |nternational Society for Magnetic Resonance in Medicine, 7th Scientifi
tine kinase system in the energy metabolism of excitable tissues,Meeting,” Philadelphia, p. 592 (1999).
however, itis important to fully understand the biophysical chaf1. G. A. Coutts, E. L. Thomas, J. V. Hajnal, and J. D. B&H, PRESS spec-
acteristics of PCr and Gn vivo. Further studies are therefore  troscopy of human calf muscie vivo with off-resonance presaturating

warranted to identify the mechanism(s) underlying the MT effect irradiation_: Evidence for a bound pool Qf creat_iiTe‘,‘ProceeQing_s'Internq-
on PCr and Cin situ. t|or_1a| Sougty for Magnetic Resonance in Medicine, 7th Scientific Meeting,
) Philadelphia, p. 702 (1999).
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