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Abstract

Purpose- —Thr creatine “..ase rate »f metaboli ; ad~.nosine tri >ho ;phate (ATP) synthesis is an
important n.ctabolic parame*<, out is challenging to .measur< i vivo due to limited signal-to-noise

ratio and long meacw..ement time.

Methods—Ttis st 1dy reports the implementation of ar .ccelerated ™ Four Angle Saturation
Transfer (FAST) metiod to mea<.c the fo. ward crea.ine .uase (Ck ) ra-e of ATP synthesis.

Along with a high-tield “canner (1.7 lesla) and a small sensitive sz [ace >oil, the forward CK
rate in the rat brain was meusured in ~5 mins.

Results—Under 1..'% i. oflurane, e forwarZ CK rate coustant and ».ctabe .ic flux were,
respectively, kycg = 0.2.6+0.02 starg rrck = 70.844.6 (um~Lg/min). Az~ de.monstration of
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utility and sensitivity, measurements were made under grade\! *sorlurane. [T.«der 2.0% isoflurane,
krck = 0.16+0.02 sl and Lok — +1.ux4.2 pmol/ghnin, corresponaiug to a 3°7% and 42%
reduction, respectively, rel*='z £y 1.Z70 1so1"urane 3y contrast, the AT ¢ and 1 l.conhocreatine
concentrations were unaltered.

Conclusion—This study demor.ater the 3P FAS 1 11easurement « f crectine kina e rate of
ATP synthesis in rat brain with reas~nable temporal 1 *soli'tion. Diffe, ~at isoflur-..c lev.ls
commonly used in animal mode.s significantly »'*.r the Ck' reaction 12t~ out not 272 and
phosphocreatine concentrations.

Keywords
rats; high fields; metabolic flux; MRS

Introduction

The majority of the metabolic ade nosi 1e triphosphate AT ) yield in \e bra n is rmoduced in
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the mitochondria by oxidative phc sph rylation viz wae A7 Pyge pathway (P1+ ADP = AT}).
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The adult hume= »+2iz L. oduces ana consumes 5 times its weight (~5.7 kg) in ATP daily,
whereas at a given moment tiie Uie . contuins only about 2g of ATP (1-3). Thus ATP is
Zapidly cycled to meet t e e1 er_etic < cmands.

Crea.ine i'inase (CK) c-.alyse. the conversiz. of creatine and consumes ATP to create

1 hospuocr. atine (PCh) ar . adenosi..c diphosrl.ate (ADP): (ATP + Cr < PCr + ADP). This
CK reaction is reversible ud thus ATF can also be generated from PCr and ADP. As such,
P_r ser ¢s as energy stcracc (or the rapid bufferi=,r and regeneration of ATP. Moreover, CK
en~ymes also facilitate the transfer o.” the ingh-ener_y bond out of the mitochondria to the
cvteosl Ly wie 10 ‘M of PCr. The Lugh-enere, phosphat= bond in the cytosol is cycled between
the hick =22 .y pnosphates ‘PCr 2ud ATP) Tl rate 0.” ATP synthesis via the CK pathway is
5-6 times higher than the metabolic Zate of ATP yr.thes s via the ATP,q pathway (4,5).
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so that enerev ~roduc >d at the mitochondric is availab's au the cell membrane to maintain
ior ic g -adi~ats. Pisruption of ATP energy pawnways could affect normal cellular function
and has beer associated with a number of mZwapoonc diseases (6-8).

1P prugnetizati~., mansfer (MT) by magnr ac resona 1ce offers a unique, non-invasive tool
for dire_uy measrriug the CK rate of \TP synthes in /ivo. 3!P MT measures the forward
creatine 'uase rate (kg cg) by using freqrency-selecave RF energy to saturate y-ATP.

Satu ratir g the y-ATP resonance results in the atterw.auon of ‘he PCr amplitude due to

chem cal \xchanges. By m.asut 'ng the che age in iz..a1 anpliude of the PCr resonance, the
forwar 1 2 atine 'uase rate Zan be calculateu.

31P MT e perir.ients to measure CV rate are irlerently ~haiicagn . 3P has approximately
1/1000t ¢ Fthe signal-to-=uise ratio « f the "HyC' signal in viv_. Th : 3!P high-energy
phosphates are characterize? vy long longitudinal mzgnetization recovery (T, on the order
of seconds) anq ..ot transverse magnetization rel x2%.on (T5, on the >rder of tens of
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milliseconds). Tha2 225,k aiuw nave prevented widespres.d use of 2 P MT techniques.
Nonetheless, 31> MT has b=z wou-- 1o measure CK 1tes ueZer different anesthetics,
pharmacologic and fun ‘tior. 2] samulwaons (4,5,9-11), and .. assnei tion vrith stroke (8). The
protocols for these applivations =1 3!P MT ranged from 1alf . “ou to ‘en 10urs.

This study implemer.‘ed “iie accelerated 31 Foor Angle Sa- iration T-unsfer (FAST) (12)
technique to evaluate che brain high-~z.crgy phos >hates ana fl.¢ forwar? creatine '~.uase
synthesis rate under graded ‘zorlurane »osthesia. High field (71.7 Tesl2) ani 2 _mall
sensitive surface coil we. e use2 0 improve 3!} signal sensiti ity. 3IRP radic ‘requency
excitation was used to overcome radiofrequez.cy Bl ‘ield inhoniogerziy associate 1 with the

use of surface coil. The temporal rezurution of ‘e P FAST app oach ~vas 5 muns.

Theory

31p MT measurements can be user, to r.easure the for rard CK rate ¢ ons.ant ke i anits
s'1) of ATP synthesis (PCr — AT ). The modified Bl sch ¢ quation for (e M T \z.perimez..
can be written as (12):
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Fp/My= 14 kT, ()

<
-+ whe1> M \ is the magne*.zatio”. of PCr in the . -esence of RF saturation, M) is the
E magncization of PC1 in the absence or RF satr.ation, and T, is the longitudinal
g relaxa‘ions « onstant for P in the pres .nce of saturating RF irradiation of y-ATP. In
g— asditior, he forward motabelic tlw: Fyx (umol/c‘min) is related to k7 cx as 60 xkgcx *
= [PC. /1.1, where [PCr] is the PCr coi'cen zauon wh. =h is usually taken as SmM in normal
QZ, cats (4 12> 2,0 Oe brain tissue dzusity is ascuned to be 1.1 g/ml. Absolute measurements of
F:’ [PCrl nsina NMI_are challengine, .cquiring » carefull - calibrated scheme using an external
8 reference, and often are not necessary. 1t is valn~Lic to 1 port the metabolic flux, compared
'(3' to the rate conctant ~nly when altered rliysiol\\gy ca 1 be measured in the same animal,

thereby observing rel able changes in meta,olit.* conc *n*zutions. One caveat, is that the

m. gne izatiun trav.ster experiment must be f.ot relative to the changes of metabolite

con *ent.atiors, so that the physiological con~Z..uai.™ns can be assumed stable over the

du-ation ~ 1 the measure~. 2nt.
= 1> vivo 3'T MT exrz.iments are gener illy a variati un of the saturation transfer (ST)
T ex,erimer:. dowever, conventional saturation trans*or experiments require acquisition of
|§ mar.y da‘a points at long TR, requiring lengthy sca umes. ) 1 this study, we implemented an
> accel 'rate 1 magnetization t=.us er experinont, 3'P Fow. Angl* Saturation Transfer (FAST)
%‘ (12), t¢ measure k- g n appre.amately 5 milus, instead of novrs. The FAST approach uses
©} acquisitions with lov- {up angles allowing shorter TR Ineasurir s the parameters M'g, Mg
= and T,y 2qui- es only four spect-., acquired v 1th and =~ iinou" sai iration at two flip angles:
% a and B. Tae P °r signal £,om each - ectra (M(o), M(B), My and M'(B), where the prime
(% denotes acq iisitions with » A I'P saturated) are use< w calcul>*= Mg, M'g and T, according
é' to:
=

.- M(e)-[cos B - cos
M T ne[cosa—1]— sinw-[coc R— /K’ @
M =-— M’(a_) ][%SB — e ad @

= sina-[cosa—1'— sina-[cco f—1],/K
T
U il si» a — R’ sin
:; Ti\=~T/ In (cos Bsimu—R COS%‘.A B); &
=
>
= where R=M(a)/M(f) and R'= M'(a)/M"5).
<
% Sensitivity for 3P experiments is ir.prove< vy the us> of . urface coi s. F.ow 2vcr, 1sine,
é inhomogeneous resonators typica'iy results in a range Hf fl p angle distrivat’o1s over the
%- sensitive volume. Accurate calculition of the rate covistan. measured by 1P EAST require
-~

very accurate flip angles. Accurate flip a.z'~2 associatcd with a surface coil! an be achicved

o

using a phase alternated-B; insensitive wotation ‘51RP) (' 7 ac uisition s her:. that
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subtraction aver=z~2 FIT acquucu using ) airs of four segment By insensitive rotation
(BIR-1) (15) excitation pul=2; 155 out of phase. The BIR-4 adiabatic pulses are amplitude
2! phe se modulated (Figur: 1) to produce homogeneous flip angle distributions using
inhc mog 2neous resonato.'s. Comr-aonly, adiabatic pulses are constrained to give 90° or 180°
flip a.vgle: . However. LIR-4 pulses provicZe user selected adiabatic plane wave rotation by
~mployir g brupt phase aiscont..uities aft. wne first and third segments. Generally, system
limi‘ations .mplementir ¢ the abr;t phose changes result in flip angle errors on the order on
10°. Te BIRP, phase ali:.uated, scl eme has hzcn . hown to average out positive and
p~gative flip-angle errors Whereas, F'R-4 pulse« .csulted in flip angle errors of -7° to +9°,
w1 a airect compx rison the ro.unal flin ~agle differ-d from the actual value by only -1.7° to
'1.57 wnen using BIRP (14,

yduosnuep Joyiny vd-HIN

Methoc'z

Animal prepar.tion

Ani.mal expr.iments were performed in ac~urdance wth the ARRIVE guidelines on ethics
a~.d wer. approved b:- wie Institutional Anir.: Care anc Use Committee (IACUC). Male
L'pre.gue-Da iey rats (?720-300 g, n = }) v ere initial y ar esthetized with 2% isoflurane in air.
Ar‘.aals were socured in a holder with a steicowaxic bradset and placed in the magnet. Once
in te m.agnet, isoflurane was reduced to 1.2%7 £u1 30 mi.s ) rior to beginning data

acqu siticn. Isoflurane was delivered in air at ~ [iow rate wa. -2 L/min using a calibrated
vapor.zer. Rectal temrz.ature w: s monitor.d ar2 maintair ed « t 37.0 + 0.5° C throughout.
Heart rate and Liood oxyzen saturation level (SaO;) were Zccorled using a MouseOx system

(STARR I .fe Sr.ence, Oakmont, PA) and pararm=.crs were mainiained within normal
physiolog cal : anges.

Shimming a.d positioniz.g were performed using ne 'H froyuency. the first 3P data sets
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were acquired after 30min of exposure to 1.2% iso.iurane. The Zsoflu ane was raised to 2%
for 30 mins anc ~*P measurements were 13peated. The **P mea<:, ements were repeated at
1.2% and 2.0% isvuut wne “vith 3% mine exposures to #-Liuize prior to acuiring each of the
subsequent data sets.

MR experiments

MRI was performed ca an 11.7 T BrulZ, Biospi.,' Magnet 1 si".g a custer.-made ceneentric
loop 'HAP (500/202.5 MH7} Z/1.5-cm “;am ter tansceiver si*-iace coil The ‘" (500MHz)
element was used for po. itionirz and shimmin> pior to 3P 1 IMP. ~'P magt. 2tization
transfer data was acquirea using the FAST m~:l,0d t« determinc wne cr-aune kinas. rate.
Four spectra acquired with 0=30° ar< p=60° fli= angles with and withe':l y-AT\* saturation
(TR=1100s, NA=64, DS=6). accurate Zip angles throughout the brai-. we-_ set usiu; BIRP
excitation scheme. Narrowbar.i ATP s~uration with neg'igible bleed sver was acneve d
using the BISTRO (16) saturation s chem< with eight S0 ms hyperbo ic s :car.t K¥ Luls s
interleaved with dephasing gradie 1ts. ".otal acquisitior tim: for a k7, mea: w,emer.. was ~5
mins.
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Data analysis

31P spctra were wuaiy."ed 1 sing P.uker Topspin software. The chemical shift of the PCr
res.nar >e peak was set .9 ze *u. Inte_ral values for seven resonance peaks (PME, Pi, PDE,
PCr nd he three adenos ae triruosphate peaks: a-, - and y-ATP) were acquired in the data
set. Toe cpectra base’me ar. zero and fust orde - phase were corrected. k7 c is calculated
using F juaiion 1-4, us‘ug fors spectra 2~ yuired with a=30° and f=60° flip angles with and
wit.iout v ATP saturaticn. Date Lua'ysis employed codes written in Matlab (MathWorks Inc,
Naticis, MA). A paired two-tailed St den* t-*_st wa: used to evaluate metabolic biomarkers
Yetween isoflirane conditions. Valiis in text ~2.u 1n graphs are mean + SEM with P<0.05
considered signi1‘cant.

Results

yduosnuep Joyiny vd-HIN

The BTP 7 =17 ¢s ussd were 50x the length »f o) timiz_-u square excitation pulses. The
increas »d ~ulse ~uration allows T, dephasing in the rotating frame during excitation.
Corpared t~ conventional square pulses, PIx-4 pulsct eliminated the short Ty
p.osphriipids that eeran inated metat olite <ignals, the: eby improving quantification of
sigral ampliuaes (Figrze 2). The BIR P ac quisition .che ne with phase alternation scheme
avezaged out rusitive and negative flip -angic wirors of che BIR-4 acquisition, thereby

imp roviag Ty fitting, as demonstrated by 1,222z cmente o1 ihe Pi peak in a dead rat (Figure
3).

A typic~! "P do. set consiciing of the four spectra used to ~ziculate kfck in the FAST
method is siiown i r1gure 4. Spectra were acquire” at 60° an. +0°, with and without
BISTRO «atur ition of the y-ATT resynance (-2 3ppr,. Lhe pa r o1 spectra acquired without
saturation was csed t~ calculate %) of PCr. The pair of s~ _ctra ac juired with saturation was
used to calcu'ate M'y ar< 1 | of PCr. The chang - in PCr =igna1 vas -obustly detected,
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allowing for reproducible measurements of the forward CK rat= (kz.c ).

The modulation i» P ~mpi wue, 1.coret’ _ally, also ai'ows Zur simil~: z~lculations of the
forward ATP,. rate (k7 17p, - Hov ever due to the much smalic- si5al a nplitude and
contamination from the 1 hospb~.monoesters, -eproducit e k 477 5. Me? sur ments were not
achievable and thus ~.ot repurted.

Under 1.2% isoflurane, the CK rate *; cx was 0.25+0.02 an’ e forwz.a metab~lic flux
Frcx was 70.844.6 pmol/c’.uan (Tabl> 1). Uner . .0% isoflur.ae, k¢, - 0.142).02 s'!and
Frcx = 41.0+4.2 umol/g mir, corresponding t¢ 38% and 42% red rction, res;. sctively.
compared to 1.2% isoflurane. By contrast *..c ATP axd PCr concer*.ations we-e u. altered.
After the isoflurane level was retr~..ed from %6 to 1.2% for 30 r ins. ‘e CK rate recovered
but did not reach the prior 1..'% iseflurane le(i. Ti.o CK rate dropru 22ain after anc ther 30

mins exposure to 2.0% isoflurane.

Discussion

)duosnuep Joyiny vd-HIN

We implemented the accelerated > ® FAST z.uwocol at «1.7 T and measure- (e
concentrations of ATP and PCr, and tuc forwar? TK rate o1 AT ? synthesi. witl, a tempor 2!
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resolntion of 5 mi==. TLL .iajur unaings * vere: i) the forward creatine kinase rate and the
metatolic flux o “the rat broi e celiakly measured, and ii) changing isoflurane

~uicen ration from 1.2%5 to 2.0 did uot change the PCr and ATP concentrations but

sign ficaatly decreased tl ¢ forw~.d creatine kinase synthesis rate and the metabolic flux.
This . ppr.ach has pot_ntial ~pplications ., stu''ying neurological disorders with metabolic
wysfuncton .

SCauter ~ud Rudin (11) a~d Ty et al. (4) 1 ave prev:i usly reported k7 ck albeit at much lower
ter-poral resolution. Sauter and Rudi uscu a conve.tional 31P saturation transfer method at
47T +5 wasure forward CK i and hisk cnergy phasphate concentrations under 1-2%
halathano 2,0 bental sodiun: and craded bicr:culline (U 4 mg/kg and 0.8 mg/kg) and found
kpck to be 0.25+0.02 571, 0.21+0.02 4 5, 0.30+0 .54 ! an d 0.49+0.04 571, respectively, in
normal animolz L O - linearly correlaou vith EG ativi y. The ATP levels remained
constant whil= PCr o >creased with increas. d E.'G aci*~..y. In contrast to expectations, PCr

yduosnuep Joyiny vd-HIN

did' nou inc~case v ith decreased EEG activity. hese finding demonstrated that k7 cx is a
sen: itive reli~vle indicator of changes in metuvolic activity, whereas the concentrations of
AT¢ and ¢Cr did not rzuvide consisten’ usefir! Lo mat on.

Laet ~1. (4) used ~-uriations of the sati rativn trar<(er te chnique at 9.4T to measure ATP

syi thesi, including the forward CK anc ATP,q rat_s in rats under different depths of

anes thes a. The concentrations of the high-energv iiosphate 3, forward ATP, and CK rates
and ti e Sy ectral Entropy T.dex of EEG we e meas~cu 1 tats anesthetized using isoflurane
(2%, v-rhaoraloez, 1ow dose pentobarbital wud high dose pert_barbital (from low to high
(isoelectric® anesth~tic depth). They found kycx to bz 0.24+0.0°7 s1.0.21£0.03 571,
0.21£0.02 s7! £ nd 0.19+0.03 s°! £,r -nimals an >stheti==d with 2.0%% isoflurane, a-chloralose,
low dose  entcharbital Lud high d-.¢ pentobarbital, respect.vely. "PCr] decreased 8+2% and
[Pi] increasc 1 424+6% in *..c high dose pentobarbi‘.i (isoele~. . ~tate) compared to low dose
pentobarbital anesthesia. It was concluded that the *7i P metabol‘. rat s measured by 3'P MT
are more sensii've measures of brain bioc 1ergetics thar _oncentr=“.ons of the high-energy
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phosphates.

Our reported values for t1e creat.ne kinase rates under g rade s ioofloran 2 ar esthesia are in
general agreement wiu stud.es by Sauter nd udin ana Du »t a1 {4,11), ~ithough the
experimental conditic v and type or level o € ancsthesia dif’ered. T additi ', cur recults also
showed that after the isoflurane lev.i was retirne 1 from 2% o 1.2% Ior 30 mir., the CK
rate recovered but did net . cach the »2ior 1.29 iso lurane levei. The ©i< ratc 2.~ 9ped again
after another 30 mins exp n<w.e to 2.0% isoflurane These fina'ngs suggest *-.at 30 mir< inay
not be sufficient for metabolic rate to full:- .ccover a* d that comm~.uy used ‘= flw ane levels
can significantly alter cerebral mz.apolism

Alternative techniques

Alternatively to 3!P MT, magnetic resciance measureinens of cereb al 17etaiolism ran be
made by 13C or 170 or blood oxy zen evel dependent (BQ _D) functior.”! MR .zcnnians,

)duosnuep Joyiny vd-HIN

(17,18), all measure different aspe 'ts o metabe!;sm. 137 studies use 13C labe'<d glucose
infusions to measure glucose consun.ntion in the ~ABAers.c t-icarboxyl ¢ acid _ycle
(19). 170 measures cerebral metabolic rate of oxvzon. 7O NM & techniques resemble
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positron emissic® 1225w, wuieits 01 0Xygen consumption, both using inhaled 7O labeled
oxygen gas (20). Alternativzl,, ' 'O Labelea water (H,'70) may be injected prior to
Lpectro tcopic measuren ent. [t nay b of interest to compare different measures of

met. boli> parameters.

Conclusiess

T'us stuly implementec. and Z.nplo red ihe 3'P FAST technique at 11.7T to evaluate cerebral
hig*.-energy phosphates and creatine kina:. synthes’s rate under graded isoflurane
anesthecin Tl dvantage of the ¥ FAST ‘_chnique is that the measurement of creatine
kinase svnthaciz 5 made pre ctical .y drawbar': o1 the /P FAST technique is that it is likely
less robust than the full saturation re~,very MT “_cniq e with very long acquisition time.

11

However. the nea ~* high field and sm~". s urfa e coi. as vell as optimized 3'P FAST

yduosnuep Joyiny vd-HIN

acquisition parametei s and radiorrequency Huls s enacle cobust measurement of the CK
sy ithe. is ro’¢. Furiner improvement in sensi..vity is needed in order to robustly measure
AT\ zse 1ate (7 g7pyse)- Future studies will in~2.puiote localization by single voxel
sprtrose upy and chem:zol shift imagin 2.
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PCr phosphocreai‘ne

ATP adenosine tript osphate
ADP adenosine . tipho-phate
Cr creatine

CK creatine kinase
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Figi re 1 Modulation of kR4 cxcit~aon Pulses
Thre > gr: ohs of TANH/TAN 1 udulation of th» BIR4 pulses used for 3'P excitation (a)

amplicede Bl, (b) fre juenry o, (¢) rhuse @. the discontinuity of the phase modulations after
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signal ~vas ¢liminated, .mnr= v ing quar*:ication of all metabolites.
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In vi 7o 3 P spectra acqui.ed us‘ug a (a) square and (b) BIR4 pulse. With the square pulse,
he 312 spectrum is h *avil- contamirz.icd by phospholipid signal. With BIR4, phospholipid
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Figi. re 3 Saturation Recc very using sIRP and BIR4 +30
T1 n easu rements of ine- ganic ynosphorus m=-e on a dead rat brain. BIR4 T1 measurements

are sk ed due to poitive or negativz contribu ions of phospholipid signal.
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7ivo vhuie brain).
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31p 'AS') spectra using “ip anzies of 60° and 30° with and without saturation of y-ATP (in
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Table “
Ter) [AVP] keck(s) and F ook (pr.ol/g/min) at 1.2% and 2.0% isoflurane

T £ cclination >f 30 min: wa: given after < witchi..g isoflurane _un entration. Baseline concentration of PCr was
T astumed to be 5 mM ana AT 3 mM.
>
g isofl w=.¢ | PCr, mM i ATP .aM kf,CK(S'l) l F:- .«umol; "/min
= —
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i cne |- 1
= 207 | 4750008 Ziosuls | g, 6:001" 0842"
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p<0.05 with unpaired t-tes for ¢ ym~ urison v .ch initial 1.2% isoflurane condition.
<
o
o
>
>
c
~
>
o
=
<
Q
S
c
7]
o
o
©
=
<
=
o
>
>
c
=
>
(®)
=
<
Q
-}
c
7
Q
0.
©
~

Magn Reson Med. Author manuscript; available i1 PMC 20" o Feb- aary 01

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

