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~— ABSTRACT

A number of investigators have'employed 31p NMR

'speCtroscopy to monitor cellular metabolism in vivo. A

— ®

major weakness of previous investigations is the accurate

assig?ment of the acguired spectrum to a specific region
. within the organ or tissue. '
Work described in this thesis substantially

overéome§ this‘weekness by making use ?f surgical’
‘expoéufevonfthe onelhand and refineeents in the focusing
ef rf'excitation?and'a;ﬁisitionvon the other. Having
established the veracit]gof the NMR iocalization
technlques, it then became possible to develop a tumor

- model and evaluate-the response to metabolic insults in a
far more precise way than had previously been possible

using *!P NMR spectroscopy.

? The exper1mental strategy for 1dentifying the | (~7*;
*ﬁlocallzed region of NMR 51gna1 explo1ted a combined C
approach employlng depth pulse localization sequences
(13) wijp radzofrequency surface coils, in addition:to
‘proton superposition images of the sensitive volume. The
supetposztxon images produced by the su;face coil
excitatidn,pulse'seqeences and by conventional imegihg
' sequénees uqing,aveircumseribing coii.enabled'ﬁs to "see"
~and to calibrate the regio;.of tissue_froﬁ‘ﬁhich our

spectra were obtained.



~-Employ;ng the kidney model origf;ally described by

¢+ P. Gullino et al (54), Walker sarcoma 256 cells were

e rat kidney just under the capsule and |

: big | e-isolated. After approximately

15 days, the iu or;celféffeﬁlaced most of\tbe kidney

tissue resulting in a tumor mais—connected to the host

only by the>vascular pedicle. The kidney/tumdr was

surgically exposed for NMR measure;ents with the surface

cbil placed diredtly adjacent to the kidney or tumor.
The data, showing the time course for the changes in g

the relative concentrations of *!P metabolites and pH,

were obtained at a depth of 2-4mm from the surface of_the

kidney/tumor. The spectra obtained from thié depth were

cétreiated withrhistological studies which indicated the

extent of tumor growth; l o T~
The experiméntai protocol consisted of the

comparison of in vivo *!P NMR spectra for normal rat

kidney with those from a tumor‘model in the rat kidney as.

a function of va;ious influences. For example spectra

were obtained from a rat kidney implanted with tumor

v

cells at. various stages of tumor growth. The effect of

-

—

chamétherapy and ischemia on tumor energy metabolism were

examined and compared to similar effects on normal

r——

kidney. -

Production of iscﬁamia in the normal rat kidney

Q- e

‘ —

resulted in a decrease in ATP lévels,’with a

corresponding increase in Pi and decrease in renal pH,

3 - : —_—

vi



with recovery tb céntrol values within thirty minutes.
The kidney implanted with t;mor celis’when rond&tcd :
ischemic demonstrated a decr?ase in pH and ATP levels
with no subsequént'recovery té control values.
rzogressiveufumor growth typically resulted in an
acidotic shift in pH, an increase in Pi aﬁd a decrease in
the high energy phosphates. Treatment with i .
cyclophosphamide resulted in a reversal of the spectral
characteristics to a mor; "aerobic like" state, 1.e.»an
increase was observed in tuhor pH and in the relative
concentrations of ATP,PCr, and PME, together with a
slight decrease in Pi when compared with spectra o¢btained

prior to the treatment.

vii
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1. INTRODUCTION

011 31p NMR SPECTROSCOPY |
a For the past four decades nuclear magnetic resonance .
(NMR) spectroscopy has been widely used- to provide
informatlon about processes at the atomic level. - The *
magnetzc resonance spectra contaln a great deal of -
information about molecularvstructure,)molecular
interactions and about molecular motion. 1In recent years
adcances in instrument design have»resulted in the
applicatron of NMR tokinGestigatipas,of cellular.and
tissue metabolism, In NMRﬁstudies of intact tissue
:_relativelyllittle molecular’structural information is
obtained from'tne signals. Instead tne‘spectra provide
a means of 1dent1fy1ng the presence of certain
metabolites, evaluatang thexr concentration and
intracellurar envxronmentL“and by mon1toring the change
in signal 'intens’itvaith time, it is possible to follow
the interconyersions of the various metabolites.’ NMR.has
energed as a noyel method for studyingfthe netabolism
and, through production of[ﬁHR=images, the anatomicalt* -

structure of intact biological systenms.



111 THEORY

Nuclear magnet1c resonance is a branch of
spectroscopy In general_terms, spectroscopy can be
described as the study of the nature of the energy levels
Tof material systems ‘and of the transistions induced
between them on absorption or emission of electromagnetic
radiation (62). The energy absorbed or emitted ‘by the -
sample is'detected and the outpug of the detector is
‘dlsplayed as a functzon of the. frequencyﬁbﬁy the radxation
or in the case of NMR, the magnetic field. Th1s_output,
display is refered to as the spectrum. More u
specifically,lNMR spectroscopy involves the magnetic
energy of the nuc1e1 when they are placed in a magnetic
fleld and the tran51t1ons that occur after absorption of
: radxofrequency radiation.- The frequenctes characteristic
‘ of NMR are in the“radiofrequency region of the
electromagnetic spectrum (fypicelly in thefrange
1-500MHz) (42). |

?1Pvnuc1ei possess a nuclear spin I=1/2, where I is

the nuclear'spﬁh guantum number, and as a result are

. magnetic dipoles - When placed in a stat1c, uniform,

magnetlc field (B ) they orlent themselves into one of

°]

two allowed oriéntations (parallel or antx-parallel) to
the applied magnetic fiEldu These‘two orientations

' ,
correspond to two energy 1evels, the energy

difference (AE), between which is:



8E={hy/2n}B, (1]
‘where h is Planck’s constant, B, is the magnetic field
"strength, and vy is .the nuclear gyromagnetic ratio which
is a constant chiractetii@ic of each individual nuclear
species (38). 1In thermal equilibrium the nuclei are
distributed @mong the energy levels accordfng to a
Boltzman populatioa-distribution. ‘The population of the
lower energy level is iﬁ:éxégﬁs because for this
rclassical distribution, tﬂe probability of occupying an
énergy level decreases monotonjﬁally and exponentially
with.increasiné energy. V

Although the féatures of NMR are rigorously
bexplained only by a quantum mechanical model, a number of
prop;rties can be visualized th;ough a classical
treatment whfch gives results equivalent to the guantum
mechanical model. Thisvis particularly true of. the
equatién of motion of the net magnetizatipn;

For a single nﬁclearlspin system we can reSresent
th; nuclear magnetic moment by a vector. Since in the
NMR experiment the sample contains a large number of
magnetic nuclei, this ensbm?}e‘of idehtical magnetic
moments can be represente§ by the vector resultant o£ the
coilection,of‘individual vectors. The nuclei in each of

-

the t;b enetgy'levels will give riseto a tesultan£

o

magnetization vector either parallel or antiparallel to
B, along the.'z axis. In thermal equilibrium there is an

excess of nuclei in the lower energy state parallel to

H



‘dﬁ‘Thi& excess population can be represented by a net
\;-n

;{g:ltant magnetization vector (M) parallel to B, along
iy axis (38) (Fig 1.1(a)). By convention the

bi'pn of the field is tak¥n to be the z direction.

As a”tégule'of the torque (M,B) exerted on the magnetic
mements by the applied magnetic field B , the °°
magnetizetion vector will precess about the direetion of
the field (Fig 1.2(a)). According to the Larme; theorem,
the magnetic mbments,will nrecese at an angular frequency
v w =yB_ .‘ This is known as the Larmor frequency and is
identical to the resonance frequency derived from quantum
theory (38).

A c:nv1enlent'concept for describing the motion of *
the magnetlzatxon‘ls that of the rotating frame of
reference. The resonant rotating frame refers\fo a
co-ordinate.system whicn rotates about Eo.in the sanme
Vdirection and at the same frequency as that at which the
nuclear moments precess. By analogy with the laboraﬁory“
frame which has co-ordinates x, y, .and z, the
coordinates of the rotating frame are lanzled x',y’ and
z'. The z ax€s in the laboratori frane and the rotating
frame are'equivalenﬁ, therefore the x';nd y' coordinates
rotate about the 2 axis (Fig 1.2(b)). 1In the .
transformation to the resonant rotating frame 8:
reference, the magnetic moments‘which are precessing in

the laboratory frame will appear Stationaty in the

itotating frame. It is also found under the condition



(b}

Fig. 1.1 (a) Vector representation of the nuclear magneticvmdments
precessing about B, and the resultant magnetization M
along the z axis. (b) A 90° rf pulse applied along the

x' axis which results in rotation of the magnetization M
through 90° onto the y' axis. -

©

: . \
Fig. 1.2 (a) Precision of nuClear magnetic moments about Bg:
: (b) Magnetic moments stitionary in the rotating frame: and

(c) the resultant magnetization.
, _ \ ,

\
\



| . o e
vwhen the rotat:ng frame rotates at the Larmor £requancy
that the effective etatic field afong the 2 axis of the
rotating frame is zero. The magnetization M therotore
effectively experiences a zero magnetlc field, |

The resultant magnetxzatxon M undergoes changes in
orientation and magnitude as a rbsult of perturbations of
the nuclear spin‘ system _ Application of a radiofrequency
(rf) field B, of frequency W, perpendicular to the main
field B, causes the precession of M about B, with an
angular frequency w =vB, .(38). In the resonant rotatinqﬁ'
frame this rf field (B,) will appear stationary, and {s
the only apparentyfiefd‘cxperienced in the rotating
frame, .

In‘the vector diagram the effect of this field on
the spin system is sth that the equilibrium
magnetization n;{rotites away from‘the z axis toward the
y’ axis through an angle ©, where |

e;yBItP»i._ o (2}
If the B field is applied only for a time t, such that
the magnetization wlll rotate through an angle of 90°
(6=n/2 rad), |
n/2=yB tg, . . (3]
' This,is known as a 90° pulSe‘(BB) (Fig. 1.1(b)).

Similarily a 180° pulse occurs after a time ¢t -u/yB

130

sec, when the nuclear magnet1zat1on will have precessed
through 180°. Application of'the 180%.pulse is |

Lehuivalent to an inversion of theqpopulations of the
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.energy lavels, theretoro i; now aliqnod along the -z. ‘
axia.i When B 1is turned off thq sphn systen will tend to .
return to _thermal equilibrium by means of a process that

” will be described in section 1 1.2.

The same rf. coil that is used to transmit’ the B,

This signal arises because any component of the

) magnetization, wnech is left in the xy plane following
termination ot the B, field{ will experience a torque due-
to tbe;static‘field B,, which will make it precess in the
xy plane. This rotatino magnetization will cause a time
. dependent magnetic field to thread the rf coil and
.therefore induce an electromotive force (emf) in that
coil. The induced emf is amplified ahd processed to ;
fproduce the NMR siqnal The magnitude of M determines’~ﬁv
the stxength of- the observed free induction signal.

Eéprocesses to be described in the

Because of relaxation
néxt section'this“si§nal”§ill'decay and is theFEfore

given the name free induction decay or FID. lhe NMR
aignal (FID) is collected as a function of time. In

order to obtain the NMR spectrum in which‘signal

intensity is plotted as.a function of frequency, the time
domain data mustibe converted to its equivalent frequency
domain representation. fhis can.be_achieved by resorting
_to a nathematical device _known as Fourier transform;tion.
Fourier transfornation enables a quantity that varies

with time to be analyzed in terms of its frequency

£
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" ~~components (62). s

1.1.2 LONGITUDINAL AND TRANSVERSE RELAXATION

‘In an ideal case where all ;uclai’ixp;rionco the
same applied magnetid fiel&“and do not interact with each
other or their éhvironhgpt, after pertﬁtbation:by the rf
pulse, the magnetization vector would precess around the
2 Axis igdef;ntely. Because‘of interactions afﬁthé .
atomic fzvel, the magnetization vector will undergo two

# distinct p;%ceskesj longitudinal and transverse
;elafétion. Longitudinal ‘relaxation concerns the
recovery of the nuclear spin system back to thermal
ebuilibrium ie. the recgezry of the magnétization M along

-

. ) ~N
the z axis. This recoverey is often exponential in time

-

and is chagactefized by a time coﬁst&nt'Tg'(3).~ The
second process, transverse relaxation, describes the
¢ .

frreversible decay of the magnetization in the Xy plane,

Iy

and is characterized by an exponential time constant T,.

‘'Both of thése processes, T, .and T,, result from the

intefaction of the nuclear magnetic moments with the
fluctuating local magnetic fields (B, ) generated by their
environment (3). The time scale of the fluctuations

¥

determines their relative contributions to the two €ypei
of relaxation. .All mechanisms that contribute to
longitudigal rg}axatipn can also contribute to transverse

relaxation (38). -



S LONGITUDlNAL RELAXATION
A number of phy51cal mechan1sms may contrxbute to

g

theaw relaxatlon process -In most cases the magnetic
dzpole dzpole interaction ls the domlnant relaxatlon d
medhanlsm (38) In~orqer.to re-establ;sh ‘the thermal
«ggulllbrlum populatlons, transitions between’the‘nuclaar
&wgnet1c energy states are requlred Another magnetzc
/ f1eld (B ) osdlllatlng at the Larmor frequency wlll
o induce these trans1tlons Nuc1e1 experxence fluctuatlng\
R local ma%Betlc f181d5 (; ) due to magnet1c moments of
‘ nuc1e1 in other molecules.n These flelds are rendered
txme depengdent by molecular motlon Components of thls
tlme deﬁgndent fi eld fluctuatlng at the resonant o :'“
frequency w1ll 1nduce transitions whlch restore the spln‘
“system to thermal equrllbrlum (3). The. dlstrlbutlon of
frequénc1es representatlve of the‘mot1on of a randomly
tumbling molecule]can be expressed in terms of ‘a Debye
spectral dens1ty J(w) ,’ "Y: - {‘ W
| - J(w)-r /{l+w f 2y A’f | ;f4l
f“ﬁhere T, is a correlatlon tlme for the tumblxng‘motlon

(42). Long1tud1nal relaxatzon 1s most eff1c1ent when

-l/m ,(1 e. when the average frequenCy of molecular

,_otion equals the Larmor frequency When a relaxatlon
transitxon occurs nuclear sp1n energy is exchanged w1th

B \ .
the k1net1c energy of molecular mot1ons, the result belng

that the sp;n system 15 now in: thermal equxlxbrium w;th
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the lattice.
Bfoch-and’others'aseumed that‘lonéitudinal
rirelaxatlon could be treated as a first order process and
postulated that the varlatlon-of the net nuclear ¢
magnetization M; in the presence of the applied'magngeés
field could be described in‘terms of a first order
ﬁe"etentlal equat1on . The retyrn of M. to its
e G llbr1um value M can be descrlbed by the ﬁollowing
equation.(38):. - ' v
| dM_ /dt= {M -M; }/T Ls)

s

TRANSVERSE RELAXATI ON
Transyerse relaxation chafactétizes*the decay”pfvthe';y
magnltude of-the Mx§ magnetlzatlon follow1ng |
perturbation_by the“rf pulse. As a result of
‘interaCtions'between nuclei and from applied magneticd
field inhomogeneities, the nuclei experience small

var1at1on5\1n the local magnetlc fxeld (3). 'These

)varlatlons glve rise to a dlSttlbUtLon of precess1ona1

frequenc1es of the magnetlc moments. . Some will rotate
faster and some slower in the:fesonant rotatrhg reterence
‘frame{' In this reference frame there w1ll be a "fann:ng
out”" of the Xy magnetzzatlon Vector as the component
,nuclear momentS'get out of phase with each_other, Which‘
results in the decay of the nuclear s1gnal (38) he
hgreaterathe frequency spread the more rapzdly M decays
- The dephasxng of the nuclear moments as they precess

leads to a correspondlng broadenlng of the resonance\?
: - B ‘ .



‘the NMR spectrum. Transvétse relaxation therefore
involves precesses that cause a broadening of the
resonanceklinewidths~ -Qhemgsfural 11new1dth at half

) 1s g1ven by (42)

' height (av, ,

8y, ,,=1/1T, | 16]

~

“Although T, can be thought of as a characteristic

qéphagihg«time~fqr the xy magnetizatioﬁ’compdnepte,vnot '
'ail'aephasing'can be .said to -be-due to intrinsic T,
,‘vp:oceSSes} Intfinéic T, preceeses are mechahiemsﬂthat
: agscribe the aecay_ef thebmaénetizatioh that is
irreversible (3). The decay of the magnétizat&on in the
presence of a ;;aeic ?agnetic‘field distribution, 8B, can
be :ecovered.with an_appropfiate pulse sequence. ‘Sinceﬁ
 ,<65 does‘not chanée with time, the.dephasing andhreﬁhagjﬂg
will be eaact. sfatic field ihhdmogeneitigs give rise to
ﬁhis,:ecoverable dephasibg (3). Sinee‘if is tevérsible |
‘it is not an intrinsieﬁgz proeess.,iIf theflocal,magnetie‘
’kfield,_B;, changes Tﬁcation wi%ﬁ'tihe} the dephasiﬁg :‘
rates of all the components of the magnetiaation chaage}“
Al; memegy'of the.dephasingvﬁill’be 1gst, kRephas%ng will
‘be perfect only ifvthe‘fieidgiﬂ which the dephasing and
rephasiné occUrS in ie conetantfih.time; Since‘BL-is
changfng the.decaf\of‘tﬁe!magnetization in éhis case is
"irrévi?iible, ‘Mechanisms that glve rlse to 1ntr1nsxc T
pro%esses are the same mechansxms that g1ve rise to T,
ptoqesses, e-g. dzpole dlpole 1nteractlon, but the manner

b

. in which they work is somewhat d1fferent (3)
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The decay of'the M’y ma@netization‘%o zero can also
- be descrlbed by a flrst order dlfferentxal equation as
postulated by Bloch, namely (38)

d‘_M”,/dt--M”./Tz R A

~ MEASURMENT OF T, AND T, ' ) .

Nuclear spin relaxation times T, and T, are
measured using different radiofrequency pulse sedUences.
For. example, longltudxnal relaxatlon (T,) is usually

—

measured w1th an 1nvers1on-recovery sequence, 180°-1 90°‘

. (38).-:Application of the 180° pulse 1nverts‘the z

magnetization so that it is alongfthe negative z axis.

' cr#fmngltudlnal relaxatlon then occurs durzng the 1ntervaI T

allowing the z magnetlzat10n7to recover towards its

equ111br1um value M_. 1In order to detect the amount by

~ which M has recovered a 90° inspection\pulse-is applied

afteér the time T, and the subsequent NMR FID signal is

recorded. The sequence 180°-r 90° is. repeated several b
times, each with a d1fferent value of 1,.in order'to

L

;determlne the decay rate of M, (38) "can then be

T,
»obtalned from a plot of ln(M —M (T))/ZM versus T- which
yields a stra1ght ‘line of slope -l/T1'(42),

A method of determfning T; emplofs a spin-echo pulse
sequence (90°-r—180°) whzch has been modified by Carr and

'Purcell (1954) to m1n1mlze the problem of molecular

q'diffus;on, and aga1n by Meiboom and_Gzll’(1958) to

compensate £or-imperfections in“the_leo‘ pulses (38)..

The,final'sequence, known as the carr-rurcell-neiboom

.
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~=Gill (CPMG) sequence, provzdes the best method for
determlnatlon of T, ' e

In the 1n5§ia1 sequence 90°-r-180° the 905 pulse
txps the magnetization into the xy plane in the rotatxng
_frame (38) The'magnetrzatlon then precesses'aboutbthe z
axis. As a resuk®. of 1nhomogene1ty ¥n the applied field -
| B_, some sp1ns will precess faster or slower than others
" After a certaxn time all ‘coherence of the Xy \
magnetlzatron vector will be lost and the s1gnal ‘will
have decayed to zero (42). If at a time T after the 90°
'ipul~ §:180°'1nver51on pulse is app11ed along the x' axxs
‘the spin distribution will be rotated '180° about ‘the x'
ails. Instead‘ofﬁspreading apart,‘thekcomponents of the'

. LN
magnetization now move together and will arrive at the -y

.axis at the same trme (42) Thrs results in the _‘
formatlon of an echo at.a time 27T after the 1n1t1a1 90°
pulse - In the,absence‘of transverse relaxation the echo_:\
would have the same amp‘litude as the initial‘ sicj'nal from
:the‘§0° pulse (38). However, the magnxtude of the | -
' magnetization decreases durxng the t:me 27 due to o

processes responsible for transverse relaxation in the

time T,. : The echo amplxtude therefore depends on T, in,

, £ |
principle, 3§ can be estimated by repeating the pulse

sequence'éﬁtér-180° for different values of T and
’plotting the decay of the echo ampl1tude versus T. For'
each new value ‘of T it is necessaryqto wa1t approxxmately

5 times T, to allow the whole spin* system to return to
: , _ e ‘ o : N
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;thermal_eqnilibriums(38). “ |
K ~ THe above sequence repetition will not necessar} -
yield a precise ?? due -to the effect of molécular ‘§§3¢\
diftusion in the inhomogeneous-magnetic_field. Diffusion'
‘ cadses”the noclei'to‘move from one part of the

V“'1nhomogeneous magnet1c fxeld to another which leads- to a

"4

» reduotlon of the echo amplltude Refocusxng of the echo

w111 be perfect only 1f’tﬁe f1e1d in which dephasing and -

.- I
refocu51ng occurs 1n ise constant in tlme (30 As a

result of molecular dlffu51on the amplltude of the echoes

-

of succe551ve sequences does ‘not decay in’manner

‘ determlned solely by splnhspln 1nteract1ons (38) The
\ o

effect of dlffu51on can be reduced by modxfylng the.

1

spln—echo sequence so “that a. traxn of echoes is produced"
(90°-T-(180 Zr)n), the ampl1tnde w1th1n which will decay

-with the. chatacterlstic tlme constant T, (42) Thea

is a conszderable savxng of txme since the train of
echoes may be obta1ned«ulthva single sequence and v

- second, the diffuslon .effect is minimized since‘the time

between pulses (1) can be decreased thereby allowing

\
less time for molecular dlfUSIOn (62) o

- An addltzonal,p:oblem 1nlthe measurdent of T, using

A

. the above sequence is the inaccnracg of the'lSO; pﬁlses;:'

i and ‘the fact that these 1mperfect1ons are gummulatxve

l(38) ThlS problem can be overcome by applying the 180°
pulses along the »y axis of the rota/Ang frame rathet 1;

\ I . - ‘ ) e

e
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‘then about the +x’ a%is (38) .- In”this'cese-the spin
distribution wi”“1_1 be -rotated 180° abdut"'mgﬂ‘;}' axis. The

- pulse imperfections'are noy not cumnglative. All eve;}'
npmpered eehoes will repgése oeokfon the y axis and
therefore will have the correct amplitnde, all odd echoes

L will rephase slightly above the xy plane and therefore;’

: haVe a slightly reduced amplitude since the :;gnal is -
detected in the xy plane (38). ( ._ |

v Few measurenents of T, of 31P metabol1tes in 1ntact
tlssue have been reported (1,70,86,101L. .
Those repotted fall in the range of 0. Svto 5.0 sec and
are dependent on the tlssue of origin and the - |
experimental parameters employed L43).' The conventzonal o

Jdethod for“deté;mining T, is the applicatlon\of»an;
inversion recovery pulse sequence as:desoribed above.

' Thejuse of tnis sequence for the determination of 3tp
relaietion times in vivo using a‘surface coi] is frought
with'technical difficulties.' As a result of the
.inhomogeneous B field generated by the surfece'coil the
actual tip angles are not identical at gll polnts w1th1n
the sample (§7); For the accurate determinetion of Tx'i
is essential that the]entire sample bepsubjected to an
Weqeqrate 180°vpulse. 'This problem can'be'overoome by
employing a a solenoidal coil which surrounds the
organ/tissugjbf interest a:E prov1des a homogeneous B,

"field over the sample volume, thus ensurxng more

lpatially unzform tip angles The time requlred to
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acquire a data set for the determination of *!P Tliin

vivo is considerably long (> 8 nours) and therefore
requires repeated administration of anaesthetic to the

anléal. The possibility of alterations in the

L}

concent{ation of *!P metabolites during the course of the

¥

experiment must therefore be taken into consideration.
'z

. Measurements of T, in vivo are somewhat easier to
. —_— g
obtain. “As formthe'neasurment of T, 1t is essential that

the entire sample be subjected‘tO‘the same rf pulse

‘lfstrength. Employlng the solenoidal rf COll (which

provides a homogeneous B1 fxeld) with the CPMG pulse
sequence ynich”compensates for 1mperfectxons in the 180°
pulse, . in leonT2 can be determined.' In the T,
experinent a traln.of n eonoes may be obtained in:a“
single sequence Eﬁerebynoffering a considerable o&tgng'of

voe

time.

1.1.3 CHEMT T 3317LDING

. The 1lrza; Cogne ﬁc'field ac a particular nucleus
. differs fruw -ne ap;_red“ffeld B, by an amount that
depends on Lne ¢ a- «onic.structure of the_uolecule
'within*which that nucleus is situated (62). | The small
addztxonal local f1eld which the nucleu& experiences is
the result of unbalanced- electron;c currents in the
atomic orbitals, induced by‘the applied field B . It is
-found that under such czrcumstances the effective field

T
at the nucleus can be represented by'

Ey
o, oy
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' B, =B, (1-a) . I[8]

where ¢ ie a shieldino constant that describes how much
the local envxronment shields the nuclues from the main
fieid in a linear fashion to yield the effective field
actually felt by the nucleus (62). Since the magnitude
of o depends on the’enyironnent of the nucleus, identical
nuclei in different‘ghemical environments give rise to
spectral;lines at'difﬁerent freouencies,' Fig'1£3.

illustrates the ohemical shj range of some phosphorue

O.

compounds commonly found i " The separation of

these‘resonance'frequencie' om a fixed reference
mfrequency is called the chemlcal 'shift. Since the
magn1tudevof the chemical shift is dependent upon the
‘opplied field, chemical shifts are reported in
dimen51onless unlts, namely parts per million defined as

5-(\)‘\— )/v¢ xlO‘ {9])

ref
where v, is the resonance frequency of the signal of

xinterest,'vr., is the resonance frequency of the

- reference compound, and v, is the epectrometer operating
frequency (62). *'p chemical shifts wiil obviously vary-
with all the environmental factors which affect the
configuration of electronic orbitale suoh as temperature,
rionic strength, pH, and the presence of divalent catifns
}enz Hg(* (21) Changes observed in the chemical shift of
in vivo 3!p- spectra therefore provides important
vinformation on the ‘nature of and alterations in the

intracellular apd extracellular environment.
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1.1.4 INDIRéCT SPIN~-SPIN 'QOUPLING ;

~ In some spectra a splitting of the spectral lines
occurs as the~resu1t of a small interaction between the
neighboufing nuclei known as indirecc spfn—spin coupling
which gives rise to doublets or even multiplets. This
coupling is described in terms of the coupling c;nifz’il
(J) whichis found to.have valzes-xn the range of

'1-200Hz (42). This constant is charaoteriscic of the

molecule because the coupling interaction is.the
utrensmission of informatlpn about Ehégﬁpingstate of one
nucleus’to‘enotherfﬁzrtzi og:ding electrons.-- Indirect
Spin-epin couplipq/is independent of the appiied,fieid'Bo
‘and'is usuafly a short range interoction extending.ovéteT\\
only two or three bonds » An example of indirect ) ;

: spin—spm coupling can be seen in a high resolutlon «~
~spectrum of ade;osxne triphosphate (ATP). The spectrum ‘f*‘
contains three chemically snifﬁengroups of spectral

lines corresponding to the «,8,and v phosphateS’of nTPl

The « and vy phOSphates in ATP are sg&it into doublets

" because they each sense the two possible spin states @
(parallel and anti-parallel to the field) of the §
phosphate. The 8 phOSpnece is split into a triplet
coE{esponding relative orientational possiblilites of the
spins of both the « and-y phosphates, namely both

parallel, both ent1patallel and the combination of

parallel and entiparallei, the last possibility having
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twice the probability of the other two. .

¢

]

In general coupling is observed in high resolution
spectra and only rarely in in vivo spectra dué to the

“broad resonginces obtaiged in the latter circumstances.

Y
-

~

1.1.5 ASSIGNMENT

Two important aspects of the interpretation of ‘the
'NMR spectrum are the assigoment o;\the resonances and the
measurement of the relative or gbsolute§coneentration of
the metabolites’ Xssignment of“the"aifferent‘peaks of an
in vivo *!P NMR spectrum is normally done by compaxgng it
with spectra from simple solutions of phosphorous
compounds, or from.perchloric acid extracts of tissue
(43). The initial assignment of the observed resonances
requ1res the accurate measurement of the chemical shifts
~and a knowledge of the range of pos51ble chemical shifts
for the expected metebol1tes. The chemical shift of a
given.metabolfte.can be affected by the intraeellularﬁ
environment. Since this environment is not knéwn with
any cereainty<}compatison of the>phosphorus compounds 1nc
- solution alone is not sufficient. 0 ‘

The.tentatiwe assignmenfs‘obtained from so;ut{32§/~
can be‘confirmed by fteeze-clamping of ‘the tissoe
followed by pe}chloric ac}d extt;ction, subsequent ‘
chemical onalysis, andvidehtificatiqn of the detgbolites
present by NnR,‘HPLC, and -automated phosphorous analysis
(34). NMR spectra of the extracts yield suco narrower

J

’
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reson#ﬁhgs than those observed in intact tissue. The’
most definitive method of assignment using extraéts is to
' record their spectra as a function of pH, before and |
after addﬁtion‘of the prOpbsqd metabolite (43). If the
additional signal always coiq;id;s with the resonance of
interest this proQides additional evidence that the
aksignment is in fact correct (43). |

In mqst tissue spectra the~§ssignment of the

&'

resonances of ATP, Pci,uand‘Pi is not ambiguous (43). .
" : k\.

o

Resonances in the phoéphoqoﬁcgster”and'phosphodiestef
region are more difficult to ass%gh du® to the many
coumpounds of this tgpé pie#entAin‘tigsue that 5esona£e
in this region (43}I’tig.l}4 sﬁoyggaitYéical 31; in vivo
_ spectrum of Walker sércoma cells implaﬁtéd?in the rat
kidney. The distribution of compounds can’be arranged
into.three main_tegions.f.fx ’
The~phqsphomoﬁoester reéion observed in ;he,chemical
shift range 8=8.0-6.0 §phf (med%uted'rel;tive to PCr)
caasists priq§rily~of tésonances from‘sugar phoéphates
(SP). The foiiowing glycolytic intermediates have .»,d’f
rgsbnances in this chemical shift region: giﬁcose-6-
phosphate, fructose-6-phosphate, fructose-1-6-diphosphate
and ANP (iS). Recently Evandéhk;‘et al (34) thOtFed
that the main cdqfti%ueqts'of the PME region in a RIF
© tumor yas phosphbéthaﬁolamine (éé) and phosphocholine
(PC) tathef thin'glfcolytic.intetmediates. ”
?thchemicgl shift of inorganic phosphtte (Pi).can '

f/' ‘
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Assignment of resonances in the 31p NMR spéctruﬁ of Walker

Fig, 1.4
Sarcoma cells implanted in thHe.rat kidogey. The chemical
shifts were expressed relative to phosphocreatine (PCr) which

was assigned the value 0.00 ppm. ’y)/// .
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-vary from 8:5 ¢ to 3 5 ppm duewto 1ts sensrtxvzty to °

"intracellular pH

e L. . ' e

The ma1n constituents of the. phosphodiester region

t(PD) (8-3 0 2. Oppm) are the 11p1d derivatives

N

glycerolphosphorylethanolam1ne (GPE) and

'~hglycerolphosphoryl%hbl1ne (GPC) (22),Valthough cOhen et

d-ll 9ppm an human lung cancer cells as ur1d1ne

‘-'by deflnltlon because it 1s often used as an 1nterna1

1vreference

:veal have asszgned a dlphosphodlester peak at é=-12. 3 to

-drphosphoglucbse (UDPG) (25)

- The phosphocneatlne (PCr) resonance occurs at 0 ppm

>

f*"

The hlgh energy phosphates are observed between 0

_g,:.and 16ppm. The three resonances on the hxgh fleld side
IR
' of PCr have been attrzbuted to nucleosxde trlphosphates

,“(NTP), nucleoslde dlphOSphates (NDP), and reduced and

‘i

’gpox1d1zed nlcotlnamlde dlnucleotldes NAD and NADP. The,

;peak at s==2. Sppm cons1sts of contp1butlons ‘from- the hs

“

: phosphate of 'NTP and the B phosphate of NDP that at
08-—7 70‘fron the a phosphate groups of NTP NDP, and NAD. 't
‘ jThe NTP-s phosphate g1ves rise to’ a un1que resonance at .
the hlgh fleld of the spectrum 6-—l6ppm. "All nucleotide"
:tr1phosphates contrxbute to these three resonances._vDue
"}to the fact that°1n most tlssue samples ATP comprlses'

: >50% of the nucleotlde pool the resonances are often qih

.tdtasszgned solely to ATP - (34) 31? NMR measures only

’~metabolites that are 1n rapld molecular motion in the-

ﬁ (’ﬁ: . ‘ ;i ““ '
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_cytoplasm,‘therefore ATP bound to membranes ot "P
metabolltes present in macromolecules such as | ‘
phOSphOllpids, DUClElC ac1ds, and phosphoproteins are}'
‘not NMR VlSlbl ‘As a result they dé not appear in the
31p spectra of 11v1ng tlssue ‘ .

o 1.1.6 'CONCENTRATION

The'relative'concentrations-of the NMR visible

metabollte pools can be determlned 1n pr1nc1ple, ‘from B

the areas under the1r respective resonances,rstﬁqe these
R ‘

. areas are. prdportlonal to the number of nucle1 that
jcontrlbute to them In practlce, however, quantlficatxon
of metabolltes is d1ff1cult. There are several reasons'
'ifor thls. NMR is relat1vely 1nsens1t1ve, the lower limlt
for NMR v151b111ty of theﬁmetabolltes is >1mM, and many
of the resonances overlap (ex. ATP and ADP and NAD) The
C_dlfferences in the metabollte concentratlons obtained by
*1p NMR meausrements and by currently accepted standard

~

‘"enzymatlc and chem1cal assays can result from a number of
"5°“r%§5-1 The major dlfference between the’ two methods is
‘4that the b1ochem1ca1 method measures total metabolite
concentrat1ons, whereas NMR measures only metabolites ‘
- that are in rapid- molecular motlon in the cytoplasm (43)
The technlques dlffer w1th respect to the way they
freflect metabolltes strongly bound to macromolecules
w1th1n the cell In general the NMR technique ususally

3 ylelds sl1ght1y h1gher values for ATP and PCr, but lower

&



i .25

v

values for ADP:and AMP_when compared to analytical

techniques (112). vThis\i{'because netabolites such as

- \

fADP and AMP'may pe bound to protein or cellularunEmbranes"

thereforefyieldiné a lower NMRkyisihle concentration of

‘ADP and AMP detected by'NMR.théﬂ by biochemical.

, L i , TN
methods (10) Another factor.-which must be considered is
the speed of the freezing period in the biochemical
technique. It has generally been acknowledged that the_

speed of haltingvmetabolism is crlticalpto prevent p :

‘mortem changes 1n‘metabolite levels. The high energy

phosphates are pantlcularily susceptible to degradation,

. which may y1eld art1f1c1ally high levels of ADP and Pi by

- the. blOChEmlcal method

_ For accurate quantification lt is.also necessary

that the resonances are not saturated i, e, thelr ‘areas

.must correspond to a: thermal equllibrium population

distribution and this can be brought about by ensuringd

that the time between perturbations of the spin system

must be greater than five times the. longest spin-lattice

relaxation time (T ) present in the sample. Resonances

) J
in tissue spectra typically have T, values in the region

of 0 5-5. Osec (43) To speed up aquisition time and to

optimize the signal to noise (S/N) ratio._rf pulses are .

'normally applied at time 1ntervals approximately equal to

the T, values of the resonances. 51nce the different
phosphorous compounds have different T, values, ﬁge

s‘.pal to noxse ratio cannot be optimized for allék
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resOnances. bnderkthese eonditions the relative &,easﬂof

.

, the: 1nd1vxdual resonances are reduced by factor

-

detetmlned by thelr m values and by hhe txp ahgle and

the 1nterval between successxve pul$es (43). - ¢

[P N wt

DaWSon et al (28) corrected for~th1$ phenomqna by

compar1ng>1nuensie:es IQ muscle at a rapid ﬁﬁ}se fate and

also at one that allowed full relaxataon.; The relative‘si

concentratlam of NMR 'visible ATP PCr,SP Pi qnd PD pools'

- R}

were’ then agrived at by multlplyzng the resonance areasi

’ y . . ' ¥ * ot
containing a compound that, resonates at, a chemical shf%tw .

obtalned durlng rap1d sequenc1ng by 1.0, 1.25, 1 5, ; 8

3 & e
13 A v

and 1.3 respectfully -
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5 '

.. B seednd method far quantlflcatxon is. that ,of Burt o

et al (20)‘ ,These auﬁhors-lnserted a cap1ldary tubek

9

‘downfield from the tissue phospnates} Comparlson of the

’ ‘ratio of the reference peak. area to a solution of Pi %f

4

»
known concentrat1on run under 1dent1ca1 conditidns to

5 i ¢

that of the t1ssde sample glves an eﬁfectzve - t

¢ B -

rat1o in the sample, metabol1te concentrat1ons could be v

obta1ned. With this method it is necessary to caliﬁtate

v 3

each metabblite agaznst the cap1llary individually This

method’ also assumes the T, of the compOund is.the“same in

\

tissue as 1m solutzon, a sxtuatlon which may not be .

€@

v

«concentratlon for the caplllary -Uslng the corresponding -

%

ent1re1y va11d E1ther method depends on the abil1ty to

~ ~

. measure the relative' T, 's of the resonances in- fbe

‘compound of 1nterest& -Quantitatxve-ca}ibration of,.

. : PN
N a3 L .. 3 N oy

+

)
12
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'concentrations in‘absolute‘terms'is also complicated by

~the fact that the exact volume that contributes to the

signal cannot be accurately determxned in-vivo and thls’

presents a major obstacle (43). - ,' ' : '1 ar
\'One of the major shortcomlngs of 3‘? NMR is the inabllxty

to quantlfy accurately the concentratxons of the .

metabol1tes present. S L

1.1.7 MEASUREMEN'; OF INTRACELL'ULAR‘pH <L

| The'measurement of pH provides an important
COntrgbution\to our'understanding'ofvin viuo'metaholism.
31? NMR is one. of‘the best methods for measuring
1ntrace11ular pPH since the measurements can be made.
continuously and non—1nvas1vely QNMR was first used to V
measure 1ntracellular pH by Moon and chhards (88) in
~1973 Their. measurements on red blood cells were based
on the observat1on that 2,3- d1phosphoglycerate and Pi
generate NMR 51gnals whose frequenc1es are sens1t1ve to
pH variatxons in the physlolog1cal range (pH~7.0).
Although - any resonance whose frequency is: sensitlve to pH
can be used 1norganic phosphate is the most suitable
since it is readzf?.observable in the majorxty of 1n—vivo
“nséectra and P1 has a pKa in the phy51ologic reg1on _ |
"“(px -6.88). |
The pH ofia solution is‘a‘measure»of its hydrogen

ion (H’) concentratzon. "The dissociation reactionifor'a

‘weak,acid is (76):'
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\witn an equilibrium constant K. ' The px of an acid is the~

|
pH at wh;ch it is half dlssoc1ated pH bezng rela!ed to

px by (76):

pH?pK+1og ([A)/[HA)}) . (11]

A number of dlssoc1atlon reactzons occur in
biological phosphates. 'Inorganlc phosphate exits as

s © H,PO, " eH'+HPD, 2" . . [12]
at neutral pH (76). Each of the two phosphorue species
has a unique electronic etructure and theréfore'a unique
chemical shift. There is a difference .of 2 3ppm between
the resonances of the two phosphorus spec1es (39). :Due
to the fact that the 'H eichange between them is faster
than the frequency difference between the’tWo resonances,
~the observed spect{32/90n51sts of an exchange averageé
single resonance, the frequency of which depends on the
relative amounts of the two species (39) ‘The frequency
of the 51gnal as a function. of pH glves therefore a
stan@erd pH curve (43). The 1ntracellular pPH is obtaihed
by measuring the Che%icel shift of the compound in vivo
and determining from the standard ph“titration curve to
which.pH'this'cnemical‘shift corresponds; The accuracy
of the method deﬁends on the COnstructionlofvtitration
curves of QhoSphorus solutions desxgned to mimic the

\ _
;1ntracellulhr environment. Typxcal,titration>cq.ye

solutxons consist of lOOmM.KCI; IOOmM‘NaCI{ 10mu79Cr,‘5nH,



ATP SmM MgCl, "LOmM Pi (86). pH meashrments are
affected by tEmperature, therefpre the sample temperature
should be ma1nta1ned at 37°C. ' '

The chemical Shlft 'is usually expressed relative to

"PCr (&=0.00ppm by»definition)'since the pK of PCr is

-

about 4. 6 and is 1nsen51t1ve to PH changes in the ;

<4

‘physiological region pH ~6.2-7:3 (86). The relationship

between;thglpH'and the measpred,chemical.shift}of Pi can

be described by the fdllowing equation:(lll).
pH-pK+log(%obs-8H Pb ‘)/(SHPO 2'—&obs) , fl3]

In order to calculate pH from thls equatlon 1t is

| :
necessary ta determlne‘the values for the three constants

pK SH PO, .-, and §HPO, %~ . Samples are ‘titrated to pH 4.0.

and pH 10. 0 ensur1ng 99.9% of the phosphorus is in the

H,PO,~ ‘and HP042‘ forms respectfully, the NMR spectra are

obtained and the chemical shift reeerded‘relative to PCr.

Over the pH range 6.4 t0'7.2.kthe chemical shift

difference hetween.?Cr and Pi has an approximately linear
dependence on pH. To establish the pK for a particular
phosphorus compound samples are titrated in the range of

o

their pK's (111) For the accurate determination of

‘intracellular pH, it's necessary to determine the pk

valueeof phosphorous metabolltes 1n vivo (111). Due to

the lack of knowledge on the composition of the

-intracellular media in 1ntact cells, some uncertarnty in
~ the determrned pK value cannot be excluded (111).

'5830 et al (111) demonstrated that the apparent PK-value

e

-

»
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« for-a solution of a given ioniC‘Strength can vary by 0.1

v
)

to 0.3 unlts depending on the type of dominant 1on
present in the solutlon The authors compared the pK'i
values‘obta1nedbfrom txtration of a 10mM K—phoSphate |
buffer solution (pK 6.85) with that obtained from
titration of‘muscle extract solutions (pK 6.75). This

»

variation of 0.1 unit in‘the apparent pK results in an
"overestrmate (or underestlmate) of the intracellular pH
!by 0.11 pH units (111) l |

A number of factors other than pH can affect the
chemlcal shift of Pi, the ionic strength of the solution,
metal” ion binding, @emperature, and the blndzng of Pi to

£

macromolecules (41). These factors may also contrxbute '

to errors in the estimates of intracellular pH
Although 31P NMR p[OVIds: a convenient means of
estimating: pH, there are nevertheless some uncertainties.
In general, there.1s,good agreement between the NMR methc )
and intracellular microelectrodes. The pH of the giant
barnacle muscle cell was found to be 7.35 using 3!P NMR,
and 7.25 using a mlcroelectrode (41). Illingworth
reported that glass electrodes can p;oduce pH measurments
that are in error'by as much as 0.2 pH units or more
(68). This may account for the fact that slight
differences‘exist in pH titration curves quoted in the
.vliterature. Gadlan has p01nted out that accuracy of the

NMR method is nqﬁ better: than +/- 0 1 pH unit, however

changes in pH- have been reported by some authors who

< . o
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claim an accuracy of better than 0.05 pH units (41).

1.2 THE APPLICATION OF IN-VIVO 31P. NMR SPECTROSCOPY TO

STUDY ENER&Y METABOLISM

From a biochemical point of view the nuclei of
interest for in vivo NMR studies are 'H, !’c, !*N, !70,

31P,aq? ?23Na. The three nuclei that represent the best
&

‘compromise between NMR sensitivity and biochemical ’
interest and‘asundance‘are 'y, 13¢,and 31P. _The maﬁor
drawbacks for the dlrect application of in vivo ‘H
spectroscopxc studies ar§ first, that the spectra . .
obtaimed are extremely qomplex since 'H is the most
pr&we}ant atom in'bioﬁoiecules, andFSeéondly, that
suppression sequences are requxred in oraer to observe‘
signals from low concent:atzons of metaboh’ which are
often hidden under the large water and-fatty acid ¢
‘signals. The major problem;with 13¢ NMR is its lowv
seﬁsitivfty add its low natural abundance (1.1%)
therefore necessitating isotopic enrichment (43). In_
vivo 3’? NMR on the other hand has several advantages
which have meant that most NMR stud1es on 1ntact
biological systems have concentrated on *!P. For
example, narrow resonances'caﬂ be obtained which are well
separated throughout a wide range'of-chemical shifts,

about 30 ppm for biological phosphates. Although the

sensitivity of P is less than that of 'H-NMR, it is

R ’ . \-‘i:
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still, nevertheless, one of the more sensitive NMR
nuclei..."P is the only naturally occuring 1lotope of
‘phOSphorous, therefore: no isotopic enrichment is
necessary. Several 1mportant phosphotylated metabolites
are present in the cell at concentrations detectable by
NMR (2 1mM), for example, adenosine triphosphate_(ATP); ;
phosphocreatine (PCr), inorganic phosphate |
(P1),phosphomonoesters (PME) and phosphodiesters (PDE)
(Fig.~1.5) (39). Apart from the technical
cooSidetations,”an important biological reason for

» .
ch0051ng sip’ is due to the involvement. of the_ above

lmetabol1tes in celiular bloenergetlcs

The conventional method for studying metabolibm in
living.tissue requires rapid freezing to stop the
chemical reactlons, then ac1d extraction of the =
,metabolltes from the tissue chemical analysis of the
metabolites. Thls.requlres;i:Srlfxce of numerous anioals
at prec1se1y timed intervals in order to reconstruct the
time course for a given metabollc process. The metabolic
‘picture obtained from studies of.extracto is therefore a
quasi-static one. |

The main objectives in’investioations of metabolism
in l1v1ng tlssue are: first, to identify the molecules in
the metabolxc pathways and determine their chemical
interactions, second, to determine the reaction rates{

\ ‘

third, to determine the mechanism oféfontrol of these

rates, and fourth, to understend the norhal and abnormal
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operation of these controls in both normal and

34

/

pathological tissue (67)

Yoo

The advantages of using NMR to study metabolilm,
over the conventional biochemical techniquol. are that it
provides a noninvasive, nondestructive measure of certain
tissue metabolites. The NMR measurements can be made
repetitively from the same intact.anihal. pernittin;

comparisons to.beé made between different metabolic stages
- i ' —

4
under a variety of conditions. The time course Sf‘Eﬁanges
in concéntfation of different metabolites éan bé

followeﬁ; provided that the changes are slowef than iﬁe
timeurequired for the accumulation of s£gnals, Sevéialv

investigétors have'used 1P NMR to identify high energy

o metabolltes in the heart (53), in skeletal muscle (20),

in the kldney (110) and in brain (15). The kinetics-of
the metabolic interconversions can 6ften be détermined
using the &MR technique of saturation transfét.
Determination.of the rate of AT?’syﬂfhesis from Pi and
ADP has been achieved for intact heart (81), brain (113),
aﬁd kidney (40,75). The rate constants for the creatine
kinase reactiop \(PCr + ADP  ATP + Cr) have been

determlned.fOr rabbit braln (29) and skeletal muscle
/

\ﬁg ) ‘ . o~ ’
The kxnetics of many enzyme reactions are affected

by changes }n»intracellular PH (96). 3!P NMR also

-

provides a means of estimating the intracellular pH. The
F i .

measurment of pH contributes significantly to ouy .

a . I

. --;4 ) ) . : \ -
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undarstanding of in vivo metabolism. Sehr (110) and
" Manganaro (79) have demonstrated the utility of 3ip NMR
_pPH measurments to assess tissue viability fot transplant
purpost | |
' The unique power of NMR spectroscopy is its
ability to be a non-invasive probe of tissue metabollsm.
Diffecrences observed betwsen the phosphorous spectrum in
nosmal and in diseased states are being actively pursued
—~for clinical appplicatiéns. . -

., -

1.3 CELLULAR ENERGY METABOLISM - GLYCOLYSIS AND

RESPIRATION

Our knowledge of the majér metabolic pathways of
intermediary and energy metabolism were made possible

largely through in vitro extraction and analysis of the

cellular meta“ﬁ;M os, and the use of radloisoptes as

chenical tracers. Recent developments in NMR spectroscopy
have resulted in the appllcation of this non-destructive
" technique to_lnvastigatinns %f energy metabolism in
intact living syssems. Initial inéestigatlonsftended to
confirm existing knowledge of bioenergetics, but this was
1lpo:tant in estanllshing the validity of the NMR method.
| In osdar to comprehend the information obtained from
~ analysis of the in vivo 3p spectrnm; a knowledge of some
ilpotté;% callulat processes is requ1red. Chemical -‘

C:norgy is ptovided to the li}tng cell by two prinary | s

|



biochemlcal pathways; glycolyeis ‘and oxidativﬁ f* Y
4 phosphorylation. Glycolylil is the deqradutf‘o%* ::t‘r‘t';! |

carbohydrates to produce energy in the totm of adenosine

ttiphosphate (ATP). Oxidative phosphorylation is the

H

complex process of electron ﬁranspott via a chain of

rEegiratOty enzymes to the electron acceptor oxygen which

is directly coupled to the ph:sphOtylatlon of ADP to ATP
These metabol1c pathways ate summarized in Fig. l 6. 1 o
Glycolysis is of great 1mportance to the cellfsdhc;lr‘
’

the degradation of glucose rele"Fs the chmica!(energx Ta

inherent in the glucose molecule %h the form of ATP
During-glycolysis, glucose a 6 carbon molecule,;is
eventually Jegraded into two molecules oﬁ\pyruvate, a3
carbon mblecule For this process eleven enzynes are
required which interconvert the  glucose molecple into a
nugper of sugar phosphate intermediates (Flg.l.6). The
pentose'phosphate Ehunt is the maﬂog ;lternalive pathway ‘
to glycolysis }76). Glucose utilization thpough this
pathway leads to Ehe production of ribose-5-phosphate
Owhich is involved in the synthesis of nucleic acids (76).
(Fig.1.6). The catabolic pathway of glucose, glycolysis,
is opposed by the b}oSynthetic pathway of glucose
production, gluooneogeneszs. 'The rate and direction of
these opposlog pathways are determlneg by the
concentration andyactivity of the ke§ glycolytic’enzymese
present together Qith the Opposingfkep gluconeogenicA
enzymes (119).‘ g f p ' -
~ 7 : ’ .

1
!
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In the;abseﬁcelof'oxygen (anaerobic glycolysis)‘tno.,
“'molecules of ATP are produced for every molecule of
glucose degraded (39)(Flg 1, 6) The end p01nt of | a\
'anaeroblc glycoly51s is the productlon of lactate from
- pyruvate ’ Lactate is not useful to the cell in terms of
energy and duelto its acidic nature causes a decrease in
the intraﬁellular-pﬁ 076),' |
| UsingivariouS‘metabolic insults, Evans and'KAplanT;f'
(35) denonstrated,the ability ofi3‘P_NMtholmonitor'_
changes in the glycolytlc pathg;y As expected the ?‘P;‘-
spectrum of" HeLa cells (human cancer cells) 1hcubated
with 1odoacetate exh1b1ted.an increase in the sugar :
phosphate levels and a decrease in ATP levels.
Iodoacetate is an alkylating agent_whlch inhibits the
glycolytic enzyme phosphoglyceraldehydefdehydrogenaser
Blockage of glycoly51s at thlS early stage in the pathway
‘leads to accumulatlon of glycolytlc 1ntermed1ates (ma;nly
'7£ructose 1,6,d;phosphate) and preyents the replenmshment ‘
of ATP (Flg 1. 6). o . . 1 ,‘. T,
| d Reductlon of oxygen to the cells resulted in }
depletlon of ATP levéls with tvme and ag acidotic shiftO

“’ ’ .

‘ _'of ehe P1 resonance which was athrlbuted to the

(P

accumula&xon of lactate (35) R;’ levels were observed v
to 1ncrease upgh reoxygenat;on. ;~@ } |

,/“_v Cells metabol1zlng in the presence of oxygen
(aeroblc glycoly51s) y1e1d more ATP (36 molecules

/molecule of. glucose) than those metabolizing under

o



.anaerob1c condltions (2 molecules of ATP/molecule of
l'gluoose) Under aerobic condltlons, pyruvate produced'
durxng glycolysis is converted to acetyl CoA and 1s
further ox1dlzed in the tr1carboxly1c acid cycle (TCA),”
which is the common pathway of’ oxldat1on,of all’ fuel
‘molecules in aerobzc cells. The TCA cycle reactions 5
'.produce tHe energy Xleldlng compounds NADH (nlcotlnamzde B

'adenlne-d;nucleotlde) and FADH, (flavxn aden%ne

dinucleotide) ‘During oxidat{ze pho ation the

?

electron carrlers NADH and FADH
' oxygen and are re- Ox1dlzed to N2 BH (76). This -
processpls dlrectly-coupled to ;horylationvof ADP;

to ATP (Fig 1'6)' The %nergy‘relea, in the process of

I

electron transport to ogwgen 1s transformed 1nto

phosphate bond energy. ~The preclse mechanlsm~o£ this
B eneréy conuersion is not known'with7any certainty | N

“ Evans and Kapian (35) also assessed the ability of
lp NMR to monitor the effects of uncouplers of ox1dat1ve‘
'rphosphorylatlon. Uncouplers of"oxldatxve phosphorylat1on

allow the electron transport to- continue but prebent the

__phosphorlyation of ADP to ATP. Administration of 2,4,-

I”{Sdtqitrophenyl (DNP)tovHéLa cells resulted in a decrease

1n ATP leuels with no 1ncrease in SUrgar phosphate levels
indicatlng that the 31P spectrum reflects the. Spec1flc
effect of DNP on ox1dat1ve phosphorylat1on '

————

The two. b1ochemica10pathways, glycolys1s and

oxidative phosphorylatxon, are responsxble for thdsz

B \
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'contraction (19).

free energy for hydroly51s (AG ). for €hese compounds,

v ¢ . - . '. . v‘ . -
\\- . ' 'S- L. I ) ' \ .- 9 . : 40‘ *

e .

-regeneratlon of ATP ATP 1s hydrolyzed to ADP andggk

" whenever energy is requ1red for métabolic processes such'

as bxosynbhe51s; membrane t:ansport,gand mUScle

S

t

ATP'T 4 }120 o ADP"‘ - PiZT &+ BY O 11)

Sy - f}; 3AG = =314 BKJ/mole'1

foe
a4

The ehuilihrium forathis reaction lies far to the right.

- P

Phosphate compqunds such as’ ATP and PCr are often -

referred to asy gh energy phosphates" due té the large\

il

&

-31. QKJ/mole for ATP —43 1KJ/mole for PCr. In the above.

reactfon (1) the energyfreléased comes from the decrease

'

e
3

‘1n the electrostatlc nnteract1ohs wh1ch occurs when the

l

terminal phosphate is oleaved At neutral pH ATP bears

“

‘four negat1ve charges that cause 1nterna1 repulsion and .

thermodynam1c 1nstab111ty CIeavage*to ADP amd Pi’is

y Y

accompanled by the separatxon of negat1ve charge which
accounts in .part for the large change in free energy

Resonance stahlllzation\also contrlbutes to the large 4G°®
v . oot ) - ¥
for. hydrolyszs (19) : ST .

=’

¢ ATP consentratlons vary wadely among cell types and

-

among spec1es (19) “The’ concentratxon may depend on 'L; '

‘

physxolog1cal cond;t1ons, age, growth rate, stage of cel}

0,
cycle, and othéf factors.‘ In cultured cells, ATP

ﬁ‘concentratlons hqye been reporhed to vary from 2.4 to 11

_nmot/lo‘.cells. In ‘tissue, concen,’atxons of 4. 7-7.8

‘umol ATP/gm wet wt has been 23

é’ .
Q‘for #keletal muscle.

- .'
' ‘T‘ 1] e
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-storage form for - phosphoanhydride bond energy (19)

. . PCr acts as a reservoxr for the reconversion of ADP int

BN ‘a _ O ' L 41 |

'r?and q. 5 umol Amp/gm wet wt for ‘heart (19).

: Within cells, the ATP can be compartmented within

-

mitochondria,.nuclei, or other cellular organelles as.

well as bound to othef cellular components. 2lp NMR will

‘detéct onlyiATP that existsifreefln the cytoplaSm.'

' ; . B Lo - ) . IS L . . ""
31'p° NMR studies have confirmed biochemical reports that

ATP exists in the cytoplasm as a Mg’* complex (66).

0}

Another high energy: phosphate detectable by NMR is

. PCr. ATP is usually v1sualized as the primary form of
"3 chemical bond energy for direct utilization, whereas\PCr

‘ is uSUally depected as having a secondary role as a | -

3

*

‘? BCr +ADP3"-+ ATP™ + Cr + H' (2] \

“ L

ATP The intertelationship between ATP, ADP, PCr, and Pi

is summerized in Fig 1. 7

e

“All metabolic reactions are closely*rntegrated and

. coordinated A ‘number of control mechanisms regulate- the

_,AJ

'(key enzyﬁes 1nvolved 1n the reactions in response to
‘"changing conditions in the cell. It is important to note

'tthat not all of these reactions occur wzthin ‘the same

intracellular-compartment. For example, glycolys:s

:ioccnrs in*the cytopiasm yhilevoxidative-phosohorylation
' occurs in the mitochondria. For this reason metabolic |
'jcontrol and its mechanism is best studied in the 1ntact
"system. One of the main advantages of in vivo: NMR

°’f”spectroscopy can therefore be exploited. to study
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Energy yielding “ : Biosynthesis

oxidatlon of - PCr Active tronsport

fuel molecules (energy Molecular contraction
- reservoir) '

\

ADP+ P

Fig. 1.7 Schematic representation of the cycle of ATP
. production and utilization., (Adapted from
reference 19). -
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metabolism in normal and pathologicalietateSu'

1.4 TUMOR ENERGY METABOLISM N
| _ For eeveral years the’biochemi:t has been studying
the character}stics of cancer cells. In early studies it _
| was hoped that e‘single biochemicel abnctmality would be
:found to acgaunt for the dxsorderly growth It is clear
“that there is no 51ng1e d1fference between cancer
tissue and the normal tissue of origin. - In fact there
are so many dszerences that precise relatxonshlps have
become conTused, Although no specific character1st1c'1s
common to all cancer cells, a certain number of
properties.can be attributed to them which permits the
hiCroscopic diagnosis of malignanch(IOG). Under the
light microscope cancer cells achear to bé»more variablel
in size and shape.' The most notable:ebnc};alities are
jthe nuclear and chromosomal abberations. Cancer cells

haVe large nuclei and in many cases are multi-nucleated. :

‘Rapxd cell division results in increased 1nc1dence of

~
mitotic figures and the presence of abnorm#l mitoses.

On a molecular level the concenttétzon of enzymes
1nvolved in DNA' and protein synthe51s are elevated in
tumor cells which allows for the 1ncreased rate of
fmitosis and cell proliferation. In carbohydrate
metabolxsm key glycolytlc enzymes increase and the

opposing,gluconeogen1c.enzymes-decrease in conceﬂtration,

parallel With the rate of tumor growth (119). Tumor
: L™ '
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églls:produce’g nuﬁbér‘of prpte@gfs which.probébly aid in.
_their invasion of normal tissue. A lower serum '
\requifement for tissue culture of'tumér cells indicates
that they can synthesize tumét growth factors which
, facilitate their growthvin a toxic environment (ie.low
oxygen, Qecféased nutrients and acidic éa) (106). 1In
addition to these i?tracebiular changés, the tumor cell
lmemigane-aISO exhibits éh&nges in structure and
_.perméébility. Although these Characterigtics prevail ﬁhe.
iﬁdividual cells of a malignant’tumo: exﬁibit marked
‘ biochemical heterogeneity. Factors which account for the
biochemical diversity exhibited by a ﬁumor mass are«the.'
chara@teristics 6f thefcg}l type of origin, the rate of
tumor growth, ané the extent of vascularization (46). In
genéral a tumor mass conSists‘bf three fegions 6f'cells
which differ with respect to their proximity to vascular
capillaries. C;osé to the capillaries fhe tumor cells are
~adequ§te1y_supplied with oxyéen and nutrients. Beyond
:this aerobic cell layer are cellé which are hypqxic but .
';re still viable. Regions of the tumor more distant from
‘viascular capialaties consist of poorly nourished anoxic
necrotic cells. Cells in this region ate,often.dead;dt
dying ;xisting‘mainly’in éxtracellular fluid (26).
-Anothér factor contributing to the biochemical
beterogeneity of the tumo; is tbe fact that the tumor
v mass'dqés not consist solely of a populatidn of

homogeneous malignant .cells but often contains
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signifiéantAbut variable aﬁounts of host derived material
(éx,'connective tissue)(26):- An established tumor mass w
therefore can be regarded as a complicated and highly
-variable ecosystem.

Reseatchers_arg stili searching foi "biochemical
markers" or "spectroscopic markers" whifh will 4
differentiate normal from cancerous tissue and thereby I
aid in the detection ;;d’diagnoéis‘afgﬁélignancy.

One of the first applications of NMR to the study of
haligﬁant“tissue was made by:Damadian in'1971 (22).
Using 1VH NM# he claimed to demonstrate longer |

'10ngi£udinal relaxation times (Tl) for ptotons;in‘
'malighant tissue biopsigs as compared to normal tiésues,
The lengthéninq of the T1 was later attributed to
Ainc:eased tiséQ; hydration. Thé distribution of cell
.water is anWn‘t; be ébnormai in tumor tissue. Tumors
'tend to be ogdematoug since they lack-IYmphatic vessels'
which eid}in_theldrainage of extracellular fluid frgm the
centerJof the tumbr mass. Cell water is présent in a
"bulklike state and in a state associated with _.
-maétomoleculeé,_the associated state having the shorter

T The water associated with macromolecules is in rapid

T
exchange with the free water pool. The observed T, is an |

~ average of the tﬁo environments. Changes in tissue water

'//wiil therefore result in changes in the';ssociated/free »
ratio of cell water and therefore an\hliered T, (67).

These experiments suggested that proton relaxation times
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cdn-discriminate between normal and malignaht tissue.

However, this initial promise has not been fulfilled

_becauSe of the substantial overlap of normal and tumor

values due to biological variability.

Initial *'P NMR investigations on the energy
metabolism in malignant.tissuo were pergormed'on tumor
cell'suspensions,'(35);(93),(94),(122), and later |
progressed to intact tumor biopsy (24),(103) spécimens
and then to in vivo tumors (31),(33),(50),(51),(94)-

Analysis and interpretation of the results obtained from .

- studies of chl suspensions was complicated by the use of

a number of different cell lines and of the pxpérimental
protocols employed. ‘Conflicting teports (59),(35),

(93), concerning the presence or absence of a ?Cf |
resonance in tho tumor cgﬂls could result ftom
differences in the metabolic characteristics of the cell

strain, tissue cultﬁreAmedia composition, or the extent

of oxygenation and perfusion.” i
Although metabolic information can be obtained by

analysis of spectra of excised 1iVing tissue, numerous

biochemical changes can occur within a few sécondﬁ of

tissue excision. Also, a number of technical problems

are encountered iq attempting to maintain the excised
tissoe in an in-vivo like state. To obtain an accurate
account of metabolic processes, ideally one should |
mohigor metabolism of‘thg tissue in vivo.without sorgical

intervention.
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The development of the surface coil by Ackerman et
al (5) made possible the non-invasive, in vivo .
observation of tissue metabolism. 'In vivo *!P NMR
spectra have been ‘Lportéd'for a variety o; tumqrs of
murine«(??), rat (50),(51),(73) and ﬁuﬁényorigin
(90) (91). In 1981, Griffiths et al (50) reported the
first investigation of a solid tumor in situ in a living
animal. Walker sarcoma tumogé were implanted into the
‘inguinal region in Wistar rats. The tumor exhibited
intense NTP,‘Pi, and PME resonances, weaker
phoéphqdiestéts and no detectable PCr.

| .Ng et 51 (94) observed a”considérgble range of

variations in the relative concentrations of the {{P
ﬁetabolite§ arong different tumors and even among the
same tumors examined in different hosts at different_
'stages of growth. This is not.altogther surprising,
considering the variable metabolic states of the
different cell types which comprise a solid tﬁmor and the
unpredictable gfowth of tumors. Histological examination
of many tumors shdwslconsiderable variation in cell type
aﬁd in the degreé of differentiation from one part of the
tumor to another. This variation in histological pattern
is associated with considerable variation in biochemical
activity.(ZG). None of the tumors examined demonstrated
a'"uniqgg” 31p resonance characteristic. Evelhoch et al
(37) also noted marked differences in the *!p specttal

charactetistxcs of tumors that were identical in mass,

- ) . : N
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site and‘number

| L
cell injected, and extcnt,of tumar
growth. ! Both groups syggest that the observed mctabolic .
variability is a. result of differences in tumor

- vasculardzation. Another factor which may contribute to
the observed specrtal differences is the Betﬁod employed

" to acquire the ’!P NMR spectrum. NMR localization
techniques were not -implemented in chese studies

therefore the spectra may contain differential

contributions § rrounding normal tissue. Other

factors w%ich af energy meiabolism and therefore may,
be reflected in the *!'P spectra arc modifying host:
fac;crs such as the nutritional state cf the animal, or
.hormonal and metabolic differences between amimals.
‘Deutz (125) showed that the intensity of thc 31p NMR
sigﬁals was not affected by the use of pentsbarbital.

In the 193Q's Wafburg,and his colleagﬁes first
suggestéd that cancer tissues are more anoxic than normal
tissue, and that cancer tissues were characterized by a
high rate of lactate formation under aerobic as well as
anaerobic conditions (99). vAnaerobic glycolysis
-therefore bec;;es the major source of the cancer cells’
ATP. Warburg hypothesized that the dependence of tumor
cells on anaetcbic giycolySisAfor energy is a consequence
'of an impairment in the'respitatogy enzymes or cocnzymas’
in the tumor dell, thus bindering’oxidatiVéj. ’ é:)'
.pﬁosphorylation (99). A number of invcsti§§§§i§;have

" demonstrated that many tumors contain a full complement
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- of respiratory enzymes, coenzymes, and mitochondria which

-

»

appear normal morphologically and functionally and
thetefo;e'are capable of producing ATP by oxidattve
phosphorglation‘(ze). The observed.incr;ose in the rate
of oreakdoyh‘of glucose by tumor cells is to compensate
for the lower'yield‘of ATP per molecule of glucose. The
anaetoojg cell requires 36/2=18 times ;oqe glucose to be
as effieient in ATP production as the aerobic cell (76).

"‘Reliance of the tumor cell on anaerobic glycolysis leads
to a production of a large’ amounts of lactate which

w;tesultﬁ‘ln&:hdecﬁease 1§»t mor pH.

4;&45LQ a&f@hpteagto demonstrate that

ket rcoma tumor in

fnd“csﬁs ii*further drop

R .. , Lthéir{attegpf‘to show
%w : ’ & C )
s thtﬁ*effect fail&ﬁ
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Analysis of: thp inP spectra as a function of tumor
.'owth appeafs to support Warburg s hypothesis that
mors de:ive~their\energy from anaerobic glycoiysis.

C Ng et allﬂsd) studied a series of subcutaneously
Plahted tumors., Inltially, the ?IP speg}rum ‘indicated

klx," r\

’t,tho numor.c lls*éppeared.to have aﬂeq;ate blood flow
Lo \,S g LR e e 3
%ﬁerefore-adequatbﬁoxygen.v

I Y o ‘L‘ 4

.‘c

1 ,';v \



predominantly aerobic with moet of ﬁhe ATP being! SRR
generated by oxidative phosphofylation., As;tho tuqor‘
grew a decrease in the blood supply resulted iﬁ’;@,’
increase in the hypoxic fraction in the‘tuio;. vThe‘
dependance of the.hypoxfc cells on\anaerobic\glycolysie:
was teflected;in a decrease in PCr with a corresponding

increase in Pi and PME with little cnaage in ATP levels.

The 1ntracellular pH had decr;n& sl1ght1y. To

compensate for the\less

er, ef 'ré ency of this pathway for 8,
ATP synthesxs, the t_umor*s utilize PCr to maintain
the high and .approximately cons&ant level of ATP. 'The

. ey
‘ decrease observed in the 1ntracellular pH was attributed

to the accumulation o; lact1c aold, the end prodoct of
anaerobic glycolysie. As tumor étowth proggeésed,~
further depletion of the Pdr teserve and decreased ATP
resonances was observeddalong with ah increase in PME.
The increased rate of glycolysis has resulted in the
accumulation of glycolytic intermedf%tes. At advanced
stages of growth only the Pi and PME pdﬁks were observed.
Cancer cells are characterized by a hiohfrate of
hydfolysis of ATP (ATP - ADP + Pi). ATPnnas been
hydrolysed to yield Lhe predominant Pi r;;onance. The .
presence of the'intense'Pi peak at late stages of growth
ptobablf‘reflect gccumulgtionyof neorotic and |
metabolically jnactive cells since by comparison dead,

~ tumors generally exhibited an intense Pi peak anp a small

residual PME peak (33).
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Several 1nvestlgators have reported substantlal

‘_dlfferences in. the 31P spectrum of normal tissue ex.

‘dmuscle as compared w1th that of tumor tzssue (as

a, :
illustrated in F1g 1.8) and have suggested that these
dnfferences could prov;de a meaJs of dlagnosis of cancer
in vivo. To date, a unlque spectroscoplc f1nggtpr1nt for

cancer has.not-been~found; Although most tumors exh1b1t

high levels ofﬁPi~andfPME~With‘low levels of hlgh energy

iphosphates, thls proflle 1s only observed'at 1ate stages

.of tumor grcwth The fact that these spectralf

l

characterlst1cs are obsenved in normal tlSSUE undei

moderately hypOXlC condltlons (100) suggests that 1t 1s

: un11kely that Bi1p spectroscopy alone w1ll prove useful as

&

a’ dlagnostxc technlque#for tumor detectlonww

In the past determlnlng the tumor’ s metabollc .
pattern was dlfflcult and time consumlng Recent
R
developments in" NMR have made 1t p0551b1e to assess.

rapldly several aspects of h1gh energy phosphate.

‘metabollsm, pH, ‘and the relaxatxon times of. tumors

non-lnvasxvely K B i

'

.

1.5.TUMOR MODEL . . - | : -

. - E . . » . %
LT . . ; i
. . . L ’ - . .
X - o : B

q that resemble those of a human tumor of cllnlcal

Ideally for experlmental stud1es,'a tumor model

shdhld exhxb;t spectroscoplc apd blolog1ca1 propertles '

/‘.

/interest The tumor should be suxtable for in vivo and

o
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in vitro-studiesrkreSponsive’to thexapeuticvagents, have
well documented h1stology, and be non immunogenxc and

non-metastatzc, at least until the very late stages of S

growth.’ Unfortunately, no tuyérd;;tisfies all’ these

~

criterla (46).\‘ , N L
Tpe tumor model chosen for this&ﬁgjpstlgatzon ot
tumor metabol1sm was the Walker sarcoma 256. Other ,‘;.;‘

investlgators have employed thls model. (50) (51)_to
monitor tumor metabolxsm by~31P NMR spectroscopy The
advantages of u51ng the Walker sarcoma as’ in experxmental
. tumor model are its rapld growth (10-14 days),‘lts e
reproduc1b111ty1%1t5'senszt1v1ty to chemotherapeut1oh ‘
e}agents;’and the”fact that it exhiblts/gross nécrosis'oniy
at. late stages of growth ' -

| The Walker sarcoma is a mallgnant tumor whxch arose
_’ffn:a pregnantvalbzno rat in 1928 in the laboratory of Dr.
o @eorgerWalker'(IOZ). sttologlcally, 1t ;s descr1bed as
a mammary Edenocarc1noma (1oz)m 'The hormone independent.
. carcznoma grows rapldly, inva51ve1y¢ﬂand reproducrbly.

After subcutaneous 1mplantatlon of a tumor slice (=5 mm’);

' it is faqal to the ‘host rat within 14- 16 days when it has

e “,
1

reached 1 size of approx1mate1y 8x5x5cm and weighs about
) .

’_609' (10 . Thrs rapid growth and the release of

proteplytic enzymes (proteases) by the tumor, destroys

the vasqplar walls wh1ch results hn a reductlon of the
_blood sipply to the tumor (47) As a consequence of

‘this,_afcentral necrotxc region develops which is ev1dent1_
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' from ‘the seventh day of tumor growth (102) Thig tegion

X consrsts maxnly of cell debrls and extravaseted‘%

h'erythrocytes. The perrpherg of the tumor fs, however,

'still well vascularlzed As the tumor. gxo 5. the VASCular

density ‘at and around the tumorrper1phery i ’reasesk The

~ tumor can elllcxt new caplllary growth tom th ’hoséfvla .

i
. These’

- the action of -a’ tumor anglogenesis ector (47).

z«neWIj formed tumor vessels IHave a slingle layer . wg" »
,endothelial whll‘which‘lacks a more resistant‘externeg‘t

"‘coatlng (47). ' : SR | A

+ The Walker sar%oma has remaine relatively-stablégih

its.sensitivity to chemotherapeutic agy v
- tumor is-very responsive to alkylatlng agents (ex\\

B cyclophOSphamlde) (30) , Complete regressxon of the tumor

'can occur w1th suffxczeht dose and number of o 5?

'adm1n1strattons of the drug (30)

Eariy NMR studxes of tumor metabolism examlned

eumors 1mplanted subcutaneously 1n the animal No

7
LT

lspatlal local;zatlon technlques were employed in theseg

‘experzments. .y potential problem with that method wa\»
that the tumor was in d1rect contact with adjacent
tissues and tbetefore the NMR spectrum ;cquired was
llzkely to contaln contrlbutzons from the surrounding
,ﬂtissue. Tb overcome this problem and to reduce the
spectroscoprc locallzatlon requlred we have developed a

'tumor modei An whzch tumor growth occuts isolated from

’the surrounduag ﬁ!ssue. Employing the method originelly
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'described-by P. Gullino'et al‘(Sg),“«Walker sarcoma”cells

.( 10%) were implanted into_the rat kidney Just under the

capsule. The dney was then wrapPed in parafilm to N
restrict tumor growth. o ': ‘

Phe rapidly growrng and 1nf11trating tumor cells
replaCed_most of the'kidney tissue within 14 16 days,
resulting in a tumor mass. connected to the’host only by

' the\renalyartery and vein. This featureJ;toV1ded
considerable control.omer the administration of insults

-

such as-chemdtherapy and ischemia.
1. 6 NMR LOCALIQATION TECHNIQUES
| ' The abn?fty to monitor metabolism non—inva51ve1y by
NMR was made p0551ble by the development of
radiofrequency surface coils&for the exc1tation and
- detection,of NMR. The surface coil is the most sensitave
means of detecting low coneentration metabolites within
.tissue close to the surfaee of the animal. Sensitiv,ity'*w
is greatest’close.to the surface of, the animal and
rapidly decrgmses with increasing depth intO'the sample.
’.One of the major technical _problems is\the detection of
signals from metabolites at some’ depth below the surface
. without detecting regions closer to the coil. 1In orderv_
to monitor ;umor metabolism in vivo ‘one must.overcome |
~this problem %i selectively acquiring NMR signals from B
‘the . tumor, or a particular region of the tumor, and

f_discriminate against similar signals irising from

o C ' ,gﬁ‘ \



surrounding tissue - "3."_ V.9 o
Early NMR ‘studies of tumor metabolism examined
tumors implanted" subcutaneously in convienient anatogﬁcalr"
locations in the animal (i.e., close to the surface) e, g.
"the tail or flank region. The NMR signal was detected
using a szngle radiofrequency pulse for excitation from a
region determined solely by the placement. of the coil and
itsldiameter. As a result oi‘the inhomogeneous rf field -
generated by the surface coil, the detected signal arises
from an approximatelyvhemispherical region of the.sample
- of diameter equal’ to the coil diameter. This method has
been used in a variety of in- v1vo NMR metabolic studies
but does not prov1de adequate localization
The sen51t1ve regions generated in this way can be
revealed egperimentallyr Using a slice phantom -
containing.H3P04, a surface cOiiﬁinageawas produced,using“
a Standard 2D-FT imaging sequenee; The experimengel '
: parameters employed are described in Fig 2.1. Fig 1 9
;(a) and (b) depicts the distribution of signal intensity
‘ relative to i‘iﬂrf c011 In fig 1.9 (a), progressing
from the outer band inwards, the first bright band : ‘}

represents the region in the sample which'experiences’a.,’

90°- exeitation pulse, the dark region of zero signal

q%ensity corresponds to spiﬂu that experience a 180° L

@

1pu1se The nex% bright band nearest the c011 is that of
-%,58pins experiencrng a°270° pulse.‘ In order to sample a

g?ﬁregion deeper into the tissue the pulse length is



)
l‘
Fig. 1.9 . Surface coil images' of the distribution of signal 1nten51ty9
3enerated by .a sxngle pulae‘relatxve to che rf coil.
(a) The large curved regxon of brnght 1ntensxty corresponds
to the region in the sample that experiences a 90° exci-
‘tation pulse (6 = 90°). The dark band of zero signal
intensity. corresponds to 8 = 180°. The next small bright
region nearest the surface coil corresponds to 0 = 270°
The pulse Iength employed was 100 usec.

4

2] -
(b) An increase in the pulse“length to 400 usec results in the
. movement of the 90° excitation band further into the sample,
o A In addition, Kigh flux signal corresponding to 6 = 270°,
450° and 630° regions of signal intensity can be observed,
the 630° region being the closest to the surface coil.
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increased. As a result, the 90° excitation band moves

]

deeper’ into the sample, but ‘this movement is accompanied
by the appearance of additional regions ptoducing high .
flux signals closer to the coil Fig 1.9. (b). The’single
pulse technique therefore‘provides a simple method of

localizing on a selected region that is close to the

-surface of the sample but it is not possible. to sample a

deeper region without generating iarge signals near the

)

coil. TheFSpectra acquired are not therefore free of

»surface layer signals Employing a surface coil with a

single rf exc1tation pulse has the: advantage of being

easy to implement and provides moderate localization but

the localized region is poorly defined and deeper regions
‘ I'e

of thebbody/an%mak_are inaccessible.

oSeverar§¥§5pniques have been gepo?ted whichwclaim to
obtain spectra from discrete regions within an intact
organ/tissue T heSe include topical magnetic resonance
(gha) (48),(49), Depth Pulse sequences (13), Depth Pulse

: %pences in conjunction w1th magnetic field gradients

&&f%), Depth resolved surface coil spectroscopy (DRESS)

" %(16),'Volume_se1ective excitation (VSE) (89) image

~ selected in vivo spectroscopy (ESIS) (98), and spatially

tesolved spectroscopy SPARS (78) All of these methods
offer improwed logglization over the single pulse method.
We have implemented the phase cycled "depth pulse" B

localization sequences desCribed by Bendall and Gordon

BN

A~

(13) to-acquire data from agspecific region of tissue,‘



_ . 60
primarily because £hey do not réquite switched gradients.
Depth pulse sequences are easy to implement, rapid,
provide a well defined sensitive region, and have the
ability to selectxvely monitor deeper reg&gns of tissue,
Ng and Glickson (95) demostrated the improved
localzzatxon afforded by the depth pulse technique by
selectlvely acqulrxng signals from a necrotic region of a

Dunn osteosarcoma . /
A

1.6.1 DEPTH PULSE SEQUENCES

Depth pulsé sé@uences have been designed to restfict’
.signal respbnse £o within chosen ranges of tip angles.-
In order to remove thé érror signals obtained when using
Ainversion recovery or spin-echo sequences with
iﬂhomogeneous rf fields, fhe rf pulses are phase cycled.
The phase cycling leads to cancellation of contributions
‘td the signal from spins that experience flip angles
different from 90°, 27Q°,0t 450° .,

A series of pulse sequences can be constructed using
the phase alternated invérsion puiée 20(+/~X), the
excitation pulse ©, and the phase cycled refocusing pulse
20 (+/-X,+/-Y) in different combinations to yield the
desired result (Table 1.1). Examples of depth *ulse
sequences are:
. | 9;[29(+/-X,+/-Y)]2;'AQ(4/—); (1)
20(+/-X);0; [28(+/-Xi+/-¥,) 1,5 AQ(+/-) (2)
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©/3;6/5;0(+/-X); AQ(+/-) (3)

Progressive improvement in the localization afforded by
the above sequences is illustrated in Fig. 1 10 which
depicts *'P NMR signal intensity versus pulse length.
Curve (a) tepresents localizat1op by a surface coil as a
function of a single rf pulse, curves (b) and (c) are
obtained with depth)pulse sequences Rll and (2) |
respectiveli& Béth séquénces provide_&dgrovedf
localization, i.e., naérowihg of e 90° excitation band
séduence (2) being bgttér than sequence (1) due to the
.increqsed phase cyclihg; In both cases signals from high
flux régions are'ptill present. Curve {d) is obtained
using depth pulse sequence (3) which suppresses the high
flﬁx signals résulting in a spectrum acquired from a |
certain depth without §ontributions frpm surface signals.

Prior to impiéﬁenting the depth pulse sequence in_
vivo it is necessary to perform calibration experiments
on phantom samples to determine the pulse length:fequired
to obtain a specific penetration depth. .
Surf;ce cpil images of the sensitive volume'pxoduced
) by.ﬁhé exéitaéibn~pulse sequence provide information on
the distrxbution of . sxgnal 1nten51ty relative. to the rf
coil The size, shape, and location of the observed
volume can be varied by altering the coil diametef, rf
pulse length; resonance offset, and sample position (36).
The surface coil lﬁage is produced by applylng the deptﬁ;mw

imaging_ sequence. The experimental parameters émplq§ed
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sequence. The exuerimentai parameters emplofcd are
described in Fig. 2.1. 1In order tﬁﬁq"'" and te
calibrate the region of tissue froﬁkwhfbh spectra are
obtained, the surface cdlﬁ imagefof the sensitive uolume

can be superimposed onto a transverse image of the animal

produced by the circumscribing coil. Thewtwe images afe;{f} ]
' : .ﬁ’ 4';* '.’-

combined by adding the two time-domain data“setsmu o

together. ‘ ’ » o f‘;1f5$r;

s
Depth pulse localization sequences are well syitpi

to a study of tumor metabolism since,. prov;ded the tuuor

is large enough, spectral characterxstics o£ a pa:xibuf%r

"tegion of the tumor can be" obtalned Aﬁii ‘ ve,f '**'ng"

. . ol : « -
¢

The  advantage of usxng the deth pulse seduencd p_jp;~

lv"“ N A

therefore jis that it is easy to implemenn, rapid ‘ahdi -
"J,t\ ”x";‘ P

R e

provides a well defined sensitive region. Deepern(egiohs g

of tissue can be monxtored but with a reductlon 1n’SLgna1 -

IR °,.
1ntensity and with some reduction in control of Ehe

regional extremities due to the larger dxameteracf the

"-.')r ’ Oy

surface coil.

]
N
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TABLE l 1

Types of cOmponent Pulses Used In A Depth

Pulse Sequfnce Together with Their Individual Effects

.Pulse

Excitation (0)

{nversion (NO) -

(&/N)

Refocusing (26)

il

?hase Cycling

\J

+X

4/—X
',l e

»

+/=-X

@

+/~X, 4 /=Y

Effect
90° excit&tioﬁ Pulse
;t the center of the
‘sensitive volume.
where N-2,4,6,8...
resulf; in}narr6§in9
vof“the é;citation
bands.T .
where Ne3,5,7,

suppreéses high flux'

n signaks from 270°

450°,630°,. tegions
respectively,. |
narrows the -

excitation bands.
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' —2.1  NMR TECHNIQUES

. . - .
. o : . : (SRS

"f'=u, NMR measurements were made at 37°C, using- a 40 cm

horizontal bore superconductzng magnet operating at i 35T, -
€ -

correspondxng &o a Larmor frgqgency of 40 55 MHz for
&

Phosphorus The (ats vere anaesthetlzed w1éh somno/gl ‘t"
»l’ . )
(65mg/kg I1.P.) and secured on a cal1brated plex1glass_gy‘
’ y v..- .
platform for~accurate placement w1th1n the magnet. mhe ‘

body temperature oP the an;mal was maznta1ned at 37 38°C by

forc;ng warm a1r from a halt dryer 1nto the magnet bore&to

-{df.~establlsh a warm atmospherL over the anlmal during the

9
experlment | e
A two turn 0 8cm X 1 Ocm surface c01l was used both

P ’ ‘7’
. 2 to transmit and detect s:gnals from the tlssue. Spatlal

LI lp’ 1zzation was achleved by employ1ng a depthapulse‘_lé”/

A

seq ence (13) whach contaldEd the follow1ng pulses, L

\ '.7 /3 e/s e\(+/-x), Ao (+/—)

AN

o R

angles in a. one pulse experiment ‘, A; 7'°'_“;J" B a

Spectra were pbtar?ed by Fourler transiormatlon of

“y~ accumulﬁtedﬁrIb's 51gna1 averaged w1th a repetltlon

K

intetval of L Os for 512 1024 transxents and obta1ned with

(

a tpectral width of 250082., Each %ID contaxned 2048 data

L




points/scan | o *.__lf R
elative concentrations were estimated from

“* the- 1ntens1ty of the corresgondind %P NMR resonances. R

.

m. ¥

ey Saturatioﬂ’%ao;ors of 1 7, 1 4 2 0 ,1 8 1, 5; 1 3, and
‘ aﬂhadi satunation of the phosphomonoester

é’: ghntn

(PME), 1norgan1c phosphate (Pl), phpsphodiester‘&pDE),‘

4

phosphocreatine (PCr) and the Yr o and B phosphates of the

1
.

"_ ATP resonances were applied to the respective intensity
' values obtained., A551gnments of rernances -for the 31P
metabolites were made by comparison of the chemical shift

S obtained w1th those of published values.

'@?’ JV A convq}ution difference routine was applied.in order

‘hsﬁv to remove resonances of broad lineW1dth Line bﬁgﬁdening

‘ functions of 75Hz and 15Hz were applied to the FID and thei,
¢ resulting spectra subtracted -’ A‘°' |

-;:r.: SRS To\iaximize 1ts homogenelty the magnetic field was

shimmmed u51ng the p;oton srgnal zéjb kidney‘water. This

' préton S1gna1 wasrdetected Wlth t ’lP probe tuned'and -

N

W .
matched E?_the 1H frequency of 100. %gmaz., Thewproton line
WIdth wag typically 194253za *The 90 déﬂ%ee puléL length "K

a ER3

fg VaE 1ndependeq§L aahetermined for each nucleus bY
N, c iy N 2

*giig% sghere containing 85% H }0 .on the

p 81tioning.3'

I‘R‘. %

’A site side'ﬁ:ffﬂe 8011»tbrthe sample, at an. equivalent,a

distangg from> “_ i;if’éo the ‘chosen region of interest

_within the sanple. ““ Q"* “';‘

N i

_'."-'5;p» 1H NMR 1mages of ﬂre abdomen ang\sungically exposed

kidney were obtained WIth a 'ircumscrdbing rf coil ustng a-

g e e S I I -



\q slices!ghtained were transverse slices through the/tignex\;::4
- and abdomeh . All gradient strengths were 0.5G/cm, fand the

- with the depth pulse sequence 1n conjunction w1tﬂﬂthe.

o slice thick %ss obtained was ~3mm

® 67
}standard spin-echo 2D FT imaging sequence. ‘The spin echo

imaging sequence consisted of a soft 90 degree

slice- defining pulse: followed by a 300 usec hard 180 deggee'

refocusing pulse for the echo ~ The time interval etween

the echoes “TE) was 32 msec, the repetition time (TR) was
‘1 0 sec. Frequency encoding was . determined byathe field
gradient in the X direction, phase encoding by the stepped
field gradient in the Y direction (128 steps) and'slice '

defining by the field gradient in the A direction ‘ All

e 2

Fy

Images of the "sen51t1ve volume" generated by the

L
ndepth pulse sequence;were acquired uS1ng the surface coil

'standard spin—echo imagungysequence (Fig 2. 1) .
-The 1H 180“degree hard pulse and 90 degree soft pulse were

calibrated as previously '

cribed using a 4mm glass Sphere
containing H Po and co'responded to the appropriate depth
into the sample f;om which the 3‘P spectra wgre obtained

The combined swrface coxl and iméging coil images were_

3 :

obtained by adding the two time-domain data sets together o

<

prior to reconstruction of the image\ .”The same X, Y, and

"‘ z gradiegt Zé;engths were used for both images and

{

l‘ therefore he two imaqes were directly superimposable

Yol dr L B B g : ~N
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Pulge sequence employed to obtain surface coil ima

ges. . The 180° hard

brated for each expé

v‘l"‘ig‘. 2.1

riment

i

were cal

pulse and the 90° soft pulfse

31p 4ata

h the

1ic

1ssue

from wh

corresponding to the depth into the t

were obtained.
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2.2 os'rznnma'rron OF mrmcsx.wmn pH BY *!'P NMR '

The apparent 1ntracellular pH was estimated from the

chemical shift of the Pi peak relative to PCr. This shift

was calibrated with uplutlons of 120mM NaCl, 20mM PCr, IOmM
ATP 5mM Na HPO, }mM’MgCl tltrated by addxtion of small
aliquots of 0 1M HCL or 0.1M NaOH: The pH of the solutionéi}
was measured with a Flsher Accumet.pﬂ meter model 805 MP. ‘
| fitted w1éﬁga glass electrode and. calibrated with standard '
o buffers (F1sher 8c1ent1f1c)~of pH 4.0, 7. 0, and 10 0 at S
37°C The PGr - resonance, def1qed at 0.00- ppmw qud as.
*agh‘hterngi chemacal shiftireéerence In cases wherel
extremely small PCr peaks: wene present 0.00 ppm was . -
assumed from t,b‘he u—AT% peak (8 —7 71) which we demonstrated
to be relatlveLy 1nseﬂ§16ﬁye to’ chang@s In PH over the
,»range pH 5.0 to: pH 8.0 ?flg 2. 2) The sample temperature

i

-Was. maintained at 37°C by plaC1ng the samples 1n q?g7°ga$@

‘water bath prlor to the acqulsitlon of Spectra and by
A qO’%o
controlllng the magnet bore temperature w1th warm air from_

T a hair dryer.

S—ct _"

31? spectra for the tltratxon curve were obta1ned

o~

f*}? using the 0. 8 x. 1.0 cm surface coxl under t;e followxng;

conditions. pulse Ienqth,‘lo u. sec,lspectra w1dth 2000Hz,

W

time domain p01nts, £R,.relaxat1on delay, 4 0 sec, number
* * ! - 5«’ . '

of scans, 4. A, «

) i PR R

’ A standard pH t1triﬁ?on curye. deplctlng the varlatron

- t chenical shift of’ Pi with pn was constructed from the

a"arilontal reaulta obtained (Fig 2 3) An apparent pR ‘
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CHEMICAL SHIFT (ppm).
® O

,1.The.chemipai.§ﬁjffbi 
of 10 mM ATP in the ‘p¥eésence of 5 mM

he:3p MR signals

MgCl, plotted as a function of pH.

S
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CHEMICAL “SHIFT (ppm)

“"

“#0 55 X &WF - 74 80

.."J\' " e ) . .

1 Shlft of inorganic phosphateh c

Fig 2.3 Variation of the chemig
The chemical shift-is.

(Pi) with_ solutiop pH4 79¢.

L expresseﬂ‘re-latwe to that of: phosphocreatme (PCr).. ¢
o Solutions contajned PCr, 10 mM ATP, 1%0 mM Npel,
_ 5 mM Na,HPO,, 5 mM M and were titrated with 0.1 M
e ‘NaOH or“0.1"M HCL. . T,
| b . SRR
. ‘c"afafri’ . . , S v ‘a(\v,



. for Pi of 6. aoiwas estimated fram the curve..

72

The relatidhship between the pH and the measured

chemical shift of Pi is described by thepfollowing ¢

o equation - " o _\.j; 5

e
7
* # -
"

pH = pK- - log( Sobs_— SHPQ, 2- 1/( 8H, po {ﬁwdﬂﬁﬁ
. ’ N :
whe&e ‘5 EBEpe thé”bhservéaqzheNical miﬁift of Pi, & HPO, "//

: "c"‘ngiti Sl

and § H PO~ are the limiting chemical shifts at, high »
,\“

(leO) and low (pH4) pPH. A pH chart was calculated (for a tu

4"‘
chemical shift range 0f*3.60-5.30 ppm) using the above Bl
o

equation The walues for the acidic and bgsic endpg@nﬂk:'”h

and thg pK were determined to be & HPO, 2- o} f19cppmf€£ &gq‘i@
‘ o .,2:?‘:;'&‘.” .

- b :

. . ks -
8 32P04‘-5.72 p n,»and pK-G.ﬁO respectively. CoE ?{‘ﬂ

' ale Sprague Dawley rats.weighing 180-250gq.- Rats,were * )

gt L. R Y
WU e
5 - '
K} L4 H

:5“ ' ’ ' ’ : ‘\J

2.3 pREPARATroN Q? TUMOR CELLS _ ; - -

-

"Walker carc1nosar¢oma 256 cells were obtained f;om Dr.{

A.d. Eranko, of the Cross Cancer Institute, Edmpn&on,

o £ L

Alberta. Tumor chunks stored frozen in liquid nitrogen T f;

were thawed and. implanted subcutaneously in the flanks of

&

o w

' provided with rat chowvand water ad libitum;

After a period of 10 days growth: the tumors were excised

vand minced in phosphate. buffered saline (PBS). A single

.cell'suspéniiz:*::;—sispared by trypsinization of the tumor
“cells using a concentration of 0. 1% trypsin. The L

c

“sample was. 1ncubated with the enzyme for 30 minutes at

‘;37° The reaction was stopped by the additibn of cold K

"y,

.'nedia plushSerum and filtered through sterile gauze._-mhe_zr



. 7 ,
cells were then harvested b;{centrifugatlon at 100 pm for

vzo.minutes at-5°C. The pel 'ated cells were resuspended in .

-approximately 5 ml.of phOSph;* .hhffered saline

u"

) . . éw
C 2, 4 KIDNEY ISOLATION AND Tuqﬁn IMPLANTATION

_ Rat kidneys were surg1cafpy 1solated and implanted
with Walker sarcoma tumor cells by the method o£ P. Gullino
et al (54) Rats were anaes!hetlsed by intraperitgneal

‘,1njection of somnotol (65mg/kg A.PL) A 2 cm 1ncisxon ‘was

> made in the ~lumbar region,ethe kidney was carefully

isolated from the'surroundrng adlpose tlssue and pulled out
. o . R . ©.

"through the abdominal muscle layer into the subcutaneous
space. Care was eeken'to avoid’danage to the renal

.pedicle The abdominal musclellayer waskpartially‘sutured ‘

under-th& wﬂdney to pteVent the kldney from falllng back

' into the abdomxnal caV1ty Approxrmatelyr ~10‘) walker -

L

Sarcoma 256 cells suSpended 1n lOOul ot culture medium were
bnjected into the rat kldDGY‘]USt under the capsule a The‘
'kfdney was then wrapped ip-an. hour-glass shaped plece of,:
| Tparafilm and heat sealed to ma:ntarn the organ "tissue
“»isolated"”“ After approximately 15 days, ehg }nf1ltrating:illi
and destructively growing tumor cells completely replace |
the kidney tissue leaVlng the tumor mass connected to the'.\
-host by a single artery anﬁ veln, R ',



7

*, - 7 ‘ " . ' D4
2%% PRODUCTION OF ISCHEMIA IN:THE RAT KIDNEY |

The kidney Wa: 1solated as described in section 2. 4.
The renal artery wat isolated and a lgbp of 3 0 silk suture'
was threaded around the artéry “Mhe ‘thread wa’s knotﬁ%&
and fed through a 3 cm long piece of giastic capillary
tubing The tens1on of the tdbing on the tﬂiead w;s
suff1c1ent to hold the capﬁllary in place, tight against

o
the attery, such that arter:al flow could be stopped to

;produce a ﬁeriod of 1schem1a anthhen reestablished to -
allow the monitoring of the re&overy 3

2 6 CHEMOTHERAPY

SR Cyclophosphamide (SOOmg) was obtained fro& Bristol \\
:Laboratories of Canada The drug wasndissolved°1n 12.5m1 of
_bacteriostatic water to a final concenf?ation of 40ng/m1

"~ § After ?9"d'ays of tumo’gxowth in B}e rat fkidne\y a freshly

| - prepared solution of cyclophosphamide (150mg/kg) was éD,
injected under direct v1s!bn 1nto the femoral vein Each;
Aanimal received its dose as a single injection. NMR "
¢spec€ra were acquired 1 br., 2 days, 4 days,oand 5 days pos

.injection The effect of the drug on other tissues, namely

'muscle and normal_kidney, was alqo examined.

. . - ) ) a
. o . . . t
) ) . . . .
° ’ ‘ ’ Lo N o . T o o
. A : N . c. - . ! . - A "
. . . . T T B .
. . A4 o . * -
R } ) g . : »
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2.7 HISTOLOGY ot
Healtl';y ,i'dneys and kidneys containing tumors at
various stages of growthiwer'e exc‘ised' and fixed in 10%
'formalde’hyde. After embedding in paraffin,ms. um qecti%ns
. were cuvt'-;ané;sta‘ined wi\t\ﬁ‘he\g\oto;ylin—eosin (HE) aécording
to routine meAt‘hods.‘ Photographs wege produced from the
.toscope slides at a magnificati_oq of 4:1 or 10:1.

., . .
.‘ -~ ’

U meaaw



3. RESULTS AND DISCUSSION e

* ’ .

A

The main objective of this project wae to improve

on prev1ous experimentaL-protocols for monitoring the .’l
'(v\‘ g o
biocenergetic state of normal .and malignant tissue by "P"’
‘ E SIS A
NMR Spectroscopy In our approach to thgﬁ problem K

1

emphasis has been in two areas,hﬁa& the development of a

tumor model and (b) 1mp1ementation and evaluation oﬁp‘HR !
] vy -
localization techniques to enSure that the 3!'p spectra

T‘achired are from'a well defined region of tissue. \' '

with impfovements in these areas, untreated tumor growth

“

was monitored at various . stages to pov1de information
about the blOChemlstr /?ndvphy51010gy of -the tumor and

N
to serve as. a baseline for the analysis oi the effect of

* .
chemothérapy andvischemia. —_— N ’» N

3.1

convienient anatomical locations“i e.,. the flank or.
. - ' . p .
tail , In this 1nstance, the #nvading tumor ie in direct

.

co:}i!!'ﬂrth surroundzng tissue. One of our objectives ;°
L

- -

‘was to. deve10p a tumor model in which the nargins ot the -

" tumorqare well defined in order that tuuér onorgy - A
. . . 5



metubolisnMNMPd be nfhitored vith minimum contamination

from ext;‘) 8 ‘tissues. This was achieved' by ﬁhploying
the method ofiginelly described by P. Gullfho et al
(S54). Tumor cells were implanted into the kidney ofxe
Sprague Dawley fat and the organ was wrapped in a 3\\

@ pererilm pouch "In maintaining the tumor ’ ."
tissue isolated, the cellular coutamination}of the tumor
by surrounding tissue is reduced In,prder'tO‘minimize
the spectr05c0p1c 1oba1izat10n requxred the tumor

___wjlthough implanted 1nto the rat kidney, was not buried

inuthe abdominal cevxtW of the an1ma1 " The tumor was
eutgicelly exposed for the NMR measurments, theveby
reducing the contributlon to the NMR sugnpls from muscle
end adipose tissue. C
Another important characteristlc of €his model 15
thet tpe tumor grows in the parafilm pouch connected to
to-the host by only the vqugn{ar ped1cle (renal*artery

-

and tenel vein) This feature prov;des con51derab1e

con‘ﬂol ower thp admjnistratxon of- metobol&g*insn ts u%ffft*J

B

*
euch es chemotherapy and ischemxa.

Gullino et al (54) noted that 1n general the
biological characteristzcs of tumors grown in this

7ai ‘manner resembled tumors grown by subcutaneous

1lp1antetion " On cross—section however, the tumor grown

in the enc]osed parafilm pouch appeared to have less, .

exteneive necrotic ereas then the supcutaneoue implents
M N - ;
' of equel e;u.; P R

-
f" ISR (A

5

¢
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As the tumor cells infiltrated thgﬂyidncy. the | ,
tumor mass attained a* round 6//ov6T3{ahape ‘&nd variod in
co«lout from a pale yellow to pink to dark red with the

‘ occasional appearance of white patchel. The dark rqdv 'Q

(213

regions are probably due to hbmorrhage from the host
orgén after injection of the tumor cells which could not
always be avoided~: The white patéhestobserved m§§ be'
the result of infection | o !'

- About EIth days after tumor 1mp{antation, a .
;substantial amount (10- 20m1) of fluid,resembling o}asma

accumulated in the subcutaneous space between the, skin

,and the’ parafilm pouch containing the tumor. Since a.

a -

normal kidney wrapped in paratilm does not. prodyce’ ‘this /'".‘
excess fluid tﬁis can He 1nterpreted -as an eﬁﬁeét of the‘r_ﬁﬂ
tumor alone (54) Tu\or growth in the rat ki ey was ”ji”‘
“con51derab1y varxable The tumor/kidney wet/weight :
.'exqmined 10 daj? after 1mplantatqn of the té;or celle

‘ varied from l 9 4. lg. he average diametet of the tumor |.
, B
~.at this stage of'gtowth was._4og. !
. s 14 ’
Although gtowth of the Walker sarcoma cells is‘very
&
rx

rapid and destructive, the tuhor implants of the kidneg

7‘ptobab1y contain varying amounts of norm&l kidhey e ) e

tissue. ‘Gullino~ et al (54) noted ‘that at advanoed AR
7staqes of growth histological examinarion vealed thq

«presence of some 1ntact glomeruli diSpersed in the“

; . AR AR T Lo
' aneoplastic tiésue AP ‘ﬂ v ,/r “*3

|
r

~ Y

¥
0

The probleis‘phcountered &ith this ladcl wotc thn i{-«w i
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occasional onset: of hemorrhage"in the'kidney after
| injeotionrofhthe tumor oells; and the aggress}ve growth
of the tumor which at late stages of

) N J %
escaped the confines. of the parafilm sack and spread to

growth often

the surrounding audominal tissue

' The tumor cells for 1n3ection tnto the rat kidney
were first propagated in a rat flank for a period of 10
days A\single celllsuspension‘for injection was then
prepared by’ tryp51nization of the exc1sed tumor. , Thisv
cell su5pen51on contains a heterogeneous population of
cells,’some of wthh may not be capable of propagating
“the tumor This may account for the fact that the
sutcess rate for_tumor transplantation into,the-rat
' kidney was only 50~ 60%. Cell v1ablity studies should

have been per%ormed to ensure tumor growth

An unsuccessful attempt was made to decrease the 10
/

day waiting period for tumor growth by growing and ://
maintaining the Walker ‘sarcoma cells in tissue cuituref

A sample of the resuspended:cells added’to tissue _,/

/.-

“culture media and 1ncubated for ‘three days did not reach .

confluency After a period of one week all tumor/bells
had died. | | R .'/t

Although the Walker sarcoma model was empvoyed
throughout this study preliminary results on‘ second
tumor model wére obtained which had several”technical

advantages over the Walker sarcoma. Glioma cellsv

obtained from‘Dr. Wargen, Unxversxty of Alberta,
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[ a k h
Edmonaon Alberta, were capable of propagatfbn in txssue

culture and were therefore easxly tested for cell

'viabikxty prlor to injection. Injectxon of thls

. homogeneous population of tumor‘cells~yielded‘a 100%
55 rate for tumor gfowth when implanted 1nto the
a‘\

"kidnewns of Flsher 344 rats. The- glioma is not as

- suc

aggress've as the Walker sarcoma and;xended to grow as,

. & raised\ nodular mass on the surface of the kidney and
. Lo

dbserved to 1nvade surround1ng tlssues at late oA

was not

stages of growth

“3.2 INVESTIGATION OF THE SPATIAL' LOCALIZATION

CHARAdﬁERISTICS'OF DEPTH PULSE SEQdENCES
. ! N ’ ! ’

,yuﬂ”

sz’

In- ordew to prec1sely deflne the origin of our
x\spectroscop1% data, NMR Zocalization techniques were

| 4
lmplemented pamely the depth pulse sequences described

i
by R. Bendalli(13). The spatial locallzatlon

———

characterlstlc of these sequences were examined

'1nrtially in vidro u51ng phantoms contalnlng 85% H, PO,
The results obta ned were compared with those obtained
usin .a single rf_ xc1tatron pulse ‘A 4 mm diameter
glass\sphere conta1 ing H, PO, was placed,J cm- above the

surfaee coil, Slgnal 1nten51ty was recorded as a

‘functi¥n of pulse lengt

for the followlng pulse

"sequendes.
: \ . a) a single pu

\ : ) ) . N,
\ I \
*
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B T b) 20(+/-X);©;20(+/=X,+/-%) ' !
L) 20(4/-X)10;[20(+/-K, +/-¥) ], |

A plot of 3lp- NMR signal intensity versus pulse length

(Fig 3. 1) for the single pulse (&) resulted in a sine

curve. Plots for‘the‘depth‘pulse seqlences yielded

- ‘ , Is n .
modified periodic curves, the maxima and minjima being

.

‘coincident with those of curve (a). As predicted from

-

the theoretlcal Curves of signal 1ntens;ty versus pulse

length (Flg 1 10), the depth pulse sequences produced a

nharrower locallzed_reglog_than the single pulse.

sequenoe. ‘The darrowiﬁg of the widths of both the 3
' . : A\\\ ’ . . .
positive and négative/segments“of,the curves represents

a narrowing offthe bahds of excitetion-in the sample. -

DEPTH pulse_seouence (c) producing the narrower region

due to the increased number of steps 'in phase cycling.

~ .

. The signal intensity'for the three curves produced- by

- .the above pulse sequences was found to decrease in the

/

~

~.

order\a>b>c, thls is a consequence of the 1nhomogeneity
of the Eﬁield generated® by the “surface coil.

Further deﬁonstration of the improved localization
afforded by the'depthlpulse sequenceS'was provided by
surface coil images of the sensitive volume produced by
the pulse sequence (Flg 3. 2) The 1mages enabled us‘to

"see" the narrowing of the bands’ of excitation when
\: e

_prpgressing from a single pulse to the depth pulse

T

sequence (b) or (c).

Application of the depth pulse sequences in vivo
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Plots of signal intensity for the H,PO, phantom
sample (1 cm from the surface coil) versus pulse
length. (A) single pulge, (B) depth pulse sequence
20(2x); 6 ; 26 (#x,ty) (C) depth pulsg. sequence '
28(tx);‘6 H [26(1x,iy)]2. - ~



Fig 3.2

Surface coil images demonstrating the ability of the
depth pulse sequence tf narréw the excitation bands in

-~

the sample, - . A .

a) Sensitive volume produced usxng a standard sp}n-
echo pulse sequence. (90°-1-180°-1T-AQ). The
'180° hard pulse was 800 psec. The soft 90°.pu1se
gain setting was-380. 4 e

\
s
b) Sensitive volume produced using the depth pulsé
sequence in conjunction with the spin-echo siquence
DP-90°-1-180°-1-AQ (where DP=26; 26). The 'H 180°.
hard pulse was 800 usec. - The soft 90° pulse gain

setting was. 380,



SP LAY




85
requires calibration experiments to determine the pulse
a,length and power amplifier gain settings ﬁﬁp obtaining a
particular penetration depth. A calibration curve.mtif
penetration depth (mm) versus pulse length was
constructed using a 5 mm diameter glass sphere
containing H PO, placed at various distances from the
0.8x1.0cm 31P surface coil (Fig 3. 3) At each distance
the 31p 180°pulse, the 'H 180°hard pulse, and the 'H 90°
soft pulse were determined. The power amplifier gain
settings were 3.0, 3.5, and 3.5, respectively. The g

180° pulse was determined for each"experiment.

e NG

P

In order to penetrate deeper into a sample, the
pulse length must be increased so that the 90° tip angle
occurs at greater depths. A consequence of this is that
regions of high flux signals (270° and 450°) are l; |
generated closer to the.'coil. These high'flux‘signals
can be suppressed to less than a few percent by
employing the following pEPTH pulse sequence

0/346/5;0(+/-X) ;AQ(+/-) as illustiated in Fig 3.4. This .
can also be demonstrated in the corresponding surfacé;_fh
coil images in Fig 3.5. The above depth pulse sequence
was employed to proVTae spatial'localization for all in
‘!i!é:3lp NMR spectra reported in this thesis, unless
otherwise igdicated.‘ _ '

In order to determinef the region of tissue from

which our *'P spectra weré .obtained, surface coil images ™

of the ‘sensitive volume generated by the depth pulse
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Calibration of the penetration depth for

the 8 x 10 mm surface coil. A 5 mm diameter
sphere was placed at various distances from
the center of the coil. The 31P 180° pulse,
14 hard 180°-‘pulse, and the soft 90° pulse
were determined for each distance. The power
amplifier gain settings were 3.0, 3.5, and
3.5, respectively.
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Fig. 3.4 Demonstration of suppression of high flux signals
(270° and 450°) using DEPTH pulse sequence 6/5; 6/3;
8(+x); AQ(+/-). A 4 mm sphere containing H4PO, was
placed 2 mm above the surface coil. Signal intensi-
ties were recorded as a function of pulse length
using a single pulse (—), and the depth pulse
sequence (-—-=-=).
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Fiqt 35 Surface coil images demstrati.ng the ability of the DEPTH

pulse sequence 0/3; 6/5; to suppress high flux signals
(270° and 450°). '

a) Sensitive volume produced usinq a standard sp:Ln-echo
. pulse sequences (90°-1-180°-1-m)
— The 'H hard pulse was 800 usec.
(,,,) 'Ihe qbft 90° pulse gain setting was 880.

) Sensitive volume produ:ed usi.ng the DEPTH pu.lse
-in conjunction with the spin-echo sequence.
DP-90°-—T-180°-T-AQ (where DP = 6/3; 6/5)
The 'H hard pulse was 800 usec. c e
The ‘soft 90° pulse gain setting was 380. '

K
3
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sequences were tupcriuposcd onto u images (obtain-d
with a cireunncribinq coil) of the abdo‘nn and cxposod
kidncy. The vglﬁeg for the 180° hatd pulse, and 90‘.7
so;: pulse used to geherate the imag;s corrcspond@hg to

the region from which the hP;spectra were oﬂgained‘ were

L4

determined from the calibratign cutdtir rig BFB\géd Fig
3.7 depict images éf a transverse sect aﬁ\&ggggdh the
rat ab?omen and the exposed kidhey. The regions of
brighé signal intensity in the kidnéy-:epresedt the
regions from which the 3'Pp s@ecéia were obtéined. A 20
31p pulse length of 12 usec corresponds ?o a penetration
" depth of 2mm into the rat kidn;} (Fig 3.6), (ie. =90°
at 2 mm) whereas the'shorter pulse length, 26=5 usec,

' corresp6nds to excitation of the surface of the rat
kidn;y (Fig 3.7). ;

.
Y

: . . : : -
3.3 DETERMINATION OF SATURATION FACTORS TO APPLY TO THE

S TN e

in vivo *'P NMR SPECTRA

All in vivo.spectra were acquired using the DEPTH
pulse sequeﬁ;e 6/3;6/5;e(+/—X);AQL+/~),3;ith a
repetitioﬁ‘ipterval‘ofjl.o sec. 1In order to determiﬁe
the relative concentration of a particular 3'p

‘letabolite from the intensity of;its peSohance, the time
boéveen>rf4pulses must be at least five tiies,the

longest longitudinal relaxation time (T, ) in the sample. -

Due to the fact that the different !P metabolites have
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rig. 3 6 Superimpoud imgu of ‘a transverse section of the abdomen and
_ . ‘expoaed kidney indicating the nsion (2 mm depth) from whigh

- the 317 spectra were obtained. The tnsu vere obtained using
circumscribing and surfaqe coils. Yulu length for the -
31p 20 pulse was 12 ysec, that for the H.20 pulse was 51 Lsec.
These pulse lengths corresponded to a penetration depth of 2 mm
from the centre of the surface coil to the centre of the rosion

~ of excitation. ’

(b) Enlargement of the rat kidney in image (a).

»






.‘pig. 3.7 Superimposed images f a transverse section of the: abdamen
‘ and exposed kidney/indicating the region just along the
surface of the-kigney from which the *!P spectra were

~

-- : obtained. The iflages were obtained using circumscribing -
-~ and surface coils. The pulse length for the *!p 20 pulse
was 5 usec, ?2% for the 'H 26 pulse was 20 psec. Thesé
pulse lengths/corresponded to a.penetration depth just
along the ‘sgﬁ‘face of the rat kidney. “
/- o

s
rd

,,/ ’ ' ~
/ |

=,
ey,
1

" (b) Enlérgement of the rat kidney in image (a).

Loty
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different relaxation times (0.5~ 5 0 sec (43)),
employment of a l 0"sec repetition 1nterva1 results in

partial saturation_of,tne_resonances. The ‘extent of the

reduction in intensity of th& different ‘resonances is

~dependent on the T, value of that particular .

‘metabolite. Accurate quantification of metaboiitek_

levels requ1res the determination 6f the 31P T
measurements of the resonances and calxbration of the
surface c011 to determlne the sample volume contributing
to the NMR signal (82). Few Tl‘measurments of 3!'p
metabelities in intact tissue have’been repdrted.u ﬁeyer
and Browni(86) determined the T, 's for 31p metaboblites\{

in perfused cat skeletal muscle, Irving et al (70) for

rat muscle and rat muscle implanted with a mammary

-

adenocarcinoma, Adams et al (1) far a subcutaneously
implanted KHJJ mammary adenocarcinoma, and Rhodes et a

for perfused kidney (101).  Their results are listed in

.the Table 3.1.

The con51derab1e varidtion that exists in the above

'T; values 1's probably due to the different tissues

examined and pulse sequences employed. The 3!Pp T, '
reported by Irving et al for the mammary adenocarcinoma’
implanted in the rat hind leg were obtained by placing
the .leg w1th the tumor into the prob& Therefore, these

results 1nclude-contr1but10ns from the,rat mgscle and

~adipose tissue and are not representative of the tumor

T aione. ‘ o T
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TABLE 3.1 ﬁongitudiqﬁl“nqgaxation Times Reported For

- . 31p Metabolites in vivo (sec)
o . . ‘ in vivo

SP Pi ~ PD PCr ATP-y ATP-a ATP-B8
Meyer et al -, 4.6 , 3.1 1.3 1.1 1.0

cat muscle*

Irving et al l"; / / / S.i\*\§37.. 2.7 2.7
. 'rat muscle® ' B -

Irving et al 6.5 2.0 /4.6 2.7 \3T1\\’ 5.2'

rat muscle. . ’ _ o ‘ ’ \\\\¥\

U with tumor® . ’ ‘
Adams et al | | /o 2.20 /1.9 '.1;7 2.2 1.9
'KHJJ tumor® o o ‘_
Rhodes et al 0.8 1.1 2.5 , 0.8 0.8 0.8

| perfgéed:kidneyd '

<

* determined using a solenoidal coil and an inversion
rgbovery sequence (86). | | ‘
}b determinéd usihg a 801e§gidai\egil and an inversion
rechery»seque&éﬂ (70). |
 determined uéihg'a surface-.coil and a modified
_saturation reéo#ery seqﬁénce (82) which introduces °
_ periodic phése‘Eﬁifts in the saturating pulse. (1); ‘
a determined ﬁsing a solenoidal éoii with an invgréion'

recovery sequence (101). ~

]
&
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An attempt was made within- this project to

3

determine(the 3p T relaxation times for rat kidney in

vivo, which to our kno&ledge'hasgnot.yet been'reported.

However, & number of technical limitations prevented the
accurate measurement of in vivo 31P T,’s. A four turn,
2cm diameter solenoidal coil was constructed and placed

around the surgically exposed kidney.J A copper sheet

- was wrapped‘around the'abdomen of“the animal ~such that’

only the kidney was protruding, &n order to minimize

contributions to the NMR- 51gna1 from surrounding tissue.
Anqinversron recovery sequence (180°-1- 90°) was employed
with a delay time of 20 sec. The r,values were varied

from 10 msec to 8.0 sec, and the number of scans was

~128. - On average, the above data set required 8 hours to

acquire and therefote required req&ated administration
of anaesthetic to thg animal '”Tnﬁ;rveral instances the
animal expired prior to complegion of the experiment
The possibility of srgnlficant changes in metabo!\te
concentrations during the course of the experiment’and
also due to the differential dese of anaesthetic
administered are factors which m@st e taken into

consideration when analysing the resulting data.,

- Resorting to a saturation recovery sequence,

(90°—r-)n, to reduce the time periodlrequired'to acquire
the data set yielded spectra injwhich the sugar
phosphate peak and Pi peak were not always regolved.

Regardless of the pulse sequence employed, the
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dimensions of the kidney and the length of the vsscular
pedicle ﬁefe suchvthat the kidney did not sit exaétly in .
the centre of the'solen01da1 coil but instead occupied
the bottom 1/3 of the coil w1th the<underside of the

' kidneyfprotrucing frem the,ceil.. As a result different
lportions of\the kidney may have'experienced‘different :
tit’angles 1€ is poss;ble that the *'P T ’s differ for
different regions of the kidney (eg. cortex and.medulla)

4

asqhas been reported for 'H Tl'sr(105){
' MfToicorreCt fqr‘the saturetien effects, the relative
amount to which each of the resonaﬁces:were reduced was
determinedvby recording ‘the signal intensity under
‘nonASaturating eonditions (tr;zo sec) and comparing them
with_those_measured under'the conditions of the
expetimentsA(tr-l.O‘sec); A saturation factoradefined'
.as the ratio of the signal intensity measured with a 20
vsec'repetition interval (I,,) to the signal intensity
measured with a repetition interval of 1.0'se£-(1i),»was
deternined forreath observable 31é metabolite. |
Multinlication of these saturation factors by the peak
intensities obtained with the one second repetition
1 interval enabled the changes in the relative
concentrations of metabolites to be followed. The mean
. saturation fectorsfcaleulated in Table.3:2 were'besed on

&

results from only 3vanimals. A considerable amount of
~- ’ . 3

variability between animals was observed in the signal’

intensities of the different metabolities and also

o



Table 3.2

Mean and Standard Deviation

For the Saturation Factors

99

Ratio (I,,/I,)

- Rat#l Rat#2 zRgt#3

+ 0
(3. : ” ,'
- ] . = ‘ a R s
SP 2.33° -1.22 [ 1.60° + 0.6
Pi 1.27 1.20 1.79 + 0.3
PD 2.29 2,00 1.68 + 0.3
PCr 1.40 2,07  1.94 + 0.4
ATP-y 1.67  1.33  1.36 + 0.2
ATP-« 1.44 1.13 ¢ 1.32 +.0.2
1.17 1.07 1.04 + 0.1

ATP-8
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between ghe different repetition times as illustrated in
figure 3.8. As a result the calculated saturation .
factors also exhibit considerable Qariablity. Due to
the small sample!size standard de?iations varied
from 0.56 for suéar phosphates, to 0.07 for ATP=f. _The
observed variability in intensities for a particular
reeetftion rate is probably a reflection of the .
metabolic variablity between animals.

' Another source of error wpen estimat;gg the

”;elative intensity of the various peaks fggulgé from
phasing'of‘the spectrum. Burt et al have reported that
the standard deviation from measurment of peaks derived
from metabolites present in vivo at high concentratiogé
is +10%, whereas the variance in the measurement of
minor peaks (ex. PCr at late stages of tumor growth) may
be as high as +50% (21). Despite the difficulties
encounte;ed with accurate quantification, the changes
observed in the ;IP spectrum reflect metabolically
important events. Since accurate T, 's could not be
obtained -and we are interested in the changeé in the
relative concentrations ofhmetabolites, saturation
factors were calculated and applied to the ?'p spectia

--to enable us to follow aitefagions in the metabolic
pathways. The saturation factors obtained from NMR
measurements on‘no;mal-healthy:kidneysvﬁere also applied
to the spectra obtainéd from‘kidneys implanted Qith

o :

tumor cells.

t
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Fig 3.8 Signal intensities obtained for >'p metabolites

in the rat kidney employing the depth pulsge
sequence 6/3; 8/5; 6(¢x); AQ(t) with repetition

intervals of 1.0 and 20 sec.

The 90° pulse

length was 11 psec, the gumber of scans was 256.

All-signal intensities were normalized to that of

the BATP at the 20 sec repetition interval to
enable comparisons between animals to be made.
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3.4 'MONITORING TUMOR GROWTH IN THE RAT. KIDNEY BY *lp

NMR SPECTROSCOPY

\

< .
Tunor energy metabolism was monitored by 1p NMR as

a function of tumor growth in the rat kidney. Employing
the depth pulse sequence 6/3;0/5;9(1X);AQ(1), spectre
were acquired at a depth of 2-4mm from the surface of
the kidney on days 0,3,6,9, and 15 after implantation of
the tumor cells. Our resulf€s, coqsistaht with those of
other Qroups (50,51,94,70,1), demonstrated profound
changes in the *!P spectrum of the untreated tumor -at
various stages of growth. Typical changes observed with
tumor growth in the *!P metabolites and pH are depicted
in Fig 3.9. Although variations existed in the
intensities of the d1fferent peaks, the spectral trends
exhibited wero essentially the same. e
The control spectrum (day 0), prior to ieplantetion of
the tumor cells, indicated 4ntense NTP and PCr
resonances, the presence of PD, and elevated levels of
PME and Pi. ' The region in the kidney from which the
spectrum was-acquire&\is illustrated ih Fig 3.10. ’Fig
3.10 depicts a histolégical'section of a normal rat
kidney. The kidney ca& be grossly d1vided into two
regions, the cortex (1. ; 1.7mm) and the medulla (=6mm),
which are surrourtded by a\f1brous capsule membrane (65).

All three cell types are observed in the photograph.

.
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Changes in the *'P metabolites and pH with
tumor growth. The 90° pulse was 13 usec, the
repetition interval was 1.0 sec, the number of
scans was 512. (A) Day 3 of tumor growth ‘
(pH 7.35); (B) Day 6 of tumor growth.(pH 7.31);

(C) Day 9 of tumor growth (pH 6.76)3 (D) Day .
15 of tumor growth (pH 6.63). .




rié. 3,10 Histological sections of a nofhal rat kidney and

the rat kidney one day after implantation of tumor
cells.

\ﬂ Normal rat kidney. Regions of the medulla - -

(upper left hand corner), cortex (middle), and
Jrenal capsule (right hand side) can‘pe\séen.

b) The rat kidney one ddy after implantation of
tumor cells. The tumor cells are staine '
blue and appear in thé renal capsule. giqlpns
of unaffected cortex and medulla are al

s observed.

by
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(The dimens1ons given for‘the different reglomsvare
'rthose for a normal kldney of an adult rat welghlng
‘ between 180- 280g ) Therefore, our control 3tp spectra
lacqu1red at 2- 4mm depth was derlved mainly from the
‘ ‘k1dney medulla;‘ One day.after 1mplantat10n of the tumor
’ cells,;histological?stédiestdemonStrated the‘presence'of
‘a'thin'rlm of‘tumor;cellslgrowing just under |
the kxdney capsule (Fig 3.10 (b)) |
Three days after 1mplantat10n of the tumor cells,
‘the *'p. spectrum remalned essentzally the same. At this
stage of growth tumor format1on was not observed
-vmacroscoplcally.,»Hlstologlcal studleS'lndlcated that
moséﬁof the tumor cells were grow1ng along the capsule
membrane (Flg 3,11 (a)), and therefore would not
cqnﬁéxbute 51gn1f1cantly‘to the 31P spectrum ;‘The
intracellular pH was estxmated to be 7.35. ﬁ
,i After»sxx days of growth,'the tumor spectrumv‘
',exhibitedla slight«d%crease in PCr;_vith an increase in
. PME and:little_change ln.tﬁe,NTP resonances;’ A decrease'
: of»the tumor'pa'to 7'3l;wa5'observed : Ng et al (94) -
- observed s1m11ar changes in the 31P spectrum of a MOPC
vmyeloma. These.workers attrlbuted the above spectral
”changes to decreased vascularlzatlon and a consequent
incgease xn the proportlon-of hypoxlc cells in the

“?,_tUmor. An 1ncrease in the hypox1c fnactlon of the tumor

would 1ndeed result 1n an 1ncreased demand of the tumor

cells on anaeroblc glycoly51s for energy productlon._
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‘Fig.3.il Histologiéal-sectiohé of the rat kidney 3 daYs
and 6 days after implantation of tumor cells. -

a) The rat kidney 3 days after implantation of
the tumor cells. The slide indicated that
the tumor cells (stained blue) were growing
along the renal capsule and had not yet '

. pengtrated the cortex or medulla.

o o . C

b) The rat kidney 6 days after implantation
of the tumor cells. The tumor cells had
penetrated (1-3 mm)./from the surface into
the cortex. ‘ : e
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The obserQed increase in the PME reeonence was‘therefore
attributed b& Ng et al, to‘the‘agcumﬁletion of
glycolytic intermediates. The depletion of PCr leQels
was accounted for by'a oroposed actiyation.of.the enzYme'
creatine kinase which oonverts ADP into ATP at the
expense of PCr to meintain théyhigh and approximately
constant levels of ATP. The decrease in intracellular
pH was attrlbuted to the build up of Yactic acid which
is the end product of anaeroblc glycoly51s Although
‘caution must be exercised~in comparing different tumor
models, the above explahation forhthe mechanish‘behind
the observed spectral ohahgesvmay be an |
‘ overinterprftation of the results.' The subcutaneousiy
implapted MOPC:myeloma investigated bj Ng et al was
reported to have'a tumorvmase of <i§ at. this. stage of
growth. Locallzatlon technlques were not ymplamented,n
neither was the actual extent of tumor growth
determined; therefore, it is difficuylt to assess the
possible contribution to the spectrum from nor%ai-tissue
(ex. muscle). The observed changee‘in the relative
inteneity of the PCr peak with tumor growth may be'a
reflection of a decrease in the relative contrxbutiohAto
the spectrum from other tissue metabolites (ex.~musc1e)r
Adams et ai (l)'noted that desoite the similar and well
vascularized appearéhce of some tumor spectra (%.e. high

‘levels of high energy phosphates) histological

examination revealed differences in the extent of
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necrosis of 10%;and‘30%5

Histological examinantion of the Walkef Sa;coma
) after:six days of growth in the.rat‘kidney revekled a
penetration depth of the tumor cells into the cortex of
approxiﬁately 1-3mm (Flg 3.11 (b)) The tumor spectrum_
acqu}red acquired at 'day 6 (Fig 3.9(b)) therefore
contaﬁns a considerabie contsibution to‘the“spectrum
from unaffected medulla: The"effect'of tissue
_heterogeneity can.have‘a marked effect on the appearapce
of the 31p spectrum.

After 9 days growth in the rat kldney the tumor ’
cells pad penetrated.5-10mm from the capsule.(Fxg 3.12
L(a)). The corresponding 3!P séecttﬂm exo;bited a
dramatic decsease in ATP levels Qith.a corresponding
inotease.io'Pi levels.‘ Phosphodiester-and PCr leveis
'were also depleted and the tumor pH decreased to 6.76.
.In most 1nstances the tumor pH had decreased
signiflcantly after 9 days of tumor qrowth (Flg 3.13).
This decrease appeared to correlate with the decrease in
ﬁTP levels at aporoximately the Samedstage-of‘tumor
_growth (Fig 3 14). | |

At late stages of growth (day 15), the invasive .
'tomor,cells had.almost‘completely replaced the kidney
?.tisﬁue‘(rig #.12(b)). The only resonances observed
werg those of PME and an intense Pi peak. Hydrolysis of
_ATP (ATP»ADP+P1) probably accounts for the intense Pi

by

- resonance. The concenttatxons of the high energy L edh

!
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Tig. 3,12 Histological sections of the rat kidney 9'days .
- and 15 days after implantation of the tumor cells.

a) The rate kidney,9 days after implantation of
the “tumor cells. The tumor cells had pene-
. trated 5-10 mm from the surface thrgigh the
_capsule, cortex and medulla. . {h)
A

4

”b) The rat kldney 15 days after implantation of

the tumor cells. The slide indicated that at
this stage of growth the tumor cells/had almost
.completely replaced the kldney tissue.

-

-
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Days after I_mglantatlon of tumor cells

o

Fig. 3.13 Variation in intracellular pH with—tdmor growth.

&
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phosphates fell to levels below the level of detection
(<1.0mM). The intracgllular pH at this stage of_g;owth
was 6.63. Dead tissue exaﬁihed afte; excision generally
exhibited .a Gery intense Pi resonance with residua1|PME |
and NAD peaks. Therefore, the Walker sércoma tumor at
this sfage of growth was probably comb}ised of mainly
necrotic and metabolically inactive hfpoxic ceils. The\‘
rate of change in thé 31p metabolites are affected by
those ﬁactors that change metanli% rates ex. blood
flow, tissue oxygenation, co, tehsfén, anhestﬁetics and
température, which hmay Qary from animal to animal. -

An appapént peak-NTPB/éi ratio was calculdted after
correcting for the saturation effects. The intgnsit& of
thé f-ATP wa; used for the NTP value since this
resonance ié unique to NTP (Tabie’3.3). The data
indicated an overall trend t0w$rd decreasing NTé/Pi as
the tumor grew (Fig. 3.14). "

‘Griffiths et al (50,51), employed topical magnetic
resonance to measure the in vivo *'P NMR spectrum of
aWwalker sarcoma subcutaneously implanted in Wistar rats.
The tumor after ld'd;ys growth exhibited intense NTP, Pi
ané PME resonances, weaker PD, and ig contrast to our |
resul;é, no detectable PCr.‘ A number of investigators
have, however, observed PCr in the spectra of a variety
| pflsﬁbcutaneously implanted tumors (94,90,31,32,34).

-~ The variability in the levels of PCr observed by

-4
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Table 3.3 Changes in The NTP/Pi intensity ratio

and pH with tumor growth

-

Days after . : Peak intensity ratio
implantation pH NTP/Pi

0 7.33 1.02

3 C 7.35 ' 0.95

6 : ©7.31 0.95

9 6.76 C 0.27

15 6.63 /
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Days after implantation of tumor cells

Fig 3.14 Variation in the NTP,/Pi ratio of the Walker

’

sarcoma’with tumor growth.
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in vivo *!'P spectroscopy in the above tumors may be the®

result of a number of factors. The differences may be
sbec}fic'for the type of tumor ex;mined. As Griffiths’
'(81) has péintéd out, "the presence. of PCr in tumors
will vary according to the cell sype of origin and the
degree of differentiatioh of the tumor", or they may be
a résult of the différent localizition techniques
emptoyed. The presence and intensity of the observed
PCr tesonan;e may also be dependent on the hosg and the
site of implantﬁkiong Tumors implanted sﬁbcutanédusly
are known to bg'infiltfated by other non-tumorvcellst'
.Spectra o& tumors in which PCr wés not detected were
from relatively largeltumors and therefore possibly
poorly vascularized‘kie. hyé;xic). In spectra where the
PC:'reéonance was fairly prominent, precautions were not
performed to rule out the possibility that this --
 resonance resulted from spectral contributions from high
levels of PCr in surrounding ﬁ&;cie or skin. ‘

Ouf results, consistent with those of Adams (lﬂ,
Evanochko (31) and Ng (94), demonstrate a decrease in
the intensi;y of the PCr peak with increasing tumor
growth. Ng and Glickson haye postulated that the
reduction of PCr levels in the MOPC myeloma with tumor
-groath reflects a progfessive ons;t‘of vascular
insufficiency and therefore Hypoxia in the tumor (33).

To exapiné this hypothesis knowledge of the vascular

pattern of the tumor is‘required; Investigations of the
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blood supply and vascﬁlarity of the tumor have been the
subject of many invesitigators. Often, solid tumors are
___szrly vascularized and tend to be circled vith a coérse“
network of large vessels 499).‘ Reliaﬁle defergination
. of blood flow in a tumor mass can only be obtained if
normai tissues are excluded from the neoplasm. This is
not possible with tumors grown as subcufaneqps implants’
(55). 1The'vasculér,morphology of the subdutanéous
tumors examineé using 3!'p NAQ spectroscopy by‘NE and
coﬁworkers was not reported. Since'the‘vaécularity of
tumors differs for each tumor type and is alsohdépenggnt
on“the site éf implantation, generalizations cannot be
made.? "

To obtain accurate measurments of the blood flbv to
the Walker sarcoma, Gullino and Graﬁtham implanted the
tumor into the rat kidngy, maintaingd the tumor tissﬁe
‘isolated, and canulated the vein, Yrainifng the implanted
organ (55). Employing this method Guilino et al
obtained an estimate of the total tumor blood flow. It
should be noted thaE'histopathologicial studies
indicated that the tumor implants of the kidney
contained varying amounts of normal tissue even at late
stages of growth (54). The authors claim that the
biologica} characteristics of the tumor remained the
same whether grown as tissue isolated‘implgnts in the_

rat kidney or as subcutaneous implants (54). The tumor

(&Y L
blood flow was found to decrease as the tumor increased
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in size (55). rtén studies of subcutanvousﬁinplantl it
15 knéwn that ﬁumor blood flow decreases with increasing
tumor growth parallel with the dévelopment of central -

tumor necrosis. (99). On day 10 after implantation of
the tu;or cells Gullino recorded a le;d flow rate of
1.5ml/hr/mg N. On day 15 after implantation of the-
tumor cells this rate had decreased ;o 0 9-0. 12ml/hr/mg
N. This slow blood flow in the tumor remained
relatively constant during tumor growth (55). The,blood
‘flow was calculated tb be less than the blood flow of

@the normal kidney of an adult rat (10ml/hr/mg N) (55).

Assumlng a s1m11ar blood flow rate to the tumor

model employed in our studies, a reduction of blood flow
to the tumor could account for the dramatic decrease in
high energy phosphates observed in the 3!p spectrum
after approximately 9 days growth in the rag'kidney.
(Fig 3.9 (C)). This reduced blood flow may aiso be
resﬁgﬂsible for the progressive decrease in tumor pPH as

»

lactic acid accumulates and is not cleared as
efficiently fréﬁ the tumor}““”wmveuk °

In addition to changes in tumor vascularization and
tuméi blood flow, the actualloxygen uptake ﬁér unit
weight decreases exponentially during tumor growth (99).
The distribution of oxygen to different parts of the
tumog.is'diffiéult to assess. Using the same tumor

kidney model Gullino et al (56) determined the in vivo

utilization of oxygen in the Walker sarcoma. The oxygen

~ . ]
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delivery was calculated by subtractlng from ‘the oxygen
.content of the»blood supply entetﬁng, the oxygen
content of that leav1ng the tumor. The tumors exam1ned
r_varxed in weight from 5 12 g | The amount of necr051s(
:present was. usually small The1r results demonstrated
»that the Walker sarcoma was able to remove about 50% of
the oxygensparr1ed by the’afferent blood. ﬁQ02=3,3u1
0, /mg dry tumor/hr) Thisvremoval rate was‘aslefficient'
\ as that of normal tlssues (56); Although Gullino ‘
,h_determlned that;the rate offOxygen deliyery remained
'_constant eyenpat’advanoed stages<offgrowth; examihation
of the 3!'p spectrum acquired from"a‘depth'ofaz—dmm.in ‘
our sfudy,iafter 15 days of tumor growih in the kidney,
lndicated-thatloxygen‘consumption‘by‘the tumor-had
decreased- ‘The "tumor cells at thi's stage appeared to be
a metabollcgily 1nact1ve. |
In 1nvest1gat1ng the relatlonshlp between _oxygen
;supply and utllxzatlon by theeWalker sarcoma, Gulllno et
‘al (56) varled,the supply of-oxygentto the tumor “and
'}determined the oXygen‘oonsumptionL‘ A‘respiratoryd
‘quotient (RQ), definea‘as the carbon dioxide eliminated
;‘hfrom‘the-tumor (.Coh of venus blood‘é»cof‘of arte:ial
blood) divided by the oxygen consumed per hr, was
'thenﬁygtermxned‘ When more oxygen was supplled to the
tumor (by 1nha1atlon of pure oxygen for a perlod of
30~ 60 mlnutes) the oxygen uptake of the tumor remalned
about 50%, but the oxygen consumptlon (RQ) 1ncreased to

. A 3 g
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3.5 times the normal level, ie. the oxygen ut1lization
of the tumor increased. -The c%pacity of the tumor to
utili;e oxygen could not be saturated under the
conditions of the experiment. The method employed by
Gullinjr determinieg the \ox’ygeh delivery and’

consum on estimates the total oxygen consumption of

_‘the malignant tlssue However it is quite likely that

B the hlStOlOglcally ‘distinct regions in the tumor utilize

oxygen at different.rates; 4Knowledge of the location

‘and extent of these~regions in the tumor (which-may be

'reflected in the 31p Spectra),’ls 1mportant for.

!"‘ s

effecftive radiotherapy and chemotherapyf-

To evaluate Ng and Glickson's hypothesis that the
3lp spectra reflect the state of oxygenatlon and :
vasc&ﬁarlzatlon of the ‘tumor, 1t_wou1d be“1nteresting to

employ the above Qode;'andvmonltqr the bioenergetics of

the tumor during an increase in oxygen supply to the

tumor.

The variability in the relative intehsities.

observed in the in vivo 3!'P spectrum of the .Walker tumor

is pfebably,the reselt of the different ratee of tumor
growth, the extent to which‘normal host cells comprise
the_thmcr, the extent of-damaqe te'the kidne} on

injection of the tumor cells, and the heterogeneity in

the hlstologlcal pattern (v1able ‘'versus necrot1c cells)

in the tumor. Whlle this b10chem1cal heterogenelty

makes it'Qifficult to draw general conclusions from

—
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these stuaies, it also illustrates the ability of NMR
\;lbcal&qation(techniqUes to monitor subtle metabolic
ngifferences at a'pertiqular depth in the same tumor
impiahted'ih different aniMalsl In'genetaI; the tumors
examihed all exhibited the same spectral pattérh as a |
funetipn of growth i.e., marked increases in Pi and PME,
a decrease in the high energy phosphates and a decrease
in tumor pH. The spectral changes appear to reflect the
ingteased demand of the tumor cells on anaerobic
lecolySis with tumot growth. At early and late stages
of growth, 1ntetpretat1on of the 3!p spectrup is h
relatively straightforward. At_;ntermedlate stages the
differential contributions £rom normal tissue and
uncertainties on:the extent ofbgtowth and
vaseplarization of the heqplastic tissue-renders
identification of thevmechanisms'underlying the spectra?
chahges”difficult'to'identify; |
.

3.5 MONITORING ISCHEMIA IN NORMAL RAT KIDNEY BY 31P

'NMR SPECTROSCOPY

In order to 1nterpret the response of the tumor
propagated in ‘the rat kidney subaccted to metabolxc
vihsults, control studles were performed on noemal rat
kidney.h‘The metabolic.ihsu1tsvinvestigeted by *'P NMR
were (a) prbduetion of ischemia in the rat kidney, and
(b)'ihjeetion of.150mg/kghof'cyclophpsphamide.I.V.

%
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section 3.7). o ”
( ec-lon {) | “‘ﬁ&ij\ |
The normal kidney of an adult rat weighing 180-280g

o

is approximately 20 mm long, 15 mm wide,g  mm

dorsoventrally-and‘we@ghs‘betQéen‘0.7 a? f;szg (65). -
The kidney is’'a heterdgeneous tissue Whicﬁ can bgr‘
grossly divided into two regions, thekcbttéx (l.é—l,immA
thick), and the medulla (=6mpm thick)_ihich are

surrounded by é-fibrous:capsule (65). The two main

functions of the kidney are ﬁo Fégulate'the,salt and

"watéf'balance and the acid-bpazge balance of body fluids.

Metaboiically, it is an active orgén; it receiVes.25% of
the cardiac output. Part of this blood flow is

necessary for the suppoft of jts own activites while

-part of it is passing through only for processing (64).

A number of investigators_have employed ?‘p-NMR
spéEtroscopy to study energy metabolisﬁ of perfusgd qnd
iqtacthanimal kidney§~(109,110,4,100,7140,101,79). Many
of these studieSVWerg conée}ned with the measurement of
ATP ¢optént and intrarenal PH in order to assess tissue
viability to determine the optimal conditions for |
preservatiqﬁhof the organ fgor transplantation. ' These
studiés provided a novéi’methodnof eValhating the
viaBility gfkdrgans and established that depleting ATP
levels together with tissue acidosis played a
significant role in renal damage (105).

' The time course Gf the changes in 31P’metaboli£e5f

in the normal rat kidney obgerved during ischemia and
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recbverxiaregdepicted‘in Fig 3.15 As expected
prbduction of ischemia (5-10min) resulted in a marked
decreasé in NTP levels with a corresponding increase in
Pi and a decrease'in renalpo:(Fig 3.16)._ The control
spectrum éxhibited intense NTP resonanées with
detectable lévels of PCr,PD,Pi and PME peaks. The
intraceliular pH was 7.18., After S.minutes’of ischemia
the pH decreased to 6.87, agh the ATP levels were
dgpletéd. A residual peak corresponding to the g-P Sf
NDP (—Z;Spbm) and a'small péak~at -7.7ppm coriespond;ng;
to «-NDP and NAD were obéer?ed.. An ﬁnexpected ; .
observatioh was aniincreaséuin_the PCr peak during
ischemia. The dramatic increase oﬁsetved in the Pi.
resonance during.isdhemié was érobably thé result_df Q’}
hydrolysis of'ATP and not PCr. Tgn minutes after the |
restoration of blood flow, ﬁhé pH had recovered to 7.15,
vthe NTP leQels had incféased, togefher with a
corresponding decqeaseiin Pi levels. A difference in

" the relatiQé intenéities o{ the NTP resonances was
obéerved; the Y-NTP peak being significantly larger;;han‘
the o or B8 peakf, This may be a reflection of a éhange
in the relative concentratiohs of ADP and ATP and/or a

change in the local environment of these métabolites.

Thirty miﬁutes'afgér the.réstoration of blood flow, the

PH had increased tq'7;34, and the levels of NTP and Pi

had recovered to values approximately equal to those

-Qbserved-p:ior'to ischemia. In«theAnormal-tatﬁkidney



125

14

ERES ERERNN] Latiden Laidaasaliasasy [Py -

4 7 0 -7 -4 -21PPM

Fig. 3.15 Time course of the changes in 3!P metabolites

in the rat kidney at 2-4 mm depth during .
ischemia and recovery. The 90° pulse length
was 13 uysec, the repetition interval was 20
sec, the number of scans was 128.
. (A) Control (pH.7.18); (B) 5 min. ischemia
| (PH 6.87); (C) 10 min. recovery. (pH 7.15) ;
(D). 30 min. recovery (pH 7.34). %
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the "cut off" period for functional recovery af}pr’
T;chemia is 15 minutes (39).  For periods of ischemia
” less than 1SUminutes the ATP levels can be
re-established fairly rapidly and a functional organ is
revitalized. | ‘

The intracellular pH measured by 31P4NMR provided
an average measuie over the region of kidney sampled.
Renal pH has been demonstrated by Alder et al to be
hetefbgeneous“between~the cortex and medulla (2).° The
Pi resonance in the 3!p spectrum was therefore derived
from resonances. of Pi at a variet? of pHs. The changeé
- in the intracellular pH during periods of ischemia and
6f recovery are depicted in Fig.'3.l7. In most caseg -
the pH recovered to control values within 20.miguges
after the restoration of blood flow. The pH value
observed on recovery was often greater than the\control
’value, Thi,s "oversho®" was probably to compensate for
the tissue acidosis produced during ischemia.o

A relatively intense PME peak was observed in the
31p spectrum of the normal rat kidney, the ischemic
kidney, and also at different depths in the ki?ney. The'
amount of AMP present in thevnormal kidney défermined
enéymatically is below the limits of detecéion by NMR
(105). The PME peak in normal kidney therefore prbbably
receives no conﬁribution from AMP and cohsists mainly of
sugar phosphates.

Significant levéls of PD are also observed in all
g T : ,

mm—

D)
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Fig. 3.17 . Changes in the intra cellu!ar pH in the rat

kidney during periods of ischemia and yecovery
for 3 animals.
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in vivo *!P NMF spectra from rat kidney. This peak, 3
often labelleajys a "mystery peak" of renal spectra, has
been identified as glycerolphospho;ylcholine (GPC)Aby
Balaban (8). Using *!'P and ‘N NMR spectroscopy, and
isolated cells obtained from the cortex and medulla of
_ rabbit kidneys, Balaban determined that the GPC
concentration is hiéher in the medulla than in the -
cortex, which suggests differences in lipid composition
in the two regions (110). oOur ’!P spectra, obtained at
different depths from the surface of the rat kidney (Fig
3.18(D)), also inditate high levels of phosphodiesters
in the medulla. (5-7mm depth). This peak ;n.J‘P NMR
spectra of kidney may be useful to the study of
energetics of the renal medulla since lipid is thought
to be the maior respiratory fuel for thg/k{dney (105).

In our studies, spectra acquired u51ng depth pulse
sequences and with the kidney surgically exposed
con51stent1y exhibited detectable PCr signals and varied
in intensity with penetratien depth. Significant levels
of PCr were recorded at 0-2mm depth which decreased te .
lower but still detectable levels with increasing depth
into the kidney (Fig 3.18). 1In contrast, in the
investigatiohs‘by Freeman (40), Radda (100), and
Ackerman (6) on perfused kidneys; the 3!p specsra‘
revealed little if any 51gnal from PCr. Balaban et al
(7) obtained s1m11ar results in an intact kidney using a
surface coil and topical magnetic resonance to localize

AL
¥4
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31p spectra of rat kidney to show changes

in metabolite concentrations at different
depths from the surface. The repetition
interval was 1.0 sec, the number of scans
was 256. The spectra are not corrected
for saturation effects. (A) 0-2 mm;

v(B) 2-4 mm; (C) 4-6 mm; (D) 5-7 mm.

8
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the spectrum. 1In our studies, 'H images of the ’
sensitive volume provided reassurance that the PCr ©
signal did not arise from surrounding tissue ex,.(fig %.6
‘and Fig 3.7). The reason for the discrepancy in the
observation of aQéCt signal -in not clear. Freeman (40)'
reported that the level of PCr is below the limits of
detection (<0.2mM) and that the rat kidney goes not
contain large amounts of the enzyme creatine kihase.
"The *!p spectrum of a homogeneous populatfdhfof renal -
cortical- tubular cells obtained from\the cortex of
'rabbit kidneys did not exhibit a PCr signal (2).
Assuming little species‘difference; if the rat cortex
does not contain éppreciable amounts of ?Cr, this would
suggest that the PCr signal we observe must have
originated primarily from the kidney capsule.

Adenine nucleotides which contribute to the NTP
resonances in the ?!p spectfum can aecount for as much
as 90% of the total nucléot;de pool in skeletal muscle,
in kidney they comprise approximately 50-60% of the
nuéieotide pool, the ;emaining 40-50% is made up of
guanosine, uridine, and cytidine tripgzsphates. The
concenﬁtatioﬁ of ATP in the kidney varies considerable
during the period of metabolic stress. Stubbs, Freeman,
and Ross (115) measured the adenine nucleotide and Pi
content of thé kidney by enzymatic Aqsay (after freeze

clamping and acid extraction) and by *!P NMR. Both

methods gave similar results for AQP in control kidneys
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of 6.3umol/g dry wt. ﬁnowledge of the ADP c¢oncentration
within the cell is Qmportant since ADP is a key to.
control of the regulation of metabolism in the cell. An
increase in ADP in the micromolar range may control the
adenine nucleotide translocator (K, 1-12uM), tte enzyme
which controls the rate of ATP synthesis (105).

The concentration of free (non-bound) inorganic
phosphate (Pi) in vivo is an important parameter for
‘both aerobic and anaerobic eneroy metaboliém. A large
amount of Pi is generated in renal.ischemia. Chemical
analysis by Stubbs et al (115) revealed that hydrolysis
of ATP yielded a concentration ofilﬂ umol Pi, whereas
the NﬁR method yielded a concentratlon of 24 umol Pi.
The NMR method therefore detects only a fraction (about\
50%) of the Pi within the ischemic kidney. It is also
possible that the Pioresonance may be overlapped by

other unidentified species

ssues such as the kxdney whlch have highly

deyelope’ functzons tend to have. complex vascular
arrangements. For example, the nephron of the kidney
has an artery which breaks up into. multiple capxllar1es
( the glomerular tuft) and reforms to constitute another
artery (64). Considerzng the structure of the kldney
and. its blood supply it-is possxble that the two main

&

regions of the kidney, the cortex and medulla, may

respond dlfferently to ischemia.

The ability of the depth pulse seqpence\to |
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discriminate between diffferent region. Offéh'kk§dnoy,tfﬂ' %
] A 0
was demonstrated in one experiment whorq‘rqppbnry of hﬁﬁl :

BRSO 'gb-

metabolite levels and pH after 13chemi§’qﬁd ndt occur li;,;ﬁ
expected. The !p spectra yielded conctant high levols i:AJ
of Pi with no recovery of NTP. On visual examiniation ‘J:.”
and from examination of multiecho images of the kidney,v "
the volume of tissue from which spectra were obtalnod “
was, an infarcted regionyof - the kidney. Spectrd fere

that recorded at several depths in the kidpdy in order

to obtain a spatial profile of the ’'P metabelites

1

(Fig 3.19). Ptogress1ng;deeper into th'.‘}dn;;,f

!

from the infarcted reglo

o healthy tissue, tesultéd in
an increase in the high enérgy phosphafesiaswell as an

inérease in renal pH. Damaged regiopélbf tissue can '
therefore be readily distinguishea“from;healthy regions
by 1P NMR us{gg~the DEPTH pulse éequenées. Theée

results have important clinical potential. B “

3.6 MONITORING ISCHEMIA IN THE RAT KIDNEY IMPLANTED WITH

TUMOR CELLS BY *!P NMR sgzcrnoscoPY.

mhé< ime course for the changes in the relative

P

_ concentrations of *!'P metabolites in the rat kidney
implanted with tumor cells were.monitored during a )

period of ischemia and recovery. Due to the fact that’

small tumors can be a mixture ‘of neoplastic cells and

host celis, and to ensure that, the response measured wgﬁ
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Fig. 3.19 31p. spectray ‘of. rai,: kidney at different depths below
o - the surface® of the kidney following infarction. "
‘The repetition:interval was 1.0 sec, thesnumber of

-.scans was ‘512. (A) 0-2 mm;{(B) 1-3 mm; (C) 2-4 mm;
. : o

(D). 3-5.m.
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primarily due to the tumor, tumors chosen for study were’

at a relatively late stage of growth (9-12 days after

“tumor celldimplantation) For the monitoring of

ischemia, tumors which produced s1m11ar control spectra,
i.e,., detectable levels of hlgh energy phosphates and
intense Pi and PME resonances, were selected Fig

3. ZO(A) illustrates a typical control spectrum and the.

: 0
changes in. the relatlve concentrations of 3lp

metabolites during ischemia (10 min) and recovery, In

order to obtain adequate‘signal to noise the numbet of
. ‘ , x
scans was increased to 512 "with a repetition interval of

1.0 sec, from the 128 scans employed in the ischemia

experiments on the normal rat kidney. In contrast to

}the,effect of ischemia on normal rat kidney, the 3!p

spectrum of the kldney implanted. w1th tumor cells when

fendered 1schemlc demonstrated a decrease in pH (from

7.3 to 6. 7), a depletlon of the NTP levels (to levels

9

below .the l1m1ts of detectlon) and a decrease in PME
There was no subsequent recovery to control values for

’any‘of the metabolites or pH (Fig. 3. 21). Desplte»thgﬂﬁ

7 ~ .

renewed blood flow and re- oxygenatlon of the tumor, -

y
vthere is no re—syntheszs of ATP Recovery was m9n1tored

at lO min, - 20 mxm, 30 m1ﬂ°‘1 hr and 2 days after

change was observed in the

3t1p speg&rum. The metabollg stress had altered the
| ;

N -3

: bioener@eticistate of_the tundr such that the spectra

P

o

now‘reflect7acnetabolically inactive hypokic tumor,
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Changes in the 31p metabolites in rat kidney

A
8 4 O -4 -8 -2 -6 -20
| . PPM ‘

implanted with tumor cells during ischemia and .
post ischemia at 2-4 mm depth. Tife repetition

‘interval was 1.0 sec, the number of scans was

512. (A) Control (day 9 of tumor growthJ,
(B) 10 min. ischemia; (C) 10 min. post gghemla,
D) 30 min. post 1schem1a. E
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Fig. 3.21 Changes in the infracellular pH in rat kidney"
i implanted with tumor cells 'during ischemia and
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similar to that observedlat very late stages of.tumor
grokth in the rat kidney, as illustrated in Fig. 3.9
o). - 4

' The spectrum prlor'to ischemia exhibits relatively
high concentrations of:PME (presumably sngar phosphates)
indicating a reliance of the tumor cells on glycolysls.
bur?hg 5-10 min ischemia the supply of nutrients
(glucose) decreased, resulting in a rghuction!of the
intensity of the PME peak. A lack of re—synthesis of
ATP and low leyels of PME also indicate a reductlon of
the supply of oxygeqwand‘nutrients to the tumor. . The

absen of'recovery of pH to control values suggests an

'inabillty to remove the lactate produced Presumably
schemia has resulted 1n 1rrever51ble
destructlon or 1mpa1rment of the tumor vasculature

The supply of oxygen and'nutrients to the tumor
'depends on supply through the vascnlar system and the
( removal capacity of the t1ssue (57) ' éullino et al
demonstrated that the oxygen removal by tumors is asC{\
'efficient’as normal tissue (56). The vascular’system Qt/_
the tumor undergoes continuons’changes as the tumor mass’
.increases and the volume of vascnlar network decreases.
Therefore, as the tumor grows, oxygen supply per unit
nass decreases, as does the oxygen cqpsumptlon (57)
Gullino also demonstrated that during an acute shortage.

of oxygen to the Walker sarcoma (produced by removal of

'erythrocytes in the animal), oxygen delivery to the
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tumor was improved (56). The effect of ischemia on
“blood fiow'was investigéted by Mattsson et al (83).
Blo&é flow rates in a tumor implanted;in the hindpaw of
a rat were found to decrease é*ter 10 miqutes.of
ischemia. Considering th;seiresulps and the fact that
new vessels formed in the tumor ;re composed of only a
singl; endothelial layer further éubstantiates the
possibility that vascular damage has occured.

"Employing techniques such as depth pulse spectrai
editing on the prdton resonances the levels of lactate
pfoduced durin§ tumor growth and during production of
ischemia could ?e monitored and correlated with'the
changes in intracellular pH determired from the 31p

spectra. One would expect to observe an ifcrease in the

concentration of lactate with decreasing pH.

3.7 MONITORING TUMOR RESPONSE TO CHEMOTHERAPY BY *'P

NMR SPECTROSCOPY

CYclophosphamide is an antineoplastic agent used
clinicéIly.in the treatment of cancer and for prevention
of recurrences anq the appearance oS'métastasesq(30).

Cyclophosphamide is an alkylating agent'which is thought

to act’by alkylating apd cross-linkin% guanine and
‘possibly other bases in deoxyribonucleic'acid thereby
ar‘:é‘sting cell division. (26). The antineoplastic -

~effect is' dependent on abcytotoxic action which is not
3 : )
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selgéti?é for malignant ce}ls but  may affect all raplidly
dividing cells.

Experimentally the drug dzsplays a wide spectrum of
‘antitumor activity . At high dose it causes regression
ofIWalker*sarcoma (30). Adﬁinisﬁration of
lcyélop?osphamide at S.O-mg/kg/day for 9 days ﬁo,rats
injected with 10° cells/ml of Walker sarcoma cells
offé;é? complete protection from the lethality of the
'tumof éells (63). The LD,, administered I.V. ig rats is
160mg/kg (85). | o

Cyclophosphamide (150mg/kg 1.vV.) was administered
as a single dose at a relatively late stage of tumor
growth (day 9-12 after implantation of tumor cells).
Control spectra,’prior to-administration of the drug
exhibited detectable levels of highvenergy phosphates
and intense Pi and PME resonances, ex. Fig 3.22(A).
Since the tumor’s oniy blood éupply is Via-the vascular
pedlcle this mode of administration of the
anti_neoplastlc égent ensured a uniform dlstrlbutlon of
the drug to the tumor. Cells in solid tumors that are
distaht.ftom functional blood vessglﬁ'(and\hénce
hypoxic) may be resistant to 6hghothetapy s;nce drug
concéntrafions;in‘their vicinity may be low aue to
limited diffusion from blood vessels, and drug uptake by
~ intervening cell; (116).  There have been few studies of
drug distribution within tumors.

A time course for the changes in *!P metabolites

s
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was followed 2 hrs, 2 days, 4 days, and 5 days after
administration of the drug (Figb3 22). The "P spectra
were recorded from the sate volume and depth into the
- tumor as for . the study on untreated tumor growth
(2-4mm), A significant increase in the relative
concentration of ATP and PME was obserwed within 2 hours
post injection.. These levels remained elevated up to
day 5 post injection. eThe NTPa)Pi ratioaexhibited a
progressive 1increase after treatment with the drug.
(Fig 3.23) PCr and PD levels increased slightly.
Fluctuat1on in phosphodlesters (GPC and GPE) during
tumor growth and as a response to chemotherapy indlcate
alterations in the phospholipid fragments and/or
precursors of the tumor cells. The intracellular pH
demonstrated a progressive increase from day 0 to day 2
post injection and remained elevated up to day 5 post
injection (Fig 3.24). The observed reversal to a more

"aerobic-like" state may be the result of improved blood
flow in the tumor. ThlS would account for the rapid
increase in pH and ATP levels. It is quite likely that
we were observing the combined response‘to the dfug of
both aerobic and hypoxic cell populations within the
tumor. |

In contrast, first to the response of an in vivo
RIF-1 tumor (94) to cyclophosphamide (injected I.P.f
which exhibited a complete dlsappearance of the Pi

resonance, and second to the response of a MOPC myehmm
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it s b a2l s 2 s daaad oL y)
10 5 0 -5 -0 -5 20
PPM o
Fig. 3.22 Time course of the changes in *!P metabolites
' in the rat kidney implanted with tumor cells
after administration of a single dose of
cyclophosphamide (150 mg/kg I.V.). ty=1.0 sec,
NS=1024. The spectra are not corrected for
saturation effects. (A) day 0, before drug
(pH 6.76); (B) 2 hrs after drug (pH 7.20);
(C) day 2 after drug (pH 7.35); (D) day 4
- after drug (pH 7.25); (E) day 5 after drug
: (pH 7.31). '

‘Wud" P
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Days after cyclophosphamide

Fig. 3.23 The NTP £/Pi ratio of Walker sarcama as a function of time
after treatment with cyclophosphamide (150 mg/kg I.V.).
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Fig. 3.24 Variation in pH of the tumor after treatment with
cyclophosphamide.
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which revealed a striking increase in PCr (33), the
WalkWSa

and a sligh

exhibited only a slight decrease in Pi

increase in PCr. The preéencc_of an »
intense Pi peak is indicative of metabolically inactive
cells. The disappearance of the Pi observed<by Ng et al
after treatment with the drug in the RIF-1 tumor may be
due to removal of the dead tumor cells, leaking of Pi
out of the ceils, or association of Pi with
macroqplecules. " Localization techniques were not
implemented {n.this study. The fact that only a slight

decrease - is observed in the **P spectra of the .

Walker sarc suggests that processes such as lysis and

phagcéytosis which remove dead tumor cells are not as

N
—

efficient in the Walker sarcoma as coﬁpared to the RIF-1
tumor. The tumor mass was not determined, but did not
appear on visual examination to regress.

The *!'P spectra of normal rat kfhney>and muscle
were not affected by the drug. ,’I‘his result is
consistent with that of Naruse et al (90) aqg suggests
preferéntial activity of the drug against the tumor.

Naruse et al (90),(91) examinéd the effects of
c&clophogghamide on the *!P spectr; of a ﬁumber of
neuroecéodermal tumors of rat and human origin
subcutaﬁeously implanted in rats; The tumors were
studied étia lat; stage of growth and doses
approximating‘the LD,, were‘administetedvintravgnouslyy

I
N Y o

The spectra of the living tumors were rapidly
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tfahdfsrmed to give the spectral character}itibs of dead
tumors. The ATP resonances décrggﬁed in intensity with
a corresponding increase in Pi Sxactly the opposite
effect to that which we have observed in the wWalker
sarcoma. | |

It gppears th&t tﬁe Spéctroscopic response of
different tumors to'cyclophOSphamide varies widely and
,may be -the result of the metabolic response qf thé
tumor, differences in or the absence of the spatialw

,‘localization tebhniques emplojed, and/or the dose, time

 ﬂand mode of administration of the antiffeoplastic drug.

+

Mg - #Mith hindsight histological studies of the tumor

»g‘ﬁt;ggggprent taﬁbs %B@%:xnjectlon should have been.
: #?“%; %E: 5
Forme hlmatejigy céd?ct;on in the extent of -
: v \; £ ' w Q”
' o§ adm; tratlon of the drug

s

‘sﬁataﬂof oxygenatzon and

R A "x“”
‘%ascur”,ihation of” ,mnr durzng untreated growth and

fOIAOWing chemp‘\ Niﬂwould provide an index with which

., to cqmpa:“f

s\.

doss tesponse curves for the drug could be determlned

the observed spectral changes. Moreover,

&
)1

iikﬂnd Oprrelated with the therapeutlcally induced spectral
. changts. ii | : :
wo detenmine if the spectral changes reflect the
action of the drug on the DNA alterations in the rate

J of DNA 8Ynthesxs could be determlned by monitoring the
" R A
“4 uptake Qf ’H thymidine in the tuporgfells.

Y

L Depthﬁpulge spectzal editiné téchniques could be

;L . i - .&».A,. .~~g.'. ‘\. v oA 3
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,employed to monitor the changes in the rolativ;
concehtrations of lactate before and attor treatment .
with the drug. These values coold then be compareé with
he observed changes in tumor pH.
Our studies have demonstrated that the response of

a particular region of a tumor can be monitored by 3!p

L
NMR. A major requirement in clinical oncology is a
non-invasive technique for monitoring tumor metabolism

and tumor response to«therapy Studies in animals

(31, 32 33) and in a f&\g ?tlents (52,124) indicate gxatg
' b

the response of to chemotherapy is accompanied

'dlst1nct and rapldly detectable changes in its 3tp
spect1a1 probertles The meohanlsms underl?ing these

spectroscopic changes remains to be elucidated.



4, CONCLUSIONS . %

Mégnetic~resonance applications to biological and
: /
clinlcal problems have grown steadlly in recent years

The advantages of the appllcatlon of NMRLﬁo
invest1gat1ons of metabollsm are that the method is
rnon—destructlve, nnnflnva51ve, ‘and measurements can be
‘mede on the tissues‘in sitnein their normal living state.

- The spectra ofjin viQo tumors illustrate . the
sensitivity of‘the 31P"I\.I'MR“spectrum to detect progressive,
' changes in tne btoenergetic state of tumor tissne. Theﬂi
spectralyield‘infnrmation’nn'the1cellﬁ1arenetebolite't
leveis, changesvin the metabqlic'path¥gys, and }he'
intracellular{pﬁ'> The presence and intensity ot‘the“
_detedted resenanees depends on the characterlstlcs ofﬂthe
cell type from Wthh the tumor orlginated on its degree
of growth, and’ the extent of 1ts vascularlzatlon. !

NMR studies of tumors are still in thelr 1n1t1a1
stages Previous investigations. of tumor metabolism were‘f
perforﬁed_on tumors,impianted Subcutanebnsly in animals.

‘Tne NMR'signals“were excitedtusing a‘sing&e | ;
radiofrequency pulse and were thetefore acq/x%ed from a
Qegion localized solely by placement of the: cozi by its

'éiameter, and by control of the pulse length This

‘“

method has been used in the vast ma)orlby of 1n-v1vo NMR ‘

. '\ S .
. - ; . . .
7 . ’ . , i . .
e - . b
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" metabolic studies but‘in no way does it péoque adequate -
'localizationr ‘The resulting 31p gpectrum A

* [

represents a spatial average over the total volume of the

\txssues ‘sampled;: a volume wh1ch contalns both tumor and
surroundlng tissues, each of wthh contr1butes,to the
overall signal. |

| he'have improved on therprevious experimental

technique by making use of surgical exposure on the one
/
‘hand, and. depth pulse locallzatlon technlques on the

A

other, in order to ensure the. accuraﬁe a881gnment of the

spectrum to a specflc regléh w1th1n the tumor This has

-

enabled us to evaluate the response/of the. tumor to L

metabollc 1nsults in a far more precise way than Jad -

N o, r

previously been p0551ble MoreoveJ by generatlng 1mages o
/ _

of the)sens1t1ve volume we were able to. prov1de the

reassurance (lacklng in preV1ous 4tud1es) that the
/

Spectra obtalned did not contaln inanted contrlbutions

- from surroundlng tissue (Fig 3. 6 and F1g 3. 7)

Employing the depth pulse sequences we were able to
/
d1scr1m1nate between Jdifferent regions of the kidney

(Flg.?3 16), and between healthy and damaged tissue (Flg. s
:3 19).° Because the t1me requzred for a measurement was 5
, mlnutes, we could make ser1a1 measurements every 5

b’

,;jmlnutes% therefore, we were able to’ mon1tor metabol1c

! ‘ k v - ’

7 processes occurlng over perlods greater than -5
/ S :
/r m1nutes

Our results on the eﬂ{ﬁ%ts of a modest ischemic

. ’



'insult’to the normal rat‘kidney indicated a decrease in
AATP‘levels with a corresponding increase in Pi and a
decrease in renal pH folfonedkby a recovery to control
values within 30 minutes (Fig. 3.15). This shows that we
were able to monitor*a'p?ecise region of tissue with an
acquis;tion tzme of 5 mlnutes, and. thereby follow the
"metabolic changes that occur °“§E this perlod greater
than 5 mlnutes The kldney 1mpl;zted with tumor cells
when rendered 1schem1c demonstrated a similar decrease 1n
pH and ATP levels but with no subsequent recovery to
control“vaIUes. Ehese.results indidgte‘a distruption of
the'vaschlar system of the tumor.‘u' | ‘
Because of our ab111ty to 1mplement prec1s1on
loca11zatlon we were able to observe the serlal expans1on
wof‘a tumor through?the predeflnled reglon and show that"
'progre551ve tumor growth typlcally resulted in an
acldotic Shlft in pH, an increase in Pi and a decrease
" in the hlgh energy phosphates. Thls conflrms Warburg 5
'hypothes1s that tumor cells aré more hypoxlc than normal

/

tissue and.are characterlzed py a high rate of lactate

formatlon (99) *Agaan by observ1ng the same prec1se

tumor region follow1ng treatment ‘with cyclophosphamlde,
»

' we were able to demonstrate that ‘this therapy resulted in

I

a reversal of* the Specﬁral characterlstrcs to a more
“aeroblc llke" state, i.e., an increase was observed ﬂn
(8 . DN

 tumor pH and in the rPlatlxe concentratbcns of ATP, PCr,

and PME, together thh a ‘slight decrease in Pi when
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B ' ' , "! \ , ) o
.compared with spectra obtained gyior to &he treatment.
This shows the response of a particular region of the

Walker sarcoma to the antlneopLastlc agentm
' 5
In spite of its consxderable promxse for monitoring

6

phosphate contalnlng metabol1tes 1n vivo; 3‘2
spectroscopy does however. suffer from some technical
llmltatlons. As ‘an analytical technlque it is relatively
‘insensitive and quantitatibe information is lim%ted to@i@ :
;only a few of the more abundant metabolites. ih{add§;ﬁon
to signal to noise problems, the ahility of 31P%NMR to

accurately quantify the amplitudes of the resonahces, a

oy

prerequisite for the. monltdrlng of the absolute NMR

\

v151b1e concentratlons of the 3!p metabol1tes, i% ‘also
hampered by the variations in T, between metabolites and

between dlfferent envzronments 1n a heterogeneous sample.

o »
\& ,.

Addltlonal work is clearly requlred to 1mprove bqth of

&)
these 31tuatzons.

s fAlthough the 31p spectra are relatzvely 51mp1e and
Yhe resonances readlly a851gned the 1nterpretation of
the changes in the *!P spectra is often sometimes quite‘
‘dszlcult to make. This is due in part to the nﬂmber of
contributlng mechanlsms wh1ch may be respons1b1e for the
observed changes and also to the exper1menters 1nah111tyl
'to manlpulate many of the ‘in vivo varlables which can
controlﬂthese contributory mechanisms.

lkIdeal}y, to obtain an acoorate account of metabolic

.pro;esses,,metaholism;of’the tissne'should be monitored

Yoy et
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in vivo without surgical intervention. 'H images (Fig

3.5) have demonstrated the ability of the depthfphlsé

\

sequences to suppress surface layer signals. For the
non-invﬁsive manitéripg of metabolism, fhe depth pulse
éequqncés éhould be employed without surgical ;prsurg’of
the tumor aﬁa the resulting *'P speétrum compared to fhat

obtained with surgical exposure. Such experiments will

provide validation iequired for future in vivo work.

M ﬁt?,.
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