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in Table 2 demonstrate, changes in cell density are correlated
with changes in ligand clustering and endocytosis. Trans-
glutaminase activity in cells varies with cell density®®, with
changes in intracellular cyclic AMP?® and in response to viral
transformation®*. Such alterations in transglutaminase activity
may be reflected in an alteration in the ability of cells to
internalise surface-bound ligands. Maxfield et al.*! have shown
that blocking EGF internalisation with inhibitors of trans-
glutaminase produced marked stimulation in the mitogenic
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response of cells to the hormone. Changes in transglutaminase
activity may therefore profoundly modify the way that cells
respond to hormones.
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Mapping of metabolites in whole animals by
*'P NMR using surface coils
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The metabolic state of skeletal muscle and brain within
intact rats is monitored using high resolution phosphorus
nuclear magnetic resonance. Regional disturbances in
metabolism (for example, localised ischaemia) are easily
observed, indicating the diagnostic possibilities of the
method. Measurements are made using ‘surface’ radio-
frequency coils, which we discuss in detail.

IT was demonstrated in 1974 that phosphorus nuclear magnetic
resonance (*’PNMR) can be used to observe the major
phosphorus-containing metabolites in intact, excised muscle’.
Since then the method, which is non-destructive, has been used
to study a variety of biochemical, physiological and medical
problems in skeletal muscle*?, heart®®, kidney®, liver’ and
brain® (for reviews see refs 9-11). Apart from the measurements
on mouse brain® and the recent experiments on heart in open-
chested rats'®'3, all these studies were done on excised organs,
albeit often in a physiologically functional state.

Recently, ‘spin-imaging’ of water in living systems has
demonstrated the ability of NMR to obtain spatial dis-
crimination'. The combination of high resolution 3P NMR
with some method of spatial selection could offer a unique
opportunity for the study of metabolism in defined tissues and
organs of an intact animal. However, because of the low sensi-
tivity and difficulties with spectral resolution, many of the
methods used in water imaging are not yet practical for *'P

spin-imaging of living systems. We describe here a simple
method for detecting compounds in localised regions adjacent to
the surface of the sample. We have used an unusual type of
radiofrequency coil, which we call ‘surface coil’, to obtain the
NMR signal. In this article we discuss the theory of the method,
describe experiments on test phantoms, and show the appli-
cation of the technique to the study of muscle and brain
metabolism in living animals.

Theory and design of surface coils

The design of radiofrequency (r.f.) coils is best considered in
terms of the theory of Hoult and Richards'®. Let us consider a
single r.f. coil that serves the role of both transmitter and
receiver. Their theory shows that:

(1) The signal-to-noise ratio resulting from a 90° r.f. pulse
applied to a small sample at point g is proportional to the
value of (B,),, at that point. (B,),, is the component of the
r.f. magnetic field in the xy plane (that is, in the plane
perpendicular to the static field B,) that is generated by unit
current passing through the coil.

(2) The 90° pulse length for a sample at any point q is inversely
proportional to the value of (B,),, at that point.

(3) The signal-to-noise ratio resulting from a single r.f. pulse of
angle ¢ is proportional to (B,),, sin¢. ¢ is equal to
v(By)yit where 7 is the length of the pulse, y is the
magnetogyric ratio of the nucleus, and i is the current
passing through the coil.
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Clearly the field distribution (B,),, produced by the coil is a
critical factor in its performance. Conventional saddle-shaped
and solenoidal coils are generally designed to produce a homo-
geneous B, field throughout the sample volume; this ensures
that all regions of a uniform sample contribute equally to the
signal. In contrast, we show that a different coil design enables us
to observe signals from a selected region adjacent to the surface
of the sample.

Consider a single-turn flat circular coil orientated as in Fig,. 1.
The magnetic field generated at any point g by unit current
flowing in the coil is given by Smythe'® and is

_B x L @ttt ]

B, 21rp[(a+p)2+x2]”2[ +(a—p)’+x2E 1)
_k 1 [ a’-p?-x? ]
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B, and B, are the axial (x) and radial (p) components of the field
at point g, a is the coil radius, 4 the permeability of the medium
about the coil and K and E are complete elliptic integrals of the
first and second kind.

o
X Bp
y ~
p \
|
a I} X
/
/
N\ g
]

Fig. 1 Diagram illustrating the orientation of a single loop coil.
Various parameters are By, the main magnetic field, g, the coil
radius, i, the current flowing in the coil, and g, a point in space
described by the coordinates (p, x). B, and B, are the B, field
components at q resulting from current i. The angle ¢ formed by
the vector p and By is shown as O for clarity of presentation.

From Fig. 1, we see that the direction of B, is always perpen-
dicular to that of the static field B,, while the perpendicular
component of B,{(B,),,] is given by

(B,)sy =B, sin 6 (3)

where @ is the angle between the directions of B, and B, (see
Fig. 1 where @ = 0 for clarity of presentation). The magnetic field
(B1).y generated at any point q therefore depends on 8 and is
given by

(B1)ey =B.+(B,)s, @

A plot of (B;),, as a function of p derived from equations
(1)~(4) is given in Fig. 2 for the two extremes § =0 and § = #/2.

Following from the relationships given above (points (1) to
(3)), it is possible to map the (B,),, field of any r.f. coil. We have
mapped (B,),, for a single-turn flat circular coil of radius
0.75 cm by placing a small sample (a disk of volume 0.01 ml
containing 12 M phosphoric acid and 4 mM NiCl,) at different
positions ¢ relative to the coil. The field (B,),, as determined

from the variation in signal intensity is plotted in Fig. 2 and, as
can be seen, shows good agreement with theory. Similar
agreement was obtained from the variation in 90° pulse length,
and from experiments with other surface coils. Note that the >'P
test sample was surrounded by an aqueous medium of 154 mM
NaCl to approximate the electrical characteristics of animal
tissue.

(B1)xy is localised in a volume about the centre of the coil
roughly defined by the coil radius (Fig. 2). It should therefore be
possible to observe high resolution NMR signals from selected
regions adjacent to the surface of the samples. Furthermore, we
should stress that the region of sample contributing significant
signal intensity will be spatially far more sharply defined than
(B1),y due to the sine term in point (3) above.

Finally, as Hoult and Richards®* have suggested, variations in
phase of (B,),, should not affect this type of single coil experi-
ment. This is because phase changes induced at transmission are
mirrored at reception, and thus cancel. This conclusion was
confirmed by our experiments.

Experiments with phantoms

To verify and more clearly illustrate the spatial resolution of
surface coils, P NMR experiments were performed on two
different phantom samples. The first sample consisted of a two
compartment rectangular box (10x2x 1 ¢m) partitioned by a
thin panel halfway along the length (5 cm) and filled with a
solution of Na,HPO, (100 mM) in one compartment and phos-
phocreatine (100 mM) in the other. *P NMR spectra were
collected using a flat four-turn surface coil (mean radius
0.55 cm) placed outside the box at various positions along its
length. The results are shown in Fig. 3. With the coil placed
directly over the dividing partition, position 0.0, both
compartments contribute equal signal intensity. When the
centre of the coil is one radius from either side of the partition,
only that compartment directly beneath the coil gives a signal.
Thus sample selectivity (as a function of the radial, p, coor-
dinate) is approximately confined to an area bounded by the coil
circumference.

The second phantom consisted of a box (4 X3 X3 cm) filled
with an aqueous solution of NaH,PO, (20 mM) and NaCl
(100 mM). The same coil was placed on the outside of the box
(wall thickness 0.1 cm) and the *'P spectrum obtained. A hollow

Fig. 2 The spatial dependence of (B;),, as a function of p, the
radial coordinate. p is expressed in units of radius, a, while (By),, is
normalised to 100 at the centre of the coil, (p, x) = (0, 0). The solid
curves were derived from equations (1)-(4) while the symbols
represent experimental data. Spatial parameters vary for each
curve as follows: curve a, 6 = #/2 and x =0.5a; curve b, 6 =0 and
x=0.5a; curve ¢, =m/2 and x=1.1a; curve 4, §=0 and x =
1.1a.
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Fig. 3 Stacked plot demonstrating the radial, p, resolution of

surface coils. The two >'P resonances, each arising from a separate

compartment in the phantom, are phosphocreatine (shaded) and

inorganic phosphate (Na,HPO,) (non-shaded). The label asso-

ciated with each spectrum is the distance (in vnits of coil radius, a)

between the surface coil centre and the partition which separates
the two compartments.

glass disk of radius 0.75 cm and thickness 0.5 cm filled with a
solution of NaCl (154 mM) was then placed in the solution-filled
box, immediately in front of the coil. On repeating the
measurement, a sixfold reduction in signal intensity was obser-
ved. This results from the exclusion of 0.8 ml of the NaH,PO,
solution in front of the coil, illustrating the three-dimensional
spatial selectivity of this type of NMR coil.

These experiments verify the theoretical predictions (Fig. 2)
and the properties of these coils can be summarised as follows:
(1) The high resolution NMR experiment can be performed with
a surface coil external to the sample; (2) the spatial resolution is
well defined and can be theoretically and experimentally
determined; (3) this spatial resolution may be adjusted by
appropriate choice of coil radius and pulse width; (4) the filling
factors of surface coils compare favourably with those of con-
ventional coils; and (5) noise generated by r.f. losses in conduc-
ting samples'” arise only from those regions of the samples that
contribute signal. These latter two points suggest that good
signal-to-noise ratios can be expected with well-designed sur-
face coils.

Measurements of metabolites
in whole animals

The resuits and calculations presented above, together with
studies on tissues and perfused organs provided the rationale for
attempting to observe *'P NMR spectra from muscle and brain
of an intact rat.

Figure 4a shows the *'P NMR spectrum obtained by placing
the four-turn surface coil against the leg of an anaesthetised rat.
The resonances arise from the three phosphates of ATP, phos-
ghocreatine and inorganic phosphate (P;), within the leg muscle.

'P signals contributed by blood within the muscle tissue are
negligible as fresh blood contains only a small amount of ATP
and no phosphocreatine relative to 2,3-diphosphoglycerate'®.
(If 2,3-diphosphoglycerate were present in significant quan-
tities, it would produce two signals with chemical shifts of about
5 and 6.5 p.p.m.)

To achieve conditions where peak areas are directly propor-
tional to the amounts of tissue metabolites, a 12-s delay was used
between sampling pulses. (This follows from the *'P T, relax-
ation times for intracellular 8-ATP (~1s), phosphocreatine
(~3s) and inorganic phosphate (~3s).) Thus the spectral
accumulation of 128 scans required about 25 min. However, by
reducing the delay between pulses, satisfactory spectra can be
recorded in less than a minute. These can be used to follow
changes in metabolites, to compare different metabolic states, or
even to perform quantitative studies if the appropriate relax-
ation times or saturation factors are accurately determined™.

A measure of the ATP concentration is obtained from the
area of the signal at —16 p.p.m. (the B-phosphate peak of ATP).
The resonance at —2.4 p.p.m. contains contributions from the
y-phosphate of ATP and the B-phosphate of mobile ADP. As
the ratio of the areas of these two peaks ((ATP]/[ADP]+
[ATP)) is one, within experimental error (0.94, n =35, s.e.m. =+
0.05) clearly the concentration of mobile ADP is too low to be
observed. The phosphocreatine to ATP ratio is 4.04+0.18
(n =5) which compares reasonably with recent freeze clamping
values for rat skeletal muscle'® but is considerably higher than
other reported values®®. Because phosphocreatine is rapidly
degraded during ischaemia’ we suggest that our in vivo ratio of
phosphocreatine to ATP represents the best estimate so far for
this parameter that reflects the energy status of the cell. The
measurement of inorganic phosphate by freeze extraction pro-
cedures provides special difficulties, and it is significant that the
NMR results give a phosphocreatine: P; ratio of 14.6 (n=5;
s.e.m.£1.20). Assuming a phosphocreatine concentration of
23.1 pmol per g wet wt (ref. 19), the P; concentration derived
from NMR is 1.6 pmol per g wet wt, a value considerably lower
than that derived from freeze clamping techniques®. This
observation might explain why the activity of phosphorylase b in
resting muscle is considerably less than that predicted by studies
on the isolated enzyme combined with metabolic measurements
by freeze extraction®'.

Following the observations of Moon and Richards® it has
been well established that the position of the inorganic phos-
phate resonance provides a good measure of intracellular pH
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Fig. 4 3p NMR spectra of the leg muscle of an intact rat obtained
with a surface coil. Each spectrum represents 128 scans over
25 min. A 15-Hz line-broadening exponential multiplication was
used to enhance signal-to-noise. @, Non-ischaemic muscle below
the knee joint; b, ischaemic muscle from the same area as in g after
application of a tourniquet just above the knee; ¢, spectrum of
muscle above the tourniquet. Chemical shift assignments for non-
ischaemic rat leg muscle are 8-phosphate of ATP (I), —16.10
(n =35, s.e.m.+0.02), a-phosphate (II), —7.54 (n =35, £0.00), y-
phosphate of ATP (II), —2.47 (n =5, £0.02), phosphocreatine
(IV), 0.00 by definition, and inorganic phosphate (V), 4.90 (n =5,
+0.03). Chemical shifts are defined as positive in the high
frequency direction and phosphocreatine is taken as an internal
reference. Normally fed, pentabarbital anaesthetised male Wistar
rats were used for all experiments. The rats were examined while in
a vertical position. All experiments were done at 73.8 MHz on a
spectrometer equipped with a wide-bore magnet.
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Fig.5 >'P NMR spectra of the brain of an intact rat obtained with
a surface coil. Spectra a—¢ demonstrate the effects of the con-
volution difference technique in eliminating the broad *'P
component arising from bone. g, Original brain spectrum, 300 data
accumulations over 60min with a 15-Hz line broadening
exponential multiplication; b, same as a except a 400-Hz line
broadening exponential multiplication was used; ¢, difference
spectrum of a minus b. Chemical shift assignments are 8-
phosphate of ATP (I), ~16.20 (n = 5, £0.05), a-phosphate of ATP
(IN), —7.62 (n =5, £0.02), y-phosphate of ATP (IIl), —2.48 (n =5,
+0.02), phosphocreatine (IV) 0.00 by definition, phosphodiesters
(V) 3.0 (n =3, £0.1), inorganic phosphate and the 2-phosphate of
2,3-diphosphoglycerate (VI), 5.00 (n =35, £0.007), and sugar
phosphates and the 3-phosphate of 2,3-diphosphoglycerate (VII),
6.65 (n =35, £0.06).

(refs 9, 10). The chemical shift of P; within rat leg muscle is
4.90+0.03 (n =5), consistent with a pH of 7.1+0.02 (n =5).

In an experiment similar in philosophy to the two compart-
ment phantom, the effect of localised ischaemia in the rat leg
muscle was assessed (Fig. 4). A control muscle spectrum was
obtained from just below the knee joint (Fig. 4a). Then a very
tight tourniquet was placed around the leg just above the knee
and a spectrum obtained from the same location as the initial
control (Fig. 4b). The two spectra are significantly different. The
ischaemic region of the muscle has no phosphocreatine, some-
what reduced amounts of ATP and a very large P; concentration.
In addition, the P; chemical shift (4.31p.p.m.) differs
significantly from that in the control muscle (4.92 p.p.m.),
indicating a more acidic pH of 6.7. (Similar results with excised
tissue have been observed’™) The small new peak at
6.30 p.p.m. may be attributable to the build-up of sugar phos-
phates or nucleotide monophosphate. Finally, with the tour-
niquet still in place, a spectrum was obtained from the leg muscle
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above the tourniquet (Fig. 4¢). This spectrum is very similar to
that of the first control, indicating healthy, non-ischaemic
muscle. The localisation of ischaemic areas in diseased muscle is
thus clearly possible.

One of the most difficult organs to study by biochemical and
perfusion techniques is the brain. Because of the rapid oxidative
metabolism and sensitivity to short periods of hypoxia or
ischaemia of the brain, considerable effort has been spent in
developing a variety of techniques such as ‘freeze-blowing’??,
and cryo-NMR?® to assess the in vivo energy status of this tissue.

By placing a surface coil on top of the rat’s head, directly over
the brain, we were able to obtain excellent *'P spectra from the
brain (Fig. 5). As there is no muscle tissue between the coil and
the brain these experiments are selective for brain tissue and
bone only. The very broad contribution from the bone can easily
be eliminated by the convolution difference technique*.

From the chemical shifts of the three ATP resonances in brain
and muscle we can conclude that in both tissues the ATP is
predominantly complexed to divalent cations which we assume
to be Mg>*.

The energy status of the live brain may be best compared with
that of perfused or rapidly frozen tissue from the value of the
phosphocreatine to ATP ratio. The value we derived from NMR
(1.93+0.12, n =5) is higher than the best values obtained by
rapid freezing®®. In addition we estimate that the concentrations
of both mobile ADP and P; are much lower than those measured
by destructive analytical techniques. In the brain spectrum the
ratio of the resonances 8-phosphate of ATP: y-phosphate of
ATP + B-phosphate of ADP is 1.07+0.08 (n =5) indicating
that ADP is not detectable. The P; signal is obscured by the
2-phosphate peak of 2,3-diphosphoglycerate present in blood.
The 3-phosphate from the same compound is at 6.6 p.p.m. and
indicates that the P; concentration in the brain must be well
below that of ATP, in contrast to values obtained from freeze
extraction. These considerations lead to the conclusion that the
phosphorylation state in brain tissue (ATP]/[ADPJHPO3? ) is
at least an order of magnitude higher than the generally accep-
ted value of ~3,400 M™%,

Conclusions

The use of surface coils to obtain high resolution NMR spectra
from selected regions of large objects is clearly not limited to the
systems described here. The design of the coil can be adapted to
suit the sample. In animals, tissues other than muscle and brain
(for example, fat tissue or cancerous growth) could be studied.
Coupled with surgery, internal organs can easily be investi-
gated'?,

An early low resolution application of flat coils has been for
the measurement of blood flow?. Plant, fungal or non-living
materials can also be examined in this way.
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