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Bounds on ‘‘Bound Water’’: Transverse Nuclear Magnetic

Resonance Relaxation in Barnacle Muscle

Abstract. Relatively mobile protons that do not exchange with D,O exist in barna-
cle muscle cells. These are not part of the nonfreezing “*bound water’’ that does ex-
change. Ninety-seven percent of the muscle water exhibits a single transverse relax-
ation time of 35 milliseconds: one water molecule per thousand, which is briefly and
irrotationally bound, will produce the observed relaxation properties.

Most of the water in muscle tissue has
a nuclear magnetic resonance (NMR)
transverse relaxation time (7,) of about
1/50 that of the pure liquid, an effect
known for 20 years (/) without an inter-
pretation of consensus (2, 3), despite the
proposed use of NMR relaxation mea-
surements for cancer diagnosis 4, 5).

Time (msec)

Nuclear magnetic resonance data in rat
(3) and frog (6) skeletal muscle suggest
that a small observed proton fraction
with a T, of about 1 msec exchanges at
an intermediate rate (7, 8) with the major
portion of cell water, and thus lowers the
relaxation time of this major fraction be-
low that of pure water. We report here

that single muscle cells from the giant
barnacle, Balanus nubilus, also exhibit a
small proton fraction with a millisecond
T,. However, within experimental limits,
these protons do not exchange with D,O
in times as long as 24 hours, and cannot
be the cause of the proton relaxation in
the major portion of tissue water. On the
other hand, our proton and deuteron 7T,
values for the major portion of the
muscle water do fit an intermediate ex-
change rate model that requires only 0.1
percent of the water molecules to be in
an ‘‘irrotationally bound’’ state at room
temperature. The nonfreezing water pro-
tons that we observe at —34°C [attrib-
uted to ‘‘bound water”’ in studies of pro-
tein solutions and tissues (9, /0)], do ex-
change with D,O and are clearly
different from the nonexchanging pro-
tons that we observe in these cells.

In this study, single muscle cells were
dissected from the depressor muscles of
the barnacle, blotted on filter paper, and
gently placed into an NMR sample tube.
Some specimens were partially deuter-
ated by immersion for 2 to 3 minutes in
artificial seawater (Instant Ocean) made
from pure D,O (/1), or by placing an ani-

Short times

1000 |

100 |

10 |

Intensity | {arbitrary units)

- Long times

9
40
-0.05
s
< -
-0.10 = £
e =
—
[
el

Time (msec)

Fig. 1. Representative proton transverse relaxation data from

1

0 " " L 1
0 400 800

Time (msec)

324

1200

1600 2000

nondeuterated (a and b) and deuterated barnacle muscle fibers
at 25°C, whose major fraction of tissue water contains 84 per-

cent (c¢) and 92 percent (d) D,O. The time scale in (a), (c), and
(d) is chosen to emphasize the millisecond fraction; note that
the ordinate for (a) is greatly expanded. The multiexponential decay functions that best fit the data are shown by the solid curves, which consist of
the sum of two (a and b) or three (¢ and d) exponential functions. For clarity, many of the data points are omitted. In these experiments, the
CPMG pulse sequence was employed, with the pulse spacing 27 equal to 50 usec (a, ¢, and d) or 500 usec. The fitted equations are: (a) I/[, = 0.051
exp(~/0.80) + 0.949 exp(—£/56.4); (c) I/, = 0.179 exp(~/0.39) + 0.099 exp(—+/4.3) + 0.722 exp(~/84.5); and (d) I/I, = 0.320 exp(-/0.29) + 0.184
exp(—1/3.28) + 0.496 exp(~¢/102) where 1 is the time in milliseconds.
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Fig. 2. Proton transverse relaxation data in
nondeuterated (a) and deuterated barnacle
muscle fibers whose major fraction of tissue
water contains 71 percent D,O (b) and 87 per-
cent D,O (c), at —34°C. The data had been
normalized by the weight of the tissue. The ar-
rows indicate the expected amplitude of the
nonfreezing water signal at time ¢ = 0, assum-
ing that all of this water exchanges with the
deuterated seawater.

mal overnight in seawater containing
about 20 percent D,O (/2). Since each
muscle cell weighs about 30 mg, one non-
deuterated fiber (or four or five deuterat-
ed fibers) produces an adequate NMR
signal, with less of the signal arising from
extracellular fluid than is the case with
vertebrate muscle tissue. The proton
transverse relaxation was measured at 60
Mhz with a Bruker model SXP pulsed
NMR spectrometer, and the signal was
recorded by either a Nicolet 1074 or a
Biomation 610 signal averager. Depend-
ing on the required time resolution, ei-
ther the free induction decay was record-
ed, or the Carr-Purcell-Meiboom-Gill
(CPMG) experiment was performed (/3).
Deuteron transverse relaxation was simi-
larly recorded at 9.2 Mhz. Selected trans-
verse magnetization data were fitted to a
sum of exponential time decay functions
by using a computer least squares rou-
tine. The variability in the calculated pa-
rameters from experiment to experiment
greatly exceeded the calculated standard
errors for each fit, even though the cells
had been treated uniformly and the non-
frozen cells had remained contractile up-
on completion of the experiments. The
deuterium fraction in each fiber was cal-
culated from the relative amplitudes of
the proton and deuteron signals corre-
sponding to the major fraction of tissue
water at 9.2 Mhz.

Transverse proton relaxation from
nondeuterated muscle fibers is shown
over two different time scales in Fig. 1, a
and b. As in rat skeletal muscle (3), at
least three proton fractions with greatly
different 7,’s appear in the time scale of
Fig. 1, which we designate [following (3)]
as millisecond, major, and extracellular
(14), in order of increasing T,. A fourth
proton fraction (attributed to tissue pro-
tons) exhibits a T, of ~ 20 usec and is not
evident in Fig. 1. The apparent ampli-
tudes and 7,’s of these four proton frac-
tions are summarized in Table 1; only the
two intermediate fractions (accounting
for 97 percent of the nonprotein NMR
signal) are considered in detail below.

Proton relaxation data from heavily
deuterated fibers are shown in Fig. 1, ¢
and d, on a time scale chosen to empha-
size the millisecond fraction, which, in
the cell with the highest deuterium con-
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tent (Fig. 1d), accounts for nearly half of
the observed protons. Clearly, many of
these protons are not removed when the
cell is deuterated. Since a minimum of
three exponential relaxation functions is
needed to fit the data of Fig. 1, ¢ and d,
and their respective extensions to 50
msec, the millisecond fraction probably
includes several proton populations with
T,’s ranging from 0.3 to 4 msec. If we as-
sume that none of these millisecond pro-
tons exchange, our data from the deuter-

ated fibers predict a millisecond fraction
of 6.2 percent in the nondeuterated fi-
bers, compared to the estimates of 3.3 to
5.6 percent that we derive from the relax-
ation data from the nondeuterated fibers
(Table 1). Neither standing overnight at
room temperature, nor being subjected
to several freeze-thaw cycles, affects the
amplitude of the millisecond proton sig-
nal in deuterated fibers. These protons
are probably not part of the cell water,
and certainly do not determine the relax-
ation properties of the major fraction of
tissue water by any exchange mecha-
nism (/5).

The relatively mobile protons ob-
served by NMR in frozen protein solu-
tions and tissues are often ascribed to
bound water (9, 10). Figure 2 shows pro-
ton relaxation data for a constant weight
of nondeuterated and deuterated fibers at
—34°C. Part of the signal lasts for several
hundred microseconds, much longer
than the 6-usec T, of ice at that temper-
ature. In the nondeuterated fibers, the
relative signal amplitude of this non-
freezing water is equivalent to about 0.07
g of water per gram of wet tissue, some-
what less than estimates of the bound wa-
ter content of muscle tissue, but consist-
ent with estimates of water bound to fi-
brous proteins (2, 9, 10). Since the signal
from these nonfreezing water protons is
inversely proportional to the tissue deu-
terium concentration, they readily ex-
change with D,O (Fig. 2) and are clearly
not to be identified with the millisecond

Table 1. Summary of transverse relaxation data for single barnacle muscle cells and rat gastro-
cnemius muscle tissue at room temperature. The relative amplitudes are normalized so that they
sum to unity for the three fractions with slowest relaxations. Data for rat muscle are from (3).

Proton fraction T, Relative Tentative
designation (msec) amplitude proton source
Rat
Protein ~0.02 ~0.2 Tissue protein
Millisecond 0.4 0.08 Bound water
Major 45 0.82 Intracellular water
Extracellular 200 0.10 Extracellular water
Barnacle
Protein ~0.02 ~0.2 Tissue protein
Millisecond 0.75 £ 0.25 0.033 =+ 0.006* Relatively mobile protons in tissue
protein and lipid
0.3to4 0.056 + 0.014%
0.062 = 0.003%
Major 35 0.91 - 0.94 Intracellular water
45§
55|
209
Extracellular 400 0.03 Extracellular water

*The relaxation data from nondeuterated tissue between 100 usec and 50 msec could be adequately fitted by a
sum of two exponential decay functions, corresponding to the millisecond and major proton fractions. The
values given here are the averaged results from several fibers, assuming a two-exponential decay func-

tion.

TThe relaxation data from nondeuterated fibers between 100 usec and S0 msec were also fitted to a

sum of three decay fupctions, where the two shortest decay times (corresponding to the millisecond proton
fraction) were arbitrarily set equal to those calculated for the heavily deuterated tissue. The averaged results

are given here.

as in § but at 5°C.
from nondeuterated tissues.

/ }Extrapolated from the amplitude of the millisecond fraction in deuterated tissue samples,
assuming that none of the millisecond protons exchange.
field H, = 2.4 gauss, measured using the CPMG pulse sequence with pulse spacing 2r = 50 usec.

§Rotating frame relaxation time T',p in an effective
||Same

YDeuteron T, at 25°C; the barnacle was deuterated in vivo. All other data in Table 1 are
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proton fraction observed at room temper-
ature in these cells.

Our goal of understanding the relax-
ation properties of intracellular water in
relation to those of pure water thus is re-
duced to that of understanding relaxation
in the major fraction without using the
millisecond proton fraction as a relax-
ation source, as was done previously (3,
6). We continue to assume that relax-
ation is caused by an exchange process.
To include deuteron relaxation as well as
the effects of variable isotopic composi-
tion on proton relaxation, we introduce a
variant of the well-understood expres-
sion (3, 7, 8) that holds for a system in
which exchange occurs between two
states differing in relaxation time but hav-
ing the same chemical shift

Togns = (x Top/Py) + 74 (e))

where T, is the transverse relaxation
time observed for the major proton (or
deuteron) fraction, T,, is the intrinsic
proton 7T, in the bound state for an un-
deuterated specimen, P, << 1 is the
fraction of protons plus deuterons in the
bound state, 7,(r,) is the mean lifetime of
a particle in the free (bound) state, and x
is defined below. Detailed balance re-
quires (7) that 7,/P, = 7/P,, where
P, + P, = 1. Other assumptions are: (i)
the intrinsic T, of the free water is too
long to contribute to the observed relax-
ation; (ii) the bound particle is an irro-
tationally bound (/6) water molecule (so
there is no dipolar or quadrupolar mo-
tional averaging in the bound state and
the correlation time for the bound mole-
cule is its lifetime in the bound state, 7,);
(iii) therefore Ty, ' = oy’r,, where
op? = 1.6 X 10 sec™? is the intra-
molecular second moment (8, 17); and
(iv) the lifetimes 7, and 7, are indepen-
dent of isotopic composition and isotopic
species (8). Under these assumptions the
parameter x equals oy%o,? ~ 0.1 for
deuteron relaxation (/8) and f; ! for pro-
ton relaxation in partially deuterated tis-
sue. Here the ratio o;%0,% gives the rela-
tive strengths of the proton and deuteron
coupling interactions in the water mole-
cule (8, /8) and f} is the isotopic fraction
of protons in the major fraction of tissue
water (/9).

In the fast exchange regime the first
term of Eq. 1 is larger than the second,
and T, is proportional to x; in the inter-
mediate exchange regime the lifetime
term (r,) dominates and relaxation is in-
dependent of isotopic species and com-
position. From Fig. 3, the variation of
T,ops With x is somewhere between these
two extremes; evidently the muscle wa-
ter is, at room temperature, in the border-
line region between fast and intermediate
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Fig. 3. Proton and deuteron transverse relax-
ation times for the major fraction of water in
barnacle muscle fibers, plotted against the pa-
rameter x (see text). A small fraction of irro-
tationally bound water molecules is assumed
to exchange with the remaining tissue water,
causing relaxation in the major phase. The
variation of T,,,, with x in the fast and inter-
mediate exchange limits is shown; evidently
the water in this tissue is in a borderline re-
gion between these two limiting exchange con-
ditions. (@) Deuteron T, (x = 0.1). (O) Proton
T, x = 1). (X) Proton T, (H, = 2.4 gauss;
x = 1). (®) Proton T, in partially deuterated
fibers (x = fy !, where f}; is the proton iso-
tope fraction in the major fraction of tissue
water).

exchange (20). A linear regression of
T against x yields Py = 0.08 = 0.02
percent and T,, = 3.5 = 1.5 usec (or
equivalently 7, = 20 = 10 wusec). Thus,
about one water molecule per thousand,
irrotationally bound for only tens of mi-
croseconds, can account for the trans-
verse relaxation times of at least 97 per-
cent of the water in barnacle muscle
cells. This tiny water fraction is too small
to be evident in a transverse relaxation
plot such as Fig. I. Other interpretations
of the available NMR data perhaps exist,
and this model must be tested by further
NMR studies in tissue; it does, however,
predict the dispersion in rotating frame
relaxation observed in vertebrate muscle
tissue (27).
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