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Introduction
The unequal distribution of Na + and K + aquo

cations across cell membranes is essential for sus
taining chemistry in all living cells. The concentr
ations, electrochemical gradients, and transmem
brane fluxes of Na+ are of fundamental import
ance in cell physiology and play an important role
in a variety of vital cell functions, such as nerve
transmission and generation of action potentials.
The energy stored in the Na + gradient across the
plasma membrane is utilized for the transport of
other cations and essential nutrients into the cell.
Intracellular Na + concentrations are regulated by
the coordinate action of a number of membrane
pumps and exchange systems. These include the
Na+ /K+ -ATPase (Na+ -pump), Na+:Ca2+ ex
change, Na+:H+ exchange, Na+ /K+-co-transport
and Na + selective channels in the plasma mem
brane. Each tissue is characterized by a well-de
fined intracellular Na+ level, which is often de
pendent on its physiological state and the mainten
ance of which appears crucial for its viability.
Changes in the intracellular concentration of this
cation are often an indication of tissue disease or
malfunction. Thus, alterations in intracellular Na+
concentration have been variously associated with
cancer, hypertension, and diabetic states, as well
as with sickle cell disease1-'1.

From the point of view of magnetic properties,
the 23Na nucleus is especially attractive, with an is
otopic abundance of 100% and a resonance fre
quency close to that of the widely studied I3C nuc
leus. The 23Na cation can be observed directly
through its own NMR absorption. The magnetic
properties of the 23Na nucleus and other alkali
metal cations are compared in Table 1. While the
signal produced by the 23Na nucleus following a
single NMR pulse is an order of magnitude small
er than that generated by protons, its relaxation
times are often two orders of magnitude shorter

tDedicated to Prof P.T. Narasimhan, liT, Kanpur on his six
tieth birthday

than those of protons in a similar environment.
Therefore, in time-averaging experiments, the 23Na
NMR signal acquired per unit time is comparable
to that resulting from a similar population of pro
tons. Because of its 3/2 nuclear spin, the 23Na
nucleus exhibits three single-quantum NMR trans
itions: a central Iz= - 112 -+ + 112 transition; and
two equivalent outer transitions, - 3/2 -+ - 112
and + 1/2 -+ + 3/2. The relaxation behaviour of
quadrupolar nuclei with I> 1 is simple (i.e, a single
exponential curve) only within a certain range of
correlation times called the "region of extreme
narrowing" (-tc ~ 11(00), When molecular tumbling
becomes relatively slow as is often the case with
ions interacting with biomolecules, 'tc will be grea
ter than 1/000 and these nuclei will exhibit signifi
cantly nonexponential relaxation. The situation is
complicated by the fact that these ions are usually
exchanging between several sites which may vary
markedly in their correlation times (i.e., free ions
and ions bound to macromolecules). The equ
ations are quite complex for nuclei possessing spin
greater than 3/2 (e.g., 2SMg and 43Ca). However,
for the 23Na nucleus under typical biological con
ditions, the transverse relaxation reduces to a sum
of two exponentials which can be expressed by the
relation (1),

M z(t) = M 0{0.6 e -lIT" + 0.4 e -tIT" ••• (1)

Table I-Magnetic Properties of 23Na Nucleus and Other
Alkali Metal Cations

Nucleus ILarmor NaturalReiElectric
Freq. at

isotopicsensitivityquadru-
4.7 Tesla abundance (%) for equal

pole
(MHz)

number of moment
nuclei6Li

129.4 7.40.0920.0007
7Li

3/277.7 92.63.17-0.03
23Na

3/252.9 1001.000.145

39J(

3/29.3 93.10.0055O.ll
87Rb

3/265.4 27.81.890.13
133CS

7/226.2 1000.51-0.003
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where 1/T2f and 1/Tzs are determined by the rela
tive amounts, the exchange rates, and the relaxa
tion rates' of free and bound ions. This effect be

comes apparent in the shape of the resonance
lines of these nuclei which are "non-Iorentzian"

and appear to have relative areas of 6:4, 60% of
the intensity corresponding to the two outer trans
itions and 40% to the inner transition. The widths

of these two types of transitions may be very dif
ferent and under certain conditions it is possible
to have outer transitions broadened beyond detec
tability while the central transition stays narrow,
leaving only 40% of the signal observable. This
presenlls a complication in \hat observed NMR in
tensities may not be proportional to concentr
ations and the possibility of invisible transitions af
fecting the NMR intensities should therefore be
kept in mind in calculating concentrations.

Localization of Sodium Cations in Intra- and
Extraclellular Compartments by NMR

It is of considerable interest to study sodium
ions in the intracellular compartment and their
transport across membranes in intact cells and tis
sues. Measurement of intracellular Na + is general
ly hampered by the large difference in its concen
tration across the plasma membrane. Even a slight
contamination by occluded extracellular fluid, be
cause of its high Na+ coptent, significantly distorts
the measurement of the intracellular Na + levels by
techniques which are not specific to the intracellu
lar compartments. Several methods are available
for the determination of intracellular sodium ca

tion content. These include straightforward chemi
cal analysis, electron microprobe X-ray analysis,
and ion-selective microelectrodes. Chemical analy
sis involves rigorous separation of cells from the
extracellular fluid, tissue homogenization and mea
surem(:nt of metal cation content using flame
emission photometry or atomic absorption tech
niques. The electron microprobe technique is
based on an analysis of element-specific X-rays
emitted when a high energy electron beam im
pinges on a very small region of a specimen in an
electron microscope. The advantages of this tech
nique are its high sensitivity, its ability to study
subcellular organelles and its detection of virtually
any element. However, the technique is destructive
as it requires very rapid freezing of the sample fol
lowed by dehydration and ultrathin sectioning. Ca
tion-selective microelectrodes have also been used
to study intracellular sodium activity but require
impalement of cells and tissues, and suffer, even
when successful impalement can be achieved, from
electrode calibration problems. The potential mea-
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sured is affected by transmembrane electrical pot
ential. In addition, the electrodes often produce
cell injury, are limited in use to large cells, and
sample only that region of the cell at the electrode
tip. A noninvasive technique for measurement of
intracellular Na + concentration is most advanta

geous and NMR spectroscopy offers such a tech
nique. NMR can be used to detect cations within
intact cells and because it is nondestructive and al

lows the observation of ionic changes in the cellu
lar environment as they take place within an es
sentially unperturbed living system it is preferred
over other methods, such as atomic absorption or
electron X-ray microanalysis. In addition to pro
viding a measurement of concentrations, NMR
can provide information about the physical state
ofthe cations.

The noninvasive spectroscopic technique of
23Na NMR has enjoyed a growing enthusiasm
within the scientific community since the first
study of the continuous wave NMR spectra of
23Na+ in muscle, kidney and brain by Copew-12.
Earlier 23Na NMR studies of cells and tissues
were carried out in a number of laboratories1o-16•

Fig. 1-2JNaNMR spectra of red cells in heparinized whole human
blood with (top) and without (bottom) 3 mMDy(PPPJ/- showing
spectral resolution of intra- and extracellular Na + ions by the par
amagnetic shift reagent [The resonances of intra- and extracellular

Na + ions are labeled as 2JNa'nand 2-'Nan"., respectively]
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It became clear from these studies that the DNa

signals from the extra- and intracellular compart
ments occur precisely at the same chemical shift.
This is presumably because Na+ is present mostly
as hydrated cation and therefore the chemical en
vironment or chemical shift of the DNa nucleus
which is dependent on its immediate electronic
environment remains unaltered in different ·com
partments. The interesting small DNa resonance of
intracellular ions is masked by the uninteresting
but much larger resonance of extracellular ions.
Until 1982, this lack of spectral discrimination be
tween intra- and extracellular 23Na resonances
precluded the use of NMR in the study of intra
cellular Na+ ions. The discovery in 1982 of a
highly anionic paramagnetic shift reagent dyspro
sium bis(tripolyphosphate), Dy(PPPj); -, effectively
circumvented this probleml71H and for the first
time allowed direct observation of well-resolved
23Na resonances from intra- and extracellular Na +
ions in intact cells at non-perturbing, loW'reagent
concentrations (Fig. 1). This permitted a study of
the intracellular Na + without interference from the

extracellular ions and paved the way for future
noninvasive NMR studies of monovalent cations
in cells, tissues, organs and organisms3.4.6.7.IH-4lJ.
The detection of resolved resonances from intra
and extracellular Na + ions exploits the fact that
the anionic paramagnetic reagents cause a hyper
fine shift in the frequency, without significant
broadening, of the resonance of Na + ions in their
environment. Dy(PPP;); -, because of its highly an
ionic character, can not permeate through the cell
membrane over the time scale of NMR measure

ments, and remains localized only in the extracel
lular compartments so that the NMR resonance of
extracellular Na + is shifted away from the reson
ance of intracellular Na +. Because the technique is
noninvasive, consecutive steps in a protocol can
be carried out on the same cell sample.

Other anionic reagents were independently in
troduced by Pike and Springer511and Bryden et
al.5', but required the use of over an order of
magnitude higher reagent concentration to achieve
the same spectral discrimination23.52. Balschi et
al.53 used such a reagent to obtain intracellular
Na+ in yeast cells at very low (15 mM) extracellu
lar Na + concentrations. Two years later Chu, et
al.52 suggested Dy(TTHA)3 - which, although again
causing much smaller hyperfine shifts of extracel
lular Na + than those by Dy(PPP,); -, possesses cer
tain other advantages42.

Dy(PPPi); causes especially large hyperfine
shifts in the NMR absorption of 23Na. This is
ascribed to its highly anionic nature and its ability

to bind Na + in close spatial proximity of dyspro
sium. In order to obtain information on the struc

ture of the complex of Na + with Dy(PPPJ; -, we
studied the interaction of Na + with the corre
sponding relaxation reagent Gd(PPP;H-. The mag
nitude of the paramagnetic effect of Gd3 + on the
longitudinal nuclear relaxation rate of 23Na in the
complex of Na + with Gd(PPP;);- was measured.
From the magnitude of this paramagnetic effect
(lO,OOO/s)and the rotational correlation time der
ived from Stokes' law, and assuming that only
one 23Na cation interacts with a Gd3+ to 23Na

distance of 4 A was obtained using Eq. (2) for dis
tance-dependent paramagnetic dipolar interac
tions54.55.

... (2)

where f is the ratio of concentrations of the para
magnet and the relaxing ligand, q is the relative
stoichiometry of the bound ligand and bound par
amagnet (i.e., the coordination number), S is the
electron spin, YI is the nuclear gyromagnetic ratio,
g is the electron's g-factor, 13 is the Bohr magne
ton, r is the metal-nucleus distance, w, and Ws are
the nuclear and electron angular precession fre
quencies, and "teI and "te2 are the correlation times
for the dipolar interaction, which in our case are
equal to "tR, the rotational correlation time. Inter
action of 7 equidistant Na + cations at a distance
of 5.5 A would also be consistent with the mea

sured paramagnetic relaxation effect.
Dy(PPPj);- causes an upfield paramagnetic shift

in the frequency of the extracellular DNa reson
ance and only minimal line-broadening. In con
trast, a complex of the same ligand with thulium,
Tm(PPP;);-, causes a downfield paramagnetic shift
but is only half as effective as Dy(PPPJ;-, as
judged by the magnitudes of the observed
shiftsH52. The opposite directions of the observed
paramagnetic shifts with Tm3+ and DY3+ com
plexes indicate their dipolar origin and presumably
reflect differences in orientation of the principal
axes of the electron's g-tensor in the two cases.

Quantitation of Intracellular Sodium
Concentration

Once the separation of intra- and extracellular
23Na resonances by the shift reagent has been
achieved, a comparison of the intensity of the re
sonance of extracellular ions (Am') in the cell sam-
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Fig. 2 -- Comparison of 21Na NMR spectrum of red cells suspended

in serum containing 3 mM Dy( PPP,), (lowertrace) with that of the su
spension medium alone (upper trace) [The ratio of intensities of the

, 'Na"", and "Nail signals directly gives the fractional extracellular

space]

pie with the intensity of 23Na resonance from a
cell-free control (Ao) containing only the suspen
sion medium [Nanut] (Fig. 2) directly yields the
fractional space in the NMR-sensitive volume that
is extracellular (SouJ It should be noted that the
extracellular space defined in this way is the space
seen by the DNa ions themselves and includes the
space occupied by the medium as well as any vas
cular and interstitial spaces. The ratio of intensit
ies of the 23Na resonances of intracellular (A,')
and extracellular ions (Amt) together with a knowl
edge of the fractional space that is extracellular
then directly yield the concentration of intracellu
lar Na + ions lN3;n]that contribute to the observed
resonance signal. Equations (3) and (4) provide
the relationship between the observed resonance
intensities and the "'NMR-visihle" intracellular
Na" concentration'~23.

, ..

Measurement of Intracellular Water Content
Knowledge of intracellular water volume is re

quired for expressing the NMR-measured con
centrations of intracellular ions and metabolites on
the cell-water basis. Intracellular water volume can
be measured gravimetrically, by comparing dry
weight of cells with Itheir wet weight, or by using
3H20 to determine the total water space. In both
methods [14C]-inulin is generally used as a mem
brane impermeant marker for the estimation of
extracellular space. However, it has been shown
(see e.g., ref. 22, 29) that cells can take up inulin
by fluid-phase endocytosis. This results in inaccur
ate estimation of the amount of extracellular wa
ter, which may introduce sizeable errors in the cal
culation of intracellular water content. An addi
tional source of error in the gravimetric method is
partial decomposition of solid cell components to
volatile compounds during drying of cells to a
constant weight.

Hoffman and Gupta have described 56 an NMR
method which is hased on the use of 35Cl and 2H

nuclei (Fig. 3). Measurements may be carried out
without changing the NMR probe-configuration
and they do not require the perturbation of the
cell system hy a shift reagent. The method is e
qually applicable to situations of slow and fast
transmembrane water exchange and is based on
the observation1' that the resonance of intracellu
lar .'5Cl- ions in most cells is so broad as to be
come NMR-invisihle. Therefore, the intensity of
the 35CI- NMR signal of a cell-suspension is pro
portional to the extracellular water volume within
the NMR receiver coiL The intensity of the 15CJ'"
NMR signal of the cell-free medium in an ident
ical sample-geometry is proportional to the total
volume sampled by the NMR coil. The ratio of
the two intensities (fCl) yields the extracellular wa
ter volume as a fraction of the total suspension
volume. The ratio of the intensities of the water

cH NMR signals of the cell-suspension and the
cell-free medium (fD) gives the water volume as a
fraction of the total suspension volume. The intra
cellular water content (fJ, i.e., th~ volume of the
intracellular water as a fraction of the total ce\l

volume. is given hy Eq. (5)

When [Naout] is expressed in mM, the units of
[NainJ are mmols/litre cells. A knowledge of tissue
water content enables calculation of [Nain] on the
basis of kilogram cell water.

... (3)
Anut

SOlll = -~~I

... (4) '';; ,
.. \. J
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A

medium
erythrocytes

B

medium erythr9cytes

Fig. 3-Representative pairs of"Cl (A) and 'H (8) NMR spectra [The left traces correspond to the cell-free medium and the
right traces to the red cell suspension. Measurements may be carried out without changing the NMR probe configuration and
they do not require perturbation of the cell system by addition of membrane impermeable reagents. The method is equally ap-

plicahle to situation of slow and fast water exchange1

The water content values obtained by this method
are expressed in units of intracellular water vo
lume/total cell volume. This has the advantage
that the values can be used directly to calculate
the concentrations of intracellular constituents. No

further assumptions concerning cell density are
needed. For red hlood cells, this method yields a
value of 73.4±2.4 ml water/IOO ml cells'!" in
good agreement with the gravimetric method,
which yields 71.1 ml of water/100 ml cells. Ovar
ian oocytes from the frog Rana pipiens are much
mOf(: anhydrous and yield an average intracellular
water content of only 42.6 ± O.WY<,(ref. 57). Previ
ous gravimetric measurements indicated a signifi
cantly higher water content of 49.~ ± 0.4% (vol!
weight). The gravimetric values may therefore in
clude contrihutions from interstitial spaces and
reflect difficulty in correcting for the density of the
non-aqueous phase of the oocyte. Thus, NMR
may well provide a useful nondestructive ap
proach to the measurement of intracellular water
content.

Applications of 23NaNMR to Cells and Tissues
(a) SODIUM IONS IN AMPHIBIAN OOCYTES AND EGGS

Sodium ions appear to play an important role
in the regulation of early embryonic development.
Rana frog oocytes constitute a particularly favour
able cell system for BNa NMR studies. ARana
female contains up to 2000-3000 large (1.8 mm
diameter) oocytes arrested in first meiotic pro
phase. They can be readily superfused in the
NMR tube and induced to undergo nearly syn
chronous meiotic and early mitotic divisions.
Changes in ion-transport and electrical properties
of the plasma membrane occur following hormon
al stimulation and the effects on intracellular Na+
have been investigated by NMR 22.28.2\1.33.34.In par-
ticular, progesterone is thought to provide the
physiological stimulus for reinitiation of meiotic
division, and the mechanism of action, which is
not well understood, is accompanied by changes in
intracellular Na +.

Dy(PPPJ2 was used to separate the resonances
of intra- and extracellular Na + ions in Rana 00-
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cytes, ovulated eggs, and early embryos11. A 4
mM concentration of Dy(PPPJ.' had no adverse ef
fects on oocyte membrane potential, membrane
conductance, or on the phosphocreatine level as
observed by 31p NMR for periods of at least 2
hr.''!33 and the reagent did not inhibit insulin or
progesterone-induced nuclear breakdown. Thus,
the shift reagent appears to be non-toxic to Rana
oocytes and enabled a noninvasive analysis of in
tracellular Na+ in situ and the detection of small
changes in cell Na +, An accurate analysis of Na T

levels in the amphibian egg in meiotic prophase
arrest, second meiotic metaphase arre<;t, and dur
ing early cleavage was possible11.

The NMR data indicated that only 17± 3% of
the total intact follicle Na + is detectable.'.'.'1. In
contrast, about 40% of the total Na + of ""de
nuded" oocytes (obtained by removing surround
ing follicular epithelial cell layers) was found to be
NMR-visible, The higher Na + content of denuded
oocytes compared to that of follicles reflects an in
crease in intracellular Na + (about 10 mmols/kg
cells) caused by exposure (30 min) to Ca.' +-free
Ringer's solution during the denuding process. In
progesterone-treated denuded oocytes NMR visi
ble Na+ decreased to about (me-half prior to on
set of nuclear breakdown (7-9 hr) and increased
about 2-fold in progesterone-treated follicles fol
lowing nuclear breakdown without a change in to
tal oocyte Na +, By ovulation (second metaphase
arrest) the total intracellular Na T also increased
and NMR-visible Na + now accounted for about

25°;;, of the total egg Na +. During early cleavage
in hypotonic ( <0.5 x normal ionic strength) Ring
er's solution, there was a small (6'';;,) decrease in
total Na +, but a further increase in the NMR-visi
ble fraction. By the 2-16 cell stage, ()()-70'1., of the
total intracellular Na + became NMR-visible, Thus,
NMR-visible Na + increases markedly during early
developmentl1•

It is quite apparent that the NMR-visible Na T

concentration in Rana oocytes is significantly low
er than the total concentration estimated by atom
ic absorption. This suggests either that all of the
intracellular Na + is not contributing to the ob
served resonance, or that the observed resonance
does not represent the full absorption associated
with all of the magnetic transitions of the .'lNa
nucleus. The loss of signal intensity may be due to
a broadening beyond detectability of the two outer
nuclear transitions by first order nuclear quadru
polar interactions involving the entire pool of cell
Na' and is expected to be either 60'1., or
none 11 II,. Since only about 17% of the total Na"

'1'1'''1'1 I'

is NMR-visible in prophase-arrested, follicle-en
closed oocytes and as much as 70% is visible in
early cleavage stages" it does not appear possible
to explain the .'1Na NMR data in terms of this
simple picture. The observation of an intensity
loss of only 30% or as much as 83%, depending
upon the physiological state, in comparison to the
expected full signal, must be interpreted in terms
of compartmentation and selective quadrupolar
broadening of the NMR-invisible Na+. Quadrupo
lar interactions could cause sufficient broadening
of all nuclear transitions resulting in total disap
pearance of the .'1Na resonance of a given com
partment. The broadening effect may be enhanced
by increases in asymmetric electric field gradients
and/or immobilization of Na+ ions. However, the
compartmentalized Na + pool undergoing quadru
polar broadening must exchange with the NMR
visible NaT slowly in comparison to the magnitude
of quadrupolar interaction; otherwise the observed
.'1Na resonance would be expected to reflect the
entire concentration of intracellular Na + ions. In
the in situ prophase-arrested oocyte, invisible Na T

may be only 57% if the first order quadrupolar in
teractions were actually causing a 60% decrease in
the amplitude of NMIR-visible Na+, but as high as
K3% if such interactions were not affecting the
"free" Na T pool.

The evidence for the existence of some NMR
invisible Na + in the follicular oocyte and its re
lease during early development are consistent with
other studies. For example, Morrill et af.5~ found
that a sizeable fraction of the intracellular Na + in

prophase-arrested, follicle-enclosed oocytes could
be recovered with the yolk platelet fraction and
was released inpart into the cytosol by ovulation.
Palmer i![ (//.'" reported that only 8% of the total
Na T in the Raila foUide could be detected with
Na + -sensitive microelectrodes, although the small
tip of an impaling microelectrode can sense the
properties of only a small volume of the intracellu
lar tluid and the composition of this fluid may not
be representative of the total intracellular fluid
when subcellular compartmentalization is present.
The identity of intracellular organelles responsible
for compartmentation of ions within mature 00
eytes is unknown. The yolk platelets, occupying a
sizeable part of the oocyte, appear to be a possi
ble site of Na + compartmentalization although the
nucleus itself may also playa significant role. Yolk
platelets, isolated in isotonic, Na + -free, sucrose
medium at room temperature did not yield a de
tectable NMR signaL although atomic absorption
st udies indicated appreciable Na ~-content iabout
JO"" or the total ooev\(: Na -). Thus, while yolk
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Fig. 4-Partially relaxed inversion-recovery 2.1NaNMR spectra of Rana oocytes in a Ca, Mg-free medium showing evidence for
compartmentation of intracellular Na + [The larger peak to the right in each trace arises from extracellular 23Na+, while the
smaller one to the left represents intracellular Na +. The intracellular 2.1Na+ peak appears composed of at least two components
of widely differing widths and spin-lattice relaxation times; e.g. the partially relaxed spectrum at 0.005 sec clearly shows a small
inverted negative intracellular 23Na+ signal from a compartment superimposed on a predominantly positive peak of other com-

partments of intracellular Na+ (ref. 33)]

platelets are rich in Na + this NMR-invisible Na +
does not contribute to the oocyte NMR signal.

Partially relaxed inversion-recovery 23Na FT
NMR spectra were obtained to investigate the ex
istence of intracellular compartments with differ
ing magnetic environments and relaxation behav
iour within. an intact oocyte. The experiments
failed to detect the existence of sizeable compart
mentation of Na + in intact follicles in a normal

Ca, Mg-containing Ringer's solution but revealed
the existence of two intracellular pools with differ
ent longitudinal relaxation behavior in follicles
loaded with Na+ in a Ca, Mg-free medium (Fig.
4). (The possibility that the differently relaxing, su
perimposed, intracellular Na + resonances merely
represent the central and outer transitions of the
same Na + population appears unlikely since the
use of 90° sampling pulses in the inversion-re
covery sequence should have served to scramble
the recovery rates of the narrow and broad trans
ition components). Since yolk platelet Na + ap
pears to be NMR-invisible, one of the two ob
served compartments may be the nucleus which is
400 ~m in diameter. However, since this compart
ment is not detectable in follicles in a normal

Ringer's solution, an implication would be that the
Na+ that accumulates in follicle cells during expo
sure to a Ca, Mg-free Ringer's solution must at
least, in part, end-up in the nucleus. In any case,
the NMR studies provide evidence for the exist
ence of significant levels of NMR-invisiblc Na' in
the amphibian egg and for its release during early
development') .

The role of Na + in the mechanism of insulin
action in reinitiation of meiotic divisions in folli
cles and denuded oocytes was also studied34. In a
normal Ca, Mg-containing Ringer's solution, both
NMR-observable and total Na + were increased

only slightly in insulin-treated denuded oocytes in
comparison to controls. However, when follicles
were allowed to accumulate Na+ in a Ca, Mg-free
medium containing 1 mM EDTA for 1.5 hr, the
NMR-visible intracellular Na + level increased
from 12 to 74 mmols/litre cell water. The follicles
lost preloaded Na + when returned to Ca, Mg-con
taining Ringer's solution but the decrease in Na +
occurred at a slower rate in the presence of
10 ~M insulin. About 3 hr after being transferred
to a Ca, Mg-containing medium, insulin-treated
follicles retained 46 mmols of NMR-visible intra
cellular Na +/Iitre cell water whereas untreated fol
licles exhibited a significantly lower level of NMR
visible Na + (33 mmols/litre cell water). Thus,
Na +-loaded oocytes retained a markedly (about
40'1,)) higher level of NMR-visible intracellular
Na';- in insulin-containing medium than in insulin
free controls. In oocytes with low free Na + levels,
however, only a slight (7%) increase in NMR-visi
ble Na + relative to controls was apparent. These
observations'~, together with insulin-induced hy
perpolarization and decrease in membrane Na +
conductance22.2(), suggest that insulin stimulates a
nonconducting pathway for Na + influx in the oo
cyte plasma membrane. As in the case of rat card
iac myocytes (discussed later f, in a Ca, Mg-con
taining medium, the cytoplasmic level of intracel-
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I' i'tHil

lular free Na + in Rana oocytes is low and the
N a +-pump may not be saturated with this cation.
Any transient increase in internal Na + due to in
creased influx would shift the operating point and
would result in enhanced activation of the Na +

pump. This would tend to return the intracellular
Na+ towards the level found in the absence of in

sulin. After pre-incubation in a Ca, Mg-free medi
um, however, the level of intracellular N a + is in

creased and the Na + pump is likely to be operat
ing close to its maximal efficiency. Therefore, an
insulin-·induced increase in influx would result in a

markedly higher intracellular N a + level.

Part of the increased uptake of N a T is appar
ently dlue to an increase in fluid phase turnover
via endocytosis. About 2% of the total oocyte
fluid volume exchanges per hour via endocyto
sisn2Y. Since the extracellular medium contains

about UO mM Na +. fluid uptake via endocytosis
could account for about 2 mmols/kg/hr Na + up
take by the prophase-qrrested oocyte, i.e. about
(me-third of the Na + uptake by the prophase oo
cyte may be via endocytotic vesicles. Insulin in
creases fluid uptake and turnover by stimulating
the endocytotic pathway 2 to 3-fold during the
first hour after treatment. This increased endocy
tosis could be contributing significantly to the in
sulin-induced increase in NMR-visible Na·. Insu

lin also causes an increase in intracellular pH as
measured by 31P N MR. In Rana oocytes, insulin
induced elevation of pHi was found to be Na ~-de
pendent indicating that intracellular pH may be re
gulated by Na+ /H+ exchange2'!. Thus, insulin may
act, at least in part, by stimulating the Na + /H + ex
change system in the oocyte plasma membrane.
The observed increase in NMR-visible Na T may
be due in part to increased Na T uptake in ex
change for H + as well as increased fluid phase
turnover. Insulin stimulation of Na +/H + exchange
in the oocyte plasma membrane most likely occurs
via a decrease in the activation energy of this sys
tem. This would allow Na +, moving down its free
energy gradient into the cell, to provide the energy
required to move protons outward, against their
free .energy gradient, with a resulting increase in
intracelllular pH611.

b SODIUM IUNS 11\ Bl.OOD OilS

1 Human erythrocytes

The concentrations of intra- and extracellular
Na + of human red blood cells are amenable to

study by :'Na NMR via Dy(PPP,)2' Exposure to
t·he shift reagent does not cause hemolysis. and
does not affect the ATP, 2,3-DPG, or free Mg2'

1)36

11'1"1'1 I'

levels of human red blood cells and thus has no

adverse effect on the energetics of the cell or on
the maintenance of ionic gradientsB. The intensity
of the intracellular :'3Na resonance is independent
of the extracellular concentration of Dy(PPPJ2' up
to at least 5 mM, showing that the presence of the
reagent does not significantly perturb the concen
tration or environment of intracellular Na + ions.

From the spectrum of fresh erythrocytes, an intra
cellular Na + ion concentration of 4.1 mmols/litre

cells was estimated 1.23 • This value is significantly
(20.0/.,) lower than the total concentration of N a +

in the same red cells as estimated by atomic ab
sorption. The simplest explanation for these re
sults is that the entire pool of intracellular 23Na
ions does not contribute to the observed reson

ance and that the cell makes a part of the intracel
lular Na + somehow invisible to the NMR tech

nique. The resonance of this small, yet measur
able, Na - ion pool must be experiencing quadru
polar broadening large enough to cause its disap
pearance.

In the absence of a paramagnetic shift reagent,
human red blood cells exhibit only a single 21Na
resonance due to overlap of the signals fr(1m intra
and extracellular ions. Hemolysis of packed, ATP
rich, human red cells by repeated freeze-thawing
caused a 17 ± 2% increase in the overall 23Na

NMR signal336. This observation indicates that a
small NMR-invisible pool of intracellular 23Na
ions exists in the human red cell and that ions in

this pool become observable upon cell lysis. Using
Dy(PPPJ2 to distinguish between intra- and extra
cellular ions, the contribution of extracellular N a +

to the observed signal from well-packed erythro
cytes has been estimated to be about 24'1<,. Since
the contribution of extracellular Na+ to the ob

served signcl remains unchanged upon cell lysis,
the NMR-invisible pool must represent 0.17/0.76
or about 22% of the total intracellular Na + con

centration. Essentially all of the Na + becomes ob
servable by NMR in the lysed state. A similar
(about 20%) increase in the BNa NMR signal was
observed when well-packed fresh red cells were
lysed by detergent solubilization of the cellular
membranes. [n contrast, no NMR-invisible Na +

was apparent in red blood cells depolarized by
treatment with 2.5 or 10 ~M gramicidin, as indi
cated by the absence of any significant increase in
the Na + signal upon freeze-thawing'!'. These re
sults indicate the existence of a red cell compart
ment dependent upon the presence of an intact
membrane potential that contains a small pool of
Na ions experiencing a large quadrupolar inter
dl'tioll. The inability of this Na + pool to exchange

> •t

I



GUPTA & JEUCKS: NMR OF 23Na CATIONS IN INTACT CELLS

rapidly with the free cytosolic Na + makes it
NMR-invisible. It may be that this pool represents
several layers of Na + ions associated with negative
charges on the cell membrane. The exchange of
these ions with free cytosolic Na + may be slow
(< 100/s) in the presence of a negative membrane
potential, but is rapid in its absence.

(2) Amphiuma red blood cells
The 23Na NMR technique has been employed

to measure Na + fluxes during volume regulation
in A mphiuma red blood cells, which possess a
particularly robust electroneutral Na +:H+ ex
change42. The cytotoxicity of the shift reagents was
evaluated using the dynamic cell volume regulato
ry response as a bioassay. The Na + shift reagents
are known to complex Ca2+ [Dy(PPPJ2 much
more so than DyTTHA] and the medium contain
ing these reagents must be titrated to the appro
priate [Ca2+] needed to maintain normal cell func
tion. Doing so extends the concentration range be
yond which the reagents have cytotoxic effects. At
low concentration, the Na + shift reagents
Dy(PPPJ2 « 4 mM) or DyTTHA « 6 mM) do
not enter the cells or alter intracellular Na +, K +
and CI- concentrations, and have no effect on ion
transport in Amphiuma red blood cells over a 5
hr period when extracellular [Ca2+] is maintained
at > 0.5 mM (ref. 42). At higher reagent concentr
ations or lower Ca2+ concentrations, these cells
tend to loose K+ and gain Na+ in manner sugges
tive of membrane damage. It is however clear
from this study'2 that despite Ca2+ chelation b~
Dy(PPPJ2' it is possible to adjust free Ca2+ by ti
trating the reagent with Ca2+. In a solution con
taining 0.5 mM free Ca2+, the shift of Na + reson
ance by 4 mM Dy(PPPJ2 is about 70% as large as
that obtained42 in the absence of any Ca2+. It is
interesting that even at free Ca2+ levels of 2 mM,
which should be sufficient for studies of most
Ca2+ -dependent processes, Dy(PPPJ2 provides a
shift greater than that provided hy other reagents
under similar conditions, without any evidence of
alterations in complex cellular regulation of mem
hrane ion-transport.

Under conditions where A mphiuma red blood
cells were allowed to loose Na + via a physiologi
cal transport pathway, the transported Na + ap
peared to be NMR-visible to the same extent in
side or outside the cell. However, in agreement
with human t:rythrocyte studies described above,
lysing the cells altered the Na + environment so as
to increase the total NMR-visible Na+ by 19%,
consistent with the presence of some NMR-invisi
hie Na+ even in these red blood cells42.

(3) Human lymphocytes
The 23Na NMR technique is also appropriate

for the study of living lymphocytes and acceptable
spectral signal to noise ratio is easily attainable3.23.
Because several considerations have led to the hy
pothesis that an abnormality in the control of in
tracellular monovalent cations may play a role in
the development of some leukemic cells, we mea
sured the NMR-visible Na + contents of human

normal and leukemic lymphocytes using Dy(PPPih
(ref. 3). Lymphocytes obtained from patients with
chronic lymphocytic leukemia (CLL) and normal
controls were suspended in their own semm in or
der to reflect the in vivo environment as closely as
possible. The 23Na NMR spectra from normal and
abnormal (CLL) lymphocytes yielded significantly
different NMR-visible intracellular Na + ion con
centrations (17.5 ± 1.2 mmolsllitre cells for normal
and 8.7 ± 0.8 mmols/litre for abnormal cells)3.
These results appear to indicate that NMR-visible
Na+, which is presumed to be predominantly free,
is only half the normal level in leukemic lympho
cytes. Accordingly, the Na + electrochemical gra
dient across the plasma membrane is two-fold
larger in leukemic lymphocytes in comparison to
normal lymphocytes. The ability of the 23Na NMR
technique to noninvasively monitor the state of in
tracellular ions in abnormal lymphocytes may he
useful as a simple in vitro assay for determining
the effectiveness of action of cancer chemotherap-
eutic agents3. \

(c) INTRACELLULAR SODIUM IONS IN CARDIAC

MYOCYTES

The maintenance of electrochemical gradients
.in heart muscle is crucial to the maintenance of
resting potential, the development of action poten
tial, and initiation of contraction. Using 23Na
NMR via Dy(PPPJ2 the concentration of Na + in
cardiac myocytes at rest, as well as the magnitude
and reversibility of change in intracellular Na + le
vel induced by insulin-deficiency and hy removal
of extracellular Ca2+ have been studied7• When
Ca2+ and insulin are present in the extracellular
medium, the intracellular Na + level has heen mea
sured to be 8.8 ± 1.2 mmolsllitre cells 7. Upon
transfer of the myocytes to a Ca2+-free medium a
3-fold increase in the NMR-visible Na + to a level
of 22.8 ± 2.6 mmols/litre myocytes has heen oh
served. An increase of this magnitude was seen
even though the calcium concentration in the ex
tracellular medium was changed only from 300
p.M to lO 1lM. This increase in intracellular Na +
was reversed hy the addition of 0.3 to I m.\1
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CaCl, to the medium. The myocytes thus re
main~d functional in a Ca2 +-free medium in the
NMR tube7 and were able to pump their Na+
down 10 the characteristic low level when they
were transferred again to a Ca2 +-containing medi
um. Insulin-deficiency in the extracellular medium
caused only a small (21%) decrease in the NMR
visible intracellular Na+ to a level of 6.9 ± 0.5

mmols/litre cells in a normal Ca2 +-containing
physiological medium. In a Ca2+ -free, insulin-defi
cient medium, the NMR-visible Na + was in
creased hut to a level (14.6 ± 2.0 mmolsllitre cells)
markedly (64%) lower than that found. in insulin
containing cells (22.8 ± 0.6 mmolsllitre cells) un
der similar conditions. Thus, in a Ca2 +-free medi
um. insulin induced a substantial increase in the
NMR-visible cell Na +. The isolated cardiac myo
cytes uS6d in this study were functionally intact
rectangular cells which contracted repeatedly, syn
chronously and specifically in response to electri
cal stimulation in 1 mM Ca2 + and possessed near
ly normal high energy phosphate content. The
NMR-measured value (8.8 ± 1.2 mmolsllitre cells)
of intracellular Na + in cardiac myocytes is com
parahle to a recent measurement of about 8.1
mmols/kg rat myocytes by flame photometry and
is similar to values reported by Fossell and Hoef
eler for intact perfused hearts40; however, it is
significantly higher than the < 3 mM estimated by
Pike et al.41.

The NMR technique allowed measurement of
Na + loading of isolated adult cardiac myocytes
when extracellular Ca2+ was removed and demon
strated Na + extrusion when extracellular Ca2+
was restored. Extrusion of intracellular Na + was
accompanied by uptake of Ca2+ from the extracel
lular medium and this might occur, in part, via the
Na +ICa2 + exchange system in the sarcolemma.
While these effects can also be measured by the
usual chemical techniques, the NMR method has
the advantage that sequential Na + loading and un
loading may be demonstrated in the same sample
of cells without interference from extracellular so
dium. Insulin-deficiency caused only a small dec
rease (21%) in intracellular Na+ in Ca2+-contain
ing medium but a marked decrease (36%) in intra
cellular Na + in Ca2+-free medium. These results
are consistent with insulin stimulation of Na + in

flux in mammalian cardiac myocytes. In the pres
ence of Ca2+, the level of intracellular Na+ is low
and the Na +-pump may not be saturated with this
cation. Any increase in internal Na + by insulin-sti
mulation of Na + influx would shift the operating
point resulting in enhanced activity of the Na +
pump. This would tend to reduce the steady state
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intracellular Na + level towards the value measured
in the absence of insulin. In a Ca2+-free medium,
however, the increased intracellular Na + may sa
turate the Na + site of the Na +-pump so that it is
operating close to Vmax' Therefore, an increased
Na + influx causes a more marked increase in the
steady state level of this cation. It is interesting t<:>
note that increased stimulation of Na+ /K+ ex
change across cell membranes due to increased in
ternal Na + would cause depletion of extracellular
K + and may explain the well known hypokalemic
effect of insulin in man.

(d) SODIUM IONS IN MAMMAUAN RENAL CELLS

(1 ) Rat outer medullary kidney tubules
The distal nephron in the human kidney is re

sponsible for the fine control of the total body

fluid volume and the electrolyte balanc~ a function regulated partly by adrenal steroids. In. defin
ing the regulatory mechanisms operative in the
distal tubule, the measurement of the intracellular
N a + level is of paramount importance, since this
level regulates Na +/K +-ATPase activity, the final
determinant of the amount of Na + reabsorbed by
the kidney.

Measurements of intracellular Na + levels in su

spensions of separated tubules from the outer me
dullary segment of the thick ascending limb of the
loop of Henle obtained from rat kidney have been
carried3! out using Dy(PPPih. The intracellular
N a+ level was 37:t: 1 mmols/litre cells water at

22°C and there was a significant decrease in the
intracellular Na + level measured after 30 min
equilibration of the tubular preparation at 37°('.
The level measured at 37°(' was 23 ±2 mmols/li
tre cell water, consistent with a sizeable increase
in Na +IK +-ATPase activity and a concomitant
decrease in intracellular Na + level at the higher
temperature3!.

The intracellular Na + measured at 22°(' in the
suspension of outer medullary kidney tubules was
responsive to defined physiological stimuli. Fu
rosemide, an inhibitor of the Na+ /K+ ICl- co
transport system, the major Na + transporting sys
tem in the thick ascending limb of the loop of
Henle, reduced the intracellular Na + level from a
control value of 35 ±4 to one of 24 ±6 mmolslli
tre cell water. In addition, amiloride (1 mM), an
inhibitor of the Na+ channels in medullary collect
ing tubules (a minor fraction in the tubular prepara
tion used) and the Na+ /H+ exchange process in
segments of the rat thick ascending limb reduced
the intracellular level of Na + from 37 ± 2 to

I
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23 ± 6 mmols/litre cell water. The Na +/H+ ex

change mechanism may therefore be an important
regulator of intracellular Na + levels in the cells of
thick ascending limb of the loop of Henle. In con
trast, ouabain, a specific Na +/K +-ATPase inhibi
tor, caused a marked rise in the measured intra
cellular Na+ to 58 ± 5 from a basal level of 37 ± 2
mmols/litre cell water31.

In validation of the measurement of the intra
cellular Na + levels, the accessibility of the entire
extracellular space to the shift reagent was tested
by comparing the extracellular space containing
35CI- ions with the extracellular space defined by
the shift reagent in the same sample of the tubular
suspension. The measurement of extracellular
space using 35CI- NMR was based on the expec
tation that the resonance of intracellular 35CI
ions may not be detectable due to interactions
with intracellular proteins and other components
which would be expected to cause a large quadru
polar broadening. Indeed when the extracellular
35Cl signal was broadened beyond detection, by
adding the Zn - Hb02 complex, there was no ob
servable 35CI NMR signal in the tubular suspen
sion. Since Zn - Hb02 would not be expected to
penetrate the cell membrane, it was concluded
that the intracellular 35CI signal was NMR-invisi
ble. This invisibility of the intracellular 35CI- ions
meant that the 35CI NMR signal provided a mea
sure of the extracellular space available to this ion.
The extracellular space measured using the 35CI
ion resonance was, within experimental error, the
same as that defmed by Dy(PPPj)2 (ref. 31).

Incubation of outer medullary kidney tubules at
room temperature in a medium containing oua
bain to inhibit Na + efflux and amphotericin B to
simultaneously increase Na + permeability of the
plasma membrane raised the NMR-visible intra
cellular Na+ level to 1l0± 10 mmols/litre cell wa

ter, a level equal to 82 ± 7% of that in the incuba
tion medium (135 mM). These observations ex
clude the possibility that nuclear quadrupolar in
teractions reduce the NMR signal of the free in
tracellular Na + pool by 60%. The somewhat low
er estimate of intracellular free Na + in comparison
to the extracellular Na +, under conditions which
would tend to equilibrate Na + across the plasma
membrane, could arise from incomplete equilibra
tion of ions among intracellular compartments31 .

(2) Rat proximal tubules
Transport of sodium across the proximal tubule

cells, as in other transporting epithelia, is regulated
by the intracellular Na + activity. This in turn facil
itates transport of a variety of substances, includ-

ing HCO~ CI-, Pj, carbohydrates, lactate and
aminoacids. Thus, precise information regarding
the intracellular concentration of Na + is essential

to the understanding of transport processes across
the proximal tubule. Although NMR is noninva
sive and permits serial measurements of non
bound intracellular Na+, its limitations include the
requirement for a dense cell suspension and the
inability to ascertain the compartmental localiza
tion of Na +. The lloninvasiveness and specificity
of NMR, however, are decisive advantages over
the alternative methods in the study of Na+ in
proximal tubules.

NMR spectroscopy has been used to measure
intracellular Na + in a suspension of proximal tu
bules of rat kidney subjected to various maneuvers
known to stimulate or inhibit the transport of so
dium35 and thus would appear to offer a useful
quantitative approach to the analysis of Na +
handling by renal epithelial cells. Oxygenation and
gentle stirring were required for maintaining tissue
viability and no toxic effects of Dy(PPPih up to
concentrations of 5 mM were noticeable in a
Ca2 +-enriched medium. Intracellular Na + concen
tration in these proximal tubules was 34.1 ± 1.8
mM at 22°C. Raising the temperature to 37° re
sulted in a fall in the intracellular Na + concentra
tion to 16.3 ± 0.6 mM, presumably due to temper
ature dependence of the Na +/K +-ATPase activity.
This would increase the extrusion of Na + through
the basolateral membrane and thus decrease the
intracellular Na + concentration. Addition of oua
bain resulted in a 2-fold increase in Na + concen
tration to 30.9 ± 2.9 mM, while in the presence of
nystatin, a membrane channel former, there was a
5-fold increase in internal Na+ (ref. 35).

The basal Na + levels in proximal and outer me
dullary kidney tubules should serve as a basis of
reference for further inquiries.

(3) Sodium in tubules of diabetic rats;Role of
glucose

Renal hypertrophy is a common consequence of
diabetes mellitus that precedes and possibly ac
counts for the increased glomerular filtration rate.
Despite the wealth of information regarding the
descriptive aspects of the renal hypertrophy of di
abetes mellitus, little is known about the cellular
mechanisms that result in the enlargement of the
kidneys. It has been postulated that the glucose
mediated increase in the intracellular concentra
tion of Na + initiates the chain of events leading to
the increase in cell size and eventually cell num·
ber. At 96 hr after the induction of the diabetes,
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there was a 60% increase in the intracellular Na+

measured by 23Na NMR using Dy(PPPJ2 com
pared to control (P< 0.01) (ref. 6). No further in
crease in intracellular Na + was observed during
the subsequent 11 weeks of observation. Ouabain
inhibitable Na +/K +-ATPase activity was substan
tially higher in the renal tubules of diabetic rats,
the increase being proportional to that of intracel
lular Na +. The rise in glucose concentration from
5 to 25 mM resulted in a 52% increase (P< 0.001)
in intracellular Na + in proximal tubules of non-di
abetic animals comparable to that seen in diabetic
animals6, Based on these findings, it has been pro
posed that the rise in intracellular Na + observed
in the proximal tubules of diabetic rats is due to
increased filtered load of glucose that stimulates
the entry of glucose and Na + into renal cells re
sulting in an increase in intracellular Na +. The in
crease in intracellular Na + may stimulate the dis
charge of Ca2 + from intracellular stores into the
cytosol and may inhibit the exit of Ca2+ through
the Na + /Ca 2+ antiport. The resulting rise in the
concentration of Ca2+ has been shown to contri
bute to the activation of protein kinase C. Experi
ments with cell cultures have demonstrated that
these events result in the rapid expression of a set
of proto-oncogenes that code for DNA binding
proteins. These proteins by additional mechanisms
may prepare the cell for DNA replication6.

(4) Na/K -A1Pase regulation by steroids
A possible role of intracellular Na + ions in the

mechanism of mineralocorticoid and/or glucocorti
coid regulation of Na + /K + -ATPase activity has
been examined32 by 23Na NMR. Such a role is
suggested by the observation that amiloride, a sub
stance known to block Na + channels and Na +/H +
exchange, markcdly reduces the intracellular Na +

\eveI (by 38°/,,) in segments of the thick ascending
limb of the loop of Henle, and inhibited both min
eralocorticoid and glucocorticoid Na + /K + -ATPase
activation32. Addition of dexamethasone, a gluco
corticoid. to a suspension of rat outer medullary
kidney tubule segments results in a significant ele
vation of the intracellular Na + level. The dexam
ethasone-stimulated Na ~ level was measured to be
46.1 ± 1.2 mAt (25°C) after 2 hr incubation, while
that in the control suspension of tubules, under
identical conditions, was 36.9 ± 0.9 mM. This ef
fect appeared to be glucocorticoid-specific since
aldosterone, a mineralocorticoid, did not change
the Na j level significantly (38.0 ± 0.4 mM). These
data implicate glucocorticoids in the regulation of
Na' ion-transport in the thick ascending limb of
the loop of Henle'-:'. Elevation of intracellular Na +
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concentration after aldosterone treatment has been
observed in mineralocorticoid-sensitive tissue. The
observation that glucocorticoids, and mineralocor
ticoids, appear to elevate Na +, together with the
observation that amiloride both reduces intracellu
lar Na + levels and inhibits steroidal Na +/
K + -ATPase activation, would appear to implicate
the intracellular Na + level, as a possible mediator,
in the steroidal regulation of the Na +IK +-ATPase
activity. To investigate the possibility that th~ Na +
ion was the primary and direct mediator of the
steroidal activation of Na +/K +-ATPase, the intra
ceUular N a + level was elevated artificially to a le
vel of 52 ± 3 mM from 26 ± 3 mM by superfusing
tubule segments in medium containing ouabain at
37°C. Over the time interval required to elicit a
maximal steroidal response in the outer medullary
tubular preparation (2 hr), no change in Na +/K +
ATPase activity was detectable32. These results
suggested that a change in intracellular Na + level
was not the primary mediator of either mineralo
corticoid or glucocorticoid regulation of Na +/K +
ATPase activity in the rat kidney outer medulla.
Rather, the data were consistent with some per
missive role of Na + ions. Superfusion in ouabain
containing medium over longer perods (18 hr),
however, did result in an elevation of Na +/
K + -ATPase activity, an increase markedly larger
than that observed after steroidal stimulation32.
However, intracellular Na + levels, which were ele
vated after 2-4 hr incubations in ouabain-contain
ing medium, were restored to a level not signifi
cantly different from control values, after 18-20 hr
of treatment. Thus, a chronic elevation in intracel
lular Na + caused an increase in the number of
Na + /K + -ATPase enzyme sites. The experiments
demonstrate a homeostatic mechanism potentially
important in any chronic aberration of cellular
Na + homeostasis32. The demonstration of such a
response in the suspension of tubular segments re
sponsible for the fine control of total body Na +
balance, exposes this homeostatic mechanism as
one of significant physiological and pathological
importance. In essemial hypertension smooth mus
ele cells loose their ability to regulate cellular Na +

homeostatsis, thus allowing elevation of Na +, that
would normally be restored to basal levels by this
homeostatic mechanism.

(e) 2\Na NMR ANDC\MIR
Transmembrane ion fluxes and associated

changes in intracellular ion concentrations have
long been hypothesized as mediators in cell
growth. Studies of intracellular concentrations of
Na + in both ncoplastic and nonneoplastic tissuc
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Fig. 5-23Na double quantum NMR spectra of human plasma (A), plasma containing 5 mM Dy(PPPiH- (B), intact blood (C)
and intact blood with 5 mM Dy(PPPJ~- (D) [The spectra were recorded in the absolute value mode. Each spectrum is the fou
rier transform of 2048 free induction signals. Other NMR parameters were: acquisition time, 0.1 s; 90· pulse width, 30 I1S; se
quence recycle time, 0.17 s; double quantum preparation time, 15 ms; evolution time, 20 I1S, and Larmor frequency, 132 MHz]

have strongly imphcated the Na + cation as a medi
ator in cell growth and proliferation. We have ex
plored the possible involvement in malignancy of
intracellular Na + in a study of uterine leiomyoma
and leiomyosarcoma (the benign and malignant tu
mors of the smooth muscle) and their nonneoplas
tic counterpart, myometrium, as well as colonic

adenocarcinoma, a malignant tumor, and its
nonneoplastic counterpart colonic mucosa4•

The intracellular Na + measured using Dy(PPPih
in benign uterine leiomyomas was 5.1 ± 1.2
mmols/litre tissue. This value is about 3-fold less
than the intracellular Na + concentration of
14.1 ± 1.2 mmols/litre tissue measured in myomet-
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Fig. 6-·21Na NMR spectra of human red blood cells 'washed with Hank's balanced salt solution [Conventional spectrum (A)
representing a time-average of 256 transients displayed with a vertical scale reduced by a factor of 10 relative to other spectra,
double quantum spectra of Hank's medium (B), red cell suspension (C), and red cell suspension treated with 5 mM Dy(PPPih

(0). Double quantum acquisition parameters were the same as In Fig. 5]
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rium, the normal smooth muscle layer of the uter
us from which the tumor originates. In marked
contrast to the sharply lower concentration of in
tracellular Na + observed in leiomyoma, uterine lei
omyosarcoma, a rare malignant tumor of smooth
muscle, yielded an intracellular Na + concentration
of 34.6 ± 4.5 mmoles/litre tissue which is an al
most 2.5-fold increase over the nonneoplastic
counterpart4•

The intracellulr Na + in well-differentiated aden
ocarcinoma of the colon, a malignant tumor that
retains a morphological and functional resembl
ance to its tissue of origin, was 13.9 ± 1.5 mmoles/
litre tissue, about 2-fold higher than the 8.0 ± 1.1
mmoles/litre tissue measured in colonic mucosa,
the nonneoplastic counterpart. Poorly differentiat
ed adenocarcinoma, a more highly invasive malig
nant tumor that deviates further in structure and
function from its tissue of origin, displayed an
even higher intracellular Na + concentration of
21.7 ± 0.6 mmoles/litre tissue, an almost 3-fold in
crease over the nonneoplastic counterpart and a
1.5-fold increase over the well-differentiated malig
nancy.

These measurements demonstrated alterations in

the intracellular Na + in neoplastic human tissue
relative to its tissue of origin. In addition, the de
gree of cellular proliferative activity and/or tumor
invasiveness seemed to have a direct correlation
with the concentration of intracellular Na +. As has
been observed with colonic and uterine tissue, the
progression from normalcy to neoplasia, from ben
ignity to malignancy, and from well-differentiation
to poor differentiation were, with one exception,
accompanied by increase in the intracellular Na +.
The one exception was the leiomyomas and most
of these specimens were taken from peri- or post
menopausal women. Leiomyomas in postmeno
pausal women tend to regress and, therefore, the
lower intracellular Na + is consistent with a re
gressing tissue possessing little or no proliferative
activity. The colonic adenomatous polyp, the be
nign correlate of colonic adenocarcinoma, would
provide the proliferative intermediate between nor
malcy and malignancy. However, such tissue was
unobtainable for this study. The data suggest that
benignity and malignancy may be distinguishable
on the basis of intracellular Na + and that 23Na
NMR spectroscopy has the potential of becoming
a powerful diagnostic tool. That is, once obtained,
a measurement of intracellular Na + may represent
as good a diagnostic and/or prognostic indicator
as histopathologic viewing4•

(f) DOUBLEQUANTUMNMR OF lNrRA-.ANn
EXTRACELLUlAR23NaINCELLSANn TISSUES
The use of shift reagents to separate intra- and

extracellular Na + has had much success and is ap
plicable to many biological systems. The one dis
advantage to the use of shift reagents lies in the
fact that they can be toxic to certain cells and tis
sues. Because of this possible toxicity, a totally
noninvasive NMR approach is preferable in some
instances. It has been sugge!!ted that double quan
tum NMR may allow the noninvasive discrimina
tion of different pools of Na + in vivdl-63• For
quadrupolar nuclei (I ~ 3/2) double quantum co
herence can be excited by biexponential relaxa
tion64 which is observed for 23Na when the ex
treme narrowing condition ('tc ~ 1/(00) does not
hold. When 'tc> 1/(1)0' the outer transitions (- 3/
2 --+ -1/2 and 1/2 -+ 3/2) decay more quickly than
the inner transition ( -1/2 -+ 1/2) and the resulting
biexponential relaxation can induce violations of
the coherence transfer selection rules. The evolu

tion of the spin system under such conditions can
be described by representing coherence in terms
of irreducible spherical tensor operators64•65• Dou
ble quantum coherence can be detected using the
phase cycled INADEQUATE double quantum fil
ter:

90 - 't/2 - 180 - 't/2 - 90 - ~ - 90 - t (acquire)x y x x

After the first pulse the spin system contains single
quantum tensor components of rank 1 which are
transformed to single quantum components of
rank 3 during 't,. the preparation time, due to the
effects of biexponential transverse relaxation. The
180y pulse at the midpoirit of the interval 't merely
refocuses the chemical shift. The third pulse gener
ates double quantum tensor components of rank 3
which are transformed into single quantum com
ponents of rank 3 by the last pulse of the sequ
ence. These components become detectable during
the acquisition time t as they evolve into single
quantum components of rank 1 as a result of biex
ponential transverse relaxation. The detected signal
is given by Eq. (6)63:

Mo(3/4 )(e- ,rr2f - e- ,rr2s)e-drrdqcos(2 w~)

(e-trr2f-e-trr2s)eiwt ... (6)

where T2fis the T2of the outer transitions, T2sis the T2
of the inner transition, Tdq is the relaxation rate of the
double quantum transition, w is the resonance offset,
and Mo is the equilibrium longitudinal magnetization.

It has been suggested that the intracellular Na + may
be selectively detected with double quantum methods
obviating the need for using the shift reagents, such as
Dy(PPPi)2or DyTTHA to discriminate between intra-
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and extraGeliular Na + pOOIS61.We have attempted to
use the double quantum experiment to detect wtracel
lular Na +in human blood in orderto test the v<;llidityof
such an approach66. Double quantum spectr~ of plas
ma and intact blood are shown in Fig. 5. Th~se were
obtained using a 256-step phase cycled INADEQU
ATE pulse sequence. Preparation (t) and evol~tion (~)
times were optimized to obtain maximum! double
quantum-filtered signal from the intact blood sample
and set at 15 ms and 20 liS, respectively. Th~ double
quantum spectrum of plasma alone is shown irlFig. 5A
and it is clear that biexponentially relaxing Na + pres
ent in plasma would contnbute significant int¢nsity to
the total observed BNa double quantum sign~l of the
intact blood. The addition of 5 mM Dy(PPPj)2' how
ever, dramatically reduced the plasma double quan
tum signal as shown in Fig. 5B. We have int~rpreted
this to be due to quenching of the plasma double quan
tum coherence by paramagnetic interaction of Na +
with Dy(PPPJ2 which results in rapid transver~e relax
ation of BN a via a non-quadrupolar mechanism. The
23Nadouble quantum signals of intact blood 'Yith and
withoUttDy(PPPJ2 (5 mM) are shown in Figs !5C and
5D, respectively. The dramatic difference in thf ampli
tudes of the filtered signal indicates a dominant con
tribution from extracellular Na'+ to the observed signal
in Fig. 5C (ref. 66).

NMR spectra were also obtained from red blood
cells washed with Hank's balanced salt solution with
and without Dy(PPPJ2 (5 mM). The chemical shifts of
the unshifted and shifted 23Naresonances in a conven

tional single pulse NMR spectrum are shown in Fig.
6A. Na +in the saline medium alone did not give rise to
a detectable double quantum signal (Fig. 6B), Figure
6C shows the double quantum spectrum of the washed
cell suspension (80% hematocrit). The magnitude of
the observed signal is comparable to that from intact
blood in Fig. 5C. To determine whether the detected
double quantum signal was arising solely froQ"lintra
cellular Na +, 5 mM Dy(PPPJ2 was added to s~parate
the intra- and extracellular Na + double quantUm sig
nals. The resulting spectrum is shown in Fig. 60. A
dramatic reduction in the double quantum signal at the
unshift,ed frequency and no signal at the frequ~ncy of
the shifted extracellular Na + were observed, presu
mably again due to quenching of the signal from extra
cellular Na + by the paramagnetic reagent. The.intens
ity difference between the signals in Figs 6C and 60
suggests a dominant contribution to the doubl~ quan
tum signal from extracellular Na +even though the me
dium alone (without cells) exhibited no doubl¢ quan
tum signal. Double quantum coherence from e*traccl
lular Na + in this case presumably arises from l'Na+ in

teraction with membrane sites on the cell ~urfacewhich would cause biexponential relaxation. When a
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paramagnetic reagent is added, the transverse relaxa
tion of extracellular Na +is enhanced to the extent that
the extracellular double quantum signal is not detect
able under our experimental conditions. Double quan
tum coherence of extracellular Na + of a magnitude si
milar to that observed with 80% red cells was also ob

served in a suspension containing 40% cells, although
in the latter case the interval corresponding to maximal
signal was 10nger66 ••

These results demonstrate that the double quantum
NMR of cells and tissues allows detection ofbiexpon
entially relaxed Na +. However, it is readily apparent
that the detected signal is not solely due to intracellular
Na +but contains a dominant contribution from extra

cellular Na + which can be quenched by interaction
with a paramagnetic relaxation reagent permitting dis
crimination of contributions from intra- and extracel
lular Na + . While the double quantum technique alone
cannot be used to quantitate intracellular Na + due to
significant contributions from the extracellular Na +,it
may be useful in qualitative studies of compartmenta
lion and NMR-invisilbility.

(g) 23Na NMR IMAGING
Sodium is the second most abundant NMR nucleus

in tissue and is primarily present in the extracellular
fluid at a concentration of about 145 mM. Theintracel
lular Na + concentration of 10 to 20 mMis maintained
by the Na + /K +-ATPase pump. Because changes in the
physiological state of the cell can alter these relative
concentrations 23Na NMR imaging may be useful in
studying diseased states. In 23Naimaging studies, im
age contrast can arise from two general mechanisms: (i)
any increase in the extracellular space, Le., regions c..f
edema, results in an increase in 23Na concentration;
and (ii) in the event of cell death the intracellular Na +

concentration increases dramatically causing the aver
age tissue concentration to increase by as much as an
order of magnitude. The biexponential T2 relaxation
behavior of Na + provides an additional contrast me
chanism. In biological samples the intracellular Na +
relaxes much more rapidly (T2values of about 2 ms)
than extracellular Na + (T2values of about 50 ms).

In vivo imaging of tissue sodium was first performed
using animal models and demonstrated the dramatic
image contrast expected following stroke and myo
cardial infarction"7 ()Y. For these experiments a field
strength of 2.7 T was used and data acquisition took up
to 4 hr. Since no chemical shift information is available,
a conventional three··dimensional fourier imaging se
quence was used to typically obtain 32 planes with ap
proximately 2.5 mm resolution. Images of sodium dis
tributions in humans have also been carried out. Hilal
et aU" have obtained an image of the Na + distribution
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within the head at 1.5T.Particularly noticeable in these
images is the intense signal (observed as a bright area)
arising from the high Na + concentration within the
cerebrospinal fluid, which serves to outline the brain
and brains tern. An abnormal Na + distribution was ob
served, appearing as a bright region, in the presence of
an arteriovenous malformation of the brain.

Preliminary investigation into the application of
shift reagents to separate intra- and extracellular Na +

in imaging studies have been carried oue!; however,
practical application requires the development of
higher field systems as well as a nontoxic shift reagent.
The use of 23NaNMR for in vivo diagnostic imaging
and spectroscopy is thus still limited by the inability to
distinguish the intra- from the extracellular Na + . Al
though 23Nahas a sensitivity of over one order of mag
nitude less than lH, as pointed out elsewhere in the pa
per, its relaxation times are over two orders of magni
tude shorter than those of IH. Therefore, with time-av
eraging, 23Naproduces a signal per unit time compar
able to that of IH. This imaging characteristic, the
100% natural abundance of the isotope, as well as the
finding that NMR -visible intracellular [Na +] is indeed
altered in neoplasia and other disease states should
provide impetus to refine the technique of BNa NMR
to the point where the intracellular compartment can
be observed in vivo. The development of a nontoxic,
membrane impermeable, paramagnetic shift reagent
would permit in vivo spectroscopy and chemical shift
imaging of the intracellular space. Alternatively, it may
be possible to use differences in the relaxation behav
iouroftheintra-and extracellular Na + toobtainanim

age representing the intracellular Na + compartment.
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