
presence or absence of a caldera lake 
is the arrival of the magma body at a 
crustal level sufficiently shallow to in- 
teract with meteoric water. An im- 
portant factor is the amount of time 
spent by the magma at shallow crustal 
levels. Taylor (1) has observed that 
isotopic interactions are most common- 
ly around the margins of intrusions 
into flat-lying volcanic terranes, but 
the main control may be merely the 
shallow crustal positions of the vol- 
canics. This postulated interaction of 
magmatic bodies of batholithic dimen- 
sions with meteoric water, all at 
liquidus temperatures, has other impli- 
cations. The water entering the magma 
may modify the original minor element 
composition, and this possibility should 
be considered in studies of strontium 
and lead in igneous rocks, as well as 
rocks surrounding large intrusions. The 
volatiles leaving the magma may carry 
metal ions that may be the source of 
ore deposits associated with igneous 
intrusions. The amount of water avail- 
able for ore transport by this process 
is far greater than that available by 
the simple outgassing of a statically 
crystallizing magma (even if it is satu- 
rated with volatiles). 

The course of magmatic differentia- 
tion can also be affected by the avail- 
ability of meteoric water. The accumu- 
lation of abundant volatiles in the upper 
parts of a shallow magma chamber 
should lower the solidus temperature 
and the viscosity of the magma in this 
region, resulting in the establishment 
of strong physical gradients in this part 
of the magma. Gradients of this type 
must have been present in the differen- 
tiated magma chamber sources of the 
Paintbrush and Timber Mountain Tuffs 
in order to permit the observed varia- 
tion in phenocryst content, which in- 
creases downward in the magma cham- 
bers. Finally, convective circulation of 
water far in excess of that cognate to 
the magma may have permitted sig- 
nificant differentiation by some volatile 
transfer process, a differentiation mech- 
anism that has been considered possi- 
bly significant (12), although the pre- 
cise nature of such a process is difficult 
to evaluate. 
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Numerous studies of the water of 
living cells by proton magnetic reso- 
nance techniques have appeared in the 
literature (1-5). All of these studies 
show that both the longitudinal or 
spin-lattice relaxation time (T1) and 
the transverse or spin-spin relaxation 
time (T2) are reduced in living cells 
compared to their values in pure water. 
Two types of mechanism have been 
proposed to account for these findings: 
(i) ordering of the major portion of 
the cell water (1), and (ii) a two-phase 
rapid exchange mechanism in which 
only a small fraction of the cell water 
is ordered (2, 5); rapid exchange be- 
tween this ordered fraction and the 
bulk water would give rise to an ob- 
served relaxation time intermediate 
between those of the two phases. In 
an attempt to differentiate between 
these alternatives, we made measure- 
ments of proton relaxation phenomena 
in the crystalline lens of the eye. Our 
results give a useful perspective on 
the entire problem. 

We employed pulsed nuclear mag- 
netic resonance (NMR) techniques to 
examine the relaxation times of the 
water protons in living frog and rabbit 
lens in vitro, in various states of hydra- 
tion and after treatment designed to 

destroy the physiological integrity of 
the lens. The diffusion coefficient of 
the water molecules in rabbit lens was 
also determined. 

For the major portion of the studies 
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on frog lens we used an NMR spec- 
trometer with a 12-inch (- 0.3-m) 
Varian magnet with flux density 7 
kgauss at a frequency of 30.3 Mhz. 
Time T, was determined by using a 
null method of Carr and Purcell (6), 
and T2 by using a Carr-Purcell se- 

quence [method B, with pulse train 
90?-180?-1800 . . . (6)]. A few studies 

of T2 on frog lens were performed with 
a Praxis model PR102 with a small 
permanent magnet and a frequency of 
10 Mhz, by using repeated 90?-180? 

pulse sequences [method A (6)]. The 
term T2 is usually reserved for the re- 
laxation time of a purely exponential 
process. Because transverse relaxation 
is a multicomponent rather than a sim- 

ple exponential process in the lens (see 
below), the time for the height of the 

signal following the 180? pulse to de- 
cay to 1/e of ithe height of the 90? 

pulse will be designated T2*. Since the 

T2* data obtained with the Praxis and 
the Varian were entirely compatible, 
they have been pooled. 

Studies of rabbit lens were per- 
formed with a spin echo apparatus in 

conjunction with a 12-inch Varian V- 
4007 research magnet (7) at 25.0 
Mhz. Time T1 was determined by using 
a 180?-90? pulse sequence at varying 
pulse intervals (8), and T2* was deter- 
mined by using method A, measuring 
the voltage with a "boxcar" integrator 
(9), and averaging the results of six 

repetitions at each pulse interval. This 
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Nuclear Magnetic Resonance Studies and Water "Ordering" 

in the Crystalline Lens 

Abstract. Nuclear magnetic resonance studies of the relaxation times of the water 
in the crystalline lens show that, as in all interfacial systems, these parameters 
are markedly reduced fro,m their values in pure water, that T2 is less than T1, and 
that both depend on water content. Determination of diffusion coefficients and 
studies on physiologically inert lenses indicate that reduced relaxation times do 
not provide direct evidence for ordering of the bulk of the cell water. 
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allowed accurate resolution of trans- 
verse relaxation curves to 1 percent of 
the initial amplitude and showed that 
transverse relaxation in whole lens as 
well as nucleus and cortex is actually 
a multicomponent function. Again, we 
report only T2* from these data. Dif- 
fusion coefficients of lens water were 
measured by using the field gradient 
spin echo technique as previously de- 
scribed (6, 10). 

In order to determine the depen- 
dence of the relaxation times on the 
water content of lens tissue, we soaked 
whole frog lenses for 3 hours in hypo- 
osmotic (120 mosm) and hyperosmotic 
(480 mosm) Ringer solution before 
measurement. In addition, relaxation 
times of the nucleus and cortex, which 
have quite different water contents, 
were obtained separately. Measure- 
ments were also made on lenses which 
had been soaked for 3 hours in 5 per- 
cent trichloroacetic acid or heated in a 
microwave oven for 45 seconds. Water 
content of all lens tissues was deter- 
mined by weighing before and after 
drying for 48 hours at 104?C. 

Values of T1 and T2* are shown as 
a function of water content in Fig. 1. 
The results are similar to those ob- 
tained for a number of nonliving inter- 
facial systems, including erythrocyte 
membranes (11), aqueous polymer 
systems (8), and glycerinated muscle 
(12), in the following respects: Both 
T1 and T2* are significantly reduced 
from their values in free water, T2* 
is less than T1, and both relaxation 
times depend markedly on water con- 
tent. The first two observations are 
characteristic of all relaxation times 
reported for biological material (1-5). 
To our knowledge, this is the first pub- 
lished report of the dependence of re- 
laxation times on water content in liv- 
ing tissue. 

The quantitative dependence of T, 
and T2* on water content is not con- 
sistent with the two-phase rapid ex- 
change model (13). However, this does 
not rule out a two-phase model as the 
basis of the findings. Exchange between 
the phases might be slow, or the water 
content of the tissue might not be uni- 
form. Both cases would give rise to 
multicomponent curves such as those 
observed. In addition, the relaxation 
time of the more ordered fraction may 
vary with water content if, for exam- 
ple, this fraction is ordered by struc- 
tural entities whose rate of motion 
depends on water content. 

A number of investigators have sug- 
gested that altered solvent properties 
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Table 1. Relaxation times and w 
coefficients in rabbit lenses at 3 
sion coefficients (D) were obtaii 
ously described (6, 10) by using 
ing of 30 msec for cortex and wl 
10 msec for nucleus (14). 

Sample T1 T2* (c 
(msec) (msec) se 

X 

Water 2690t 750t ; 
Whole 

lens 490 29.3 < 
Cortex 551 40.0 
Nucleus 268 7.7 < 

t These are observed relaxation t 
for the apparatus used for rabbit 
laxation times at 36.1?C would be 
T2* is shorter than the true T, 
because, with the slow relaxation 
diffusion effects become importar 
.curves are extrapolated to remove t] 
value of about 1.6 seconds is obta 
of the short relaxation times in the 
diffusion effects are insignificant. 

result from ordering of the 
tions of cell water (1). Trea 
5 percent trichloroacetic ac 
microwaves renders the le 
and physiologically inert. I 
ments decreased T1 and T 
significantly affecting the 
tent of the tissue (Fig. 1) 
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bars represent standard erro 
number of observations is give 
theses. The standard error of 
content was less than ? 1 p 
though the water content of lei 
with trichloroacetic acid (TCA 
waves is unchanged from that o 
lens, both T1 and T2* for fr( 
reduced from the values in 
(Tt = 3.03 seconds and T2 = 1 
in pure water). 

'ater diffusion nificance of this finding is not clear; 
6.1'C Diffu- it might indicate that relaxation times ned as previ- 
a pulse spac- of water protons are influenced by the 
hole lens and molecular motion of cellular macro- 

molecules. Coagulation of the tissue by 
D HaO heat or trichloroacetic acid may reduce 
omn con- the motion of the macromolecules, ~c' tent 
10-) (%) thereby reducing the relaxation times. 

2_ --95 10 ~ It is also possible that the interfacial 
area of macromolecules is increased on 

0.90 65 denaturation. The finding of decreased 
1.06 70 relaxation times in these tissues, which 
0.97 52 

show no ability either to exclude or to 

lmes. aTh 25C accumulate solute other than that ex- 
longer. Time pected on the basis of a Donnan equi- 

of the system 
of pure water, librium, makes one point clear: It is 
it. If the T, not possible with our present state of 
his effect, a T~ 
ained. Becaus6 knowledge of macromolecular systems 

lens samples, to use NMR relaxation times as direct 
evidence for altered solvent properties 
of the water of biological systems. 

major frac- In Table 1 we present the diffusion 
atment with coefficients for water in whole lens, in 
-id or with lens cortex, and in lens nucleus from 
.ns opaque rabbits. In all these the diffusion coeffi- 
Both treat- cient, which reflects the translational 
2* without mobility of the bulk of the water mole- 
water con- cules, is reduced to about one-third of 
}. The sig- its value in pure water and is relatively 

unaffected by changes in water content 
(14). The relaxation times, however, 
are reduced to much less than one- 

x (3)2 (6) third of their values in pure water. In 
Whole (5) addition, the relaxation times are much 

more strongly dependent on water con- 
I Microwaves tent than is the diffusion coefficient. A 

TCA (3) 2) 
similar, but less dramatic, noncorrela- 
tion between relaxation times and dif- 

.-....----. . fusion coefficient was noted by Finch 
et al. (5). These findings imply that 

120 the observed reduction in relaxation 
x (3)} y lm?) times is not the result of restriction of 

px i3~ 
{6) 

the translational motion of the major 
fraction of the water molecules. It is 

Whole (14) difficult to imagine a simple system 
/• where changes in water content would 

I Microwaves drastically alter rotational motion with- 
(12) out significantly affecting translational 

TCA (5) mobility. Therefore, we submit that the 
relaxation times of the water in inter- 
facial systems are determined by a 
fraction of the water different from 

d60 70b that which determines the diffusion 
coefficient. 

in frog lens Throughout this report we have used 
ontent. The the word "ordered" without defini- 
r, and the tion-as have most others who wrote 
-n in paren- on this subject. As Belton et al. (3) 

the waterv, a ercent. Al- have observed, confusion in this area 
nses treated may have arisen from the assumption 
) or micro- that order implies decreased rates of 
f the whole molecular motion. Order may also, 
purlens aer however, refer to a statistical distribu- 

.56 seconds tion of orientations of water dipoles 
different from that of pure water and 
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determined by the nature of the inter- 
faces present (15). Whether the pres- 
ence of macromolecules or mem- 
branous components in cells brings 
about more specific or long-range alter- 
ations in either the orientation or the 
motion of the adjacent water molecules 
is a matter which will require much 
further study with many more well- 
defined model systems. 
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where F is the fraction of normal water, and 
TO and TN refer to the ordered and normal 
phases, respectively. A plot of 1/T against 
F should be a straight line if the relaxation 
time of the ordered water does not change 
with water content. Such a plot of the data 
presented in Fig. 1 is not a straight line. 

14. Under certain conditions, D can vary when 
the phase spacing is altered. However, the 
upper limit for D in lens cortex is the value 
for pure water. Hence the maximum ratio of 
D between cortex and nucleus is 3. The 
ratio of T,* values is 5.2. This is consistent 
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Carbonate Ion-Selective Membrane Electrode 

Abstract. A liquid membrane electrode has been developed with Nernstian 
response and a high selectivity for carbonate ion. The electrode responds rapidly 
to carbonate in the 10-2M to 10- 6M range with a selectivity for carbonate over 

chloride, sulfate, and phosphate of at least 103 and negligible bicarbonate 
response. The electrode properties appear to be suited to chemical, biological, 
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