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Abstract 

Water molecules in the lenses of animal eyes exist in two different states: water which is bound to proteins forming 
their hydration hull (nonfreezable) and free bulk water (freezable). Between these two types of water exchange processes 
take place on a time scale between approximately 10 and 100 ms, as has been shown by previous NMR relaxation 
studies of the lens. In this contribution we present results of experiments where we varied the relative amount of these 
two types of water by dehydration of the lens. The dehydration process removes primarily the free water from the 
lens. We monitored the changes of the relative fractions of water protons by measurements of the proton spin-lattice 
relaxation times and from the calorimetric curves of the eye lens. Both curves exhibit a strong singularity at the 
freezing point of the bulk water for the normal lens, which becomes smoother for increasing dehydration. To explain 
this effect on the spin-lattice relaxation time, a cross-relaxation process between bound water protons and protons in 
the frozen state must be assumed. From these experiments we were able to separate the individual relaxation times 
7i,x and TI~ of the two types of water, which are averaged out for the normal lens bv the exchange process. We 
obtained also the activation parameters for free and bound water in the lens. We point out that the dynamic processes 
responsible for the water relaxation above the freezing point at 500 and 60 MHz are different. The relaxation data of 
the higher frequencies can be explained by assuming a fast motion (rotational diffusion of water molecules~ with a 
single correlation time whereas for the lower frequencies additional type of molecular motions have to be taken 
into account. 

l~cywords: Dehydration: 1H-nuclear magnetic resonance; Rabbit lens; Relaxation times: Water 

1. Introduction 

In recent years  rap id  progress  in the clinical 
app l i ca t ion  of the magnet ic  resonance  imaging 
( M R I )  technique has been observed  [1,2] .  The 
magnet ic  spin lat t ice (7"1) and the s p i n - s p i n  (T2) 
re laxat ion  behav iour  of the invest igated samples  
are the pr inciple  image - fo rming  mechanisms  in 
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MRI [3 ] .  Therefore  a quant i ta t ive  under s t and ing  
of the p ro ton  re laxat ion  processes in biological  
systems is very impor tan t .  Moreove r  since these 
re laxat ion  processes depend  in a character is t ic  way 
on the morpho log ica l  and  the pa tho log ica l  state 
of the tissues, a deta i led under s t and ing  of p ro ton  
re laxat ion  processes in biological  systems might  
yield va luable  insights into these states. One such 
biological  system is the m a m m a l i a n  lens. A normal  
m a m m a l i a n  lens conta ins  abou t  65% of water  and 
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35% of organic material, mainly structural proteins. 
With this very high protein content (33% of the 
total weight), the lens has the highest protein 
concentration of all the organs in the body [4,5]. 
The fundamental function of the lens is to transmit 
and focus light reaching the eye onto the retina. A 
high degree of physiochemical order is needed to 
ensure transparency of the lens as has been shown 
by light scattering (in particular there exists a short 
range order of the lens proteins) [6,7]. The impor- 
tance of the investigations of water behaviour in 
the lens results from the fact that through hydro- 
phobic and hydrophilic interactions water contrib- 
utes to the stabilisation of the three-dimensional 
macromolecular structures. Water in the lens is 
classified into freezable (free) and nonfreezable 
(bound, hydration) fractions [8 10]. The relative 
amounts of these two water fractions were estab- 
lished for the whole lens and its fragments for 
different species, from differential scanning calo- 
rimetry (DSC) and thermogravimetry analysis 
(TGA) [8,9]. Residual magnetic dipole interaction 
of water molecules in the lens cortex has been 
observed recently [ 11 ]. It was concluded that there 
is an anisotropic distribution of the water mole- 
cules or in other words the water is ordered. In 
this contribution we present T~ measurements at 
60 and 500 MHz resonance frequencies as a func- 
tion of temperature together with calorimetric 
measurements for normal and dehydrated rabbit 
lenses to investigate the dynamical properties of 
water in the lens. 

2. Material and methods 

Measurements at 500 MHz were performed on 
whole lenses while at 60 MHz only parts of the 
lens could be measured. We used whole lenses 
(n=3)  and parts from lenses (n=3),  containing 
only material from the cortex, from two month old 
rabbits. The samples were used without any addi- 
tional treatments. The experimental procedure was 
as follows: first the T~ relaxation time as a function 
of temperature was measured for the whole lens 
(or cortex), then the dehydration process was car- 
ried out at room temperature on the same sample. 
These two steps were repeated three times for each 

sample. After partial dehydration of the lens, the 
NMR tube was sealed with a standard NMR 
rubber stopper to avoid further dehydration of the 
samples. The percentage of dehydration was deter- 
mined by weighing the samples after each dehy- 
dration process. From this we calculated the 
dehydration degree as: 

PAPD 
k .  - ( 1 )  

100% 

where PD is the percentage of dehydration, k, is 
the dehydration degree and kn e [0,pA]; n is the 
number of dehydrations (n=0,1,2...); PA is the 
fraction of free water protons (0.8 and 0.65 for the 
cortex and for the lens respectively [9]). 

Sample dehydrations were done by using an 
SP500 (Unitra Unima, Poland) pump with pres- 
sure set to 10 -1 hPa. Calorimetric measurements 
were done on the lens fragments containing mate- 
rial from cortex (n = 3) using a home-built calorim- 
eter as described earlier [12]. This device allows 
a precise determination of the crystallisation point 
of the lens as a function of various experimental 
parameters. The temperature of the lens was mea- 
sured with a thermocouple and monitored as a 
function of time during the cooling or heating 
process. The cooling rate Kc and the heating rate 
Kh are experimental parameters which express the 
temperature change of the sample per unit time. 
The relaxation measurements at 60 MHz were 
done on a pulse NMR spectrometer (PMS-60, 
Radiopan, Poland). The spectrometer was equ- 
ipped with a temperature control system, which 
allows stabilisation of the probe temperature to an 
accuracy of 0.5 K. Measurements at 500 MHz were 
performed on a Bruker AMX 500 spectrometer, 
which was equipped with a Bruker VT1000 temper- 
ature control unit. Absolute temperature accuracy 
was 1 K. Measurements of the spin-lattice relax- 
ation time T1 were performed in the temperature 
regimes from 2 5 - 3 0 ° C  at 500MHz and from 
21 - 5 0 ° C  at 60 MHz, because the denaturation of 
the lens proteins starts at 40°C [4,5,7]. A typical 
90" pulse width was 2.5 gs at 60 MHz and 10 las 
at 500 MHz. The spin lattice relaxation rates at 
60 and 500 MHz were measured by the saturation 
recovery technique. At 60 MHz the relaxation rates 
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were determined from the intensity of the free 
induction decay after signal recovery and the relax- 
ation functions obtained were analysed by a non- 
linear least squares method (Marquart  algorithm) 
[13]. In all experiments a single exponential decay 
of the longitudinal relaxation function was 
observed. At 500 MHz we used the spectrum for 
calculating the relaxation rates. The analysis of the 
spectra established that there is a single, common 
71 value for the various line components [12]. 

3.  E x p e r i m e n t a l  r e s u l t s  

Fig. 1 shows the results of the saturation recov- 
ery 7"1 measurements, on a lens cortex (60 MHzl, 
as a function of temperature for three different 
percentages of free water dehydration. Curves with 
0% and 46% water dehydration show an increase 
in the relaxation time with increasing temperature 
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Fig. I. The dependence of the spin lattice relaxation time of 
the lens cortex for three different percentages of water 
dehydration IV, 0%; T ,  46%: L7Z, 77%) on temperature 
measured at a Larmor frequency of 60 MHz. Solid lines result 
from fitting Eqs. 141 16) to the experimental data. The 
parameters of fitting are summarised in Table 1. 

and a sudden step in the relaxation time at about 
- 12 C (261 K) which is caused by partial freezing 
of the lens water. The curve with 77% water 
dehydration is smooth over the whole temperature 
range. This shows that the dehydration process 
has removed almost all free water from the sample. 
Therefore the activation parameters obtained from 
that curve give information about the bound water 
dynamics (Table I i. At temperatures above the 
freezing point, increasing the percentage of dehy- 
dration decreases the spin htttice relaxation time. 
An opposite tendency can be found below the 
freezing point where an increase in the percentage 
of dehydration leads to an increase in the relax- 
ation time. 

Fig. 2 qlows the results of analogous experi- 
ments performed at 500 MHz. Curves with 0% and 
25% dehydration show an increase in the relaxation 
time with increasing temperature and a sudden 
step in the relaxation time at about - 8  C {265 K) 
which is caused by partial freezing of the lens bulk 
water. The third curve tit 59% dehydration indi- 
cates that the nonfreezable water fraction deter- 
mines the overall spin lattice relaxation rates, 
in the ,ahole lens, because no discontinuity is 
observed. At temperatures above and below the 
freezing point the dependence of 7~ on the per- 
centage of dehydration is sinlihu to that at 60 
MHz, namely decreasing and increasing of T~ 
respectively. 

The results of the calorimetric measurements on 
the rabbit lens cortex tire shown in Figs. 3 and 4. 
Fig. 3 shows a typical examplc of the cooling 
heating cycle with equal cooling and heating rates 
K~ = Kh =0.09 K s ~. As previously shown, under- 
cooling of the tens is easy to achieve and the 
maximum undercooling temperature is an experi- 
mental parameter  which can be adjusted by the 
cooling rate [12]. Therefl)re the different under- 
cooling temperatures observed here tire caused by 
the different cooling rates. Fig. 4 shows the set of 
cooling heating cycles with tire same cooling and 
heating rates obtained for the sample as a function 
of dehydration degree. It is evident that increasing 
the deh}dration degree causes a decrease in the 
step observed in the cooling part of the cooling 
heating cycles. For the cycle labelled as D on 
Fig. 4. with the dehydration degree k~ = 0.72 (which 
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Table 1 
Results from fitting the T~ curves with Eqs. (2)-(6) at different dehydration degrees, assuming a thermally activated Arrheuius 
process and the log-normal distribution of the correlation times. The fitting parameters are the activation energy (EA); the correlation 
time for infinite temperature (~) ;  the width (fl) if the distribution of the correlation time. 

Sample Measurement  Above the freezing point  Below the freezing point  
frequency 

(MHz) r~  E A fl "c~ E A fl 
(s) (kJ tool -1) (s) (kJ tool 1) 

Cortex 60 1.9 x 10 -13 12.1 1.2 9.7 x 10 -13 11.8 0.7 
k0=0.0 
Cortex 60 3.4 × 10 -14 16.6 1.1 1.3 x 10 13 16.1 2.4 
k I =0.36 
Cortex 60 4.6 × 10 -14 15.6 2.3 4.6 × 10 14 15.6 2.3 
kl =0.62 
Cortex 60 3.2 × 1 0  - 1 4  15.9 0.15 - -  - -  
T1A 
Whole lens 500 9.7 × 10- is  18.6 0.03 1.0 × 10-14 20.5 0.03 

ko = 0.0 
Whole lens 500 1.9 × 10 -14 17.4 0.05 4.0 × 10 15 22.7 0.15 
k2=0.17 
Whole lens 500 7.1 x 10 15 25.8 0.06 7.1 × 10 is 25.8 0.06 
k 2 =0.41 
Whole lens 500 2.9 × 10 -14 15.4 0.01 
TxA 

corresponds to 90% dehydrat ion)  the step in the 
curve has disappeared, therefore mainly the bound  
water fraction has remained in the sample. For  
different dehydrat ion degrees the observed steps in 
the cool ing-heat ing  cycles correspond to the 
behaviour  observed in the relaxation curves mea- 
sured at 60 and 500 M H z  (Figs. 1 and 2). 

4. Discussion 

To explain the spin relaxation properties of the 
water in the rabbit  lens an exchange process 
between nonfreezable and bulk water was proposed  
[ 1 4 - 1 8 ] .  Under  the assumption that on the T1 
time scale fast water exchange among  these water 
fractions takes place and that  the dehydrat ion 
process removes only water from the bulk state, 
the following theoretical expression can be 
obtained for the spin-lattice relaxation rate as a 
function of the dehydrat ion degree k, for temper- 
atures above the freezing point: 

\ ~ 2  = ~ +Ik.--PA) (2) 

where Tlv, v =A,B ,  are longitudinal relaxation 
times for bulk and bound  water protons;  (l/T1) (") 
is the spin lattice relaxation rate measured after 
n dehydrations.  

The mobility of water molecules in the bulk 
phase is higher than in the bound  phase. Thus one 
may expect that  in general T~ a > T~ B [14,16,17]. 
Therefore the above equat ion predicts that  the 
observed spin-lattice relaxation rates should grow 
when increasing the dehydrat ion degree. From 
Figs. 1 and 2 it can be seen that this is indeed 
observed. After the dehydrat ion reaches 59% for 
the whole lens and 77% for the cortex, there are 
no further freezing effects in the T~ curves. 
Therefore we may  attribute these T~ values to the 
bound  water protons  (T1 B, nonfreezable water). 
Using Eqn. (2) we may also separate the T1A and 
T1B values if we know any two values of  the 
observed spin lattice relaxation rates for two 
different dehydrat ion degrees. On  the other hand 
from T~ B the value of T~A can be calculated at a 
given temperature. The results of such calculations 
are shown on Figs. 5 and 6 for 60 and 500 M H z  
respectively. The calculations were carried out for 
two different possible combinat ions  of T~ (") and 
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Fig. 2. The dependence of the spin-lattice relaxation time of 
the whole lens for three different percentages of water 
dehydration (V, 0%: T, 25%; D, 59%) on temperature 
measured at a Larmor frequency of 500 MHz. Solid lines result 
from fitting Eqs. 14)-(6) to the experimental data. The 
parameters of fitting are summarised in Table 1. 

T1 Ik} ( n ¢ k = 0 , 1 , 2 )  and in each case the obtained 
values of TtA and T1B agree very well. 

The observed step in T1 {") for n=0 ,1  curves 
caused by the freezing process of the bulk lens 
water is most  p ronounced  in the samples without  
dehydra t ion  (n =0) ,  i.e. with the highest content  of 
freezable water (Figs. 1 and 2). To explain this 
effect, cross-relaxation between bound  water pro- 
tons and protons  in the frozen state was assumed. 
In the limit of rapid cross-relaxation, the expression 
for the observed T~ v spin-lattice relaxation is given 
by: 

1 PB PA 
- + - -  { 3 )  

Tit: TtB T1L 

where T1L is the spin-lattice relaxation time of 
frozen water. 

Compar ing  Eqs. (2) and (3) one obtains the 
conditions that  TIL < T1A. It is known that spin 
lattice relaxation times for hexagonal  ice are much 
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Fig. 3. A typical example of a calorimetric experiment on a 
fragment of the rabbit lens cortex. Shown are the temperature 
changes of the lens cortex during a cooling heating cycle. The 
temperature of the sample was recorded as a function of the 
experimental time. The cooling and heating rates in the 
experiment were K c = KH=0.09 K s 

longer than calculated values of T1A (Figs. 4 and 
5) [19] .  Fur thermore  it is also known that the 
internal mot ions  in ice are strongly influenced by 
small amounts  of impurities which may cause a 
reduction of TIL of at least one order of magni tude 
[20] .  The presence of proteins introduces struc- 
tural defects. The frozen medium may be composed 
of ice slabs separated from proteins by a few 
molecular  layers of bound,  nonfrozen water. These 
water molecules provide a relaxation sink towards 
which the stored magnetic energy is transferred via 
cross-relaxation. The order of magnitude of TIL 
values for the lens and for the cortex are of the 
same as in the case of clay gels [21] .  

Additionally we fitted all the relaxation data 
(solid line on figures), assuming that a thermally 
activated Arrhenius process is responsible for the 
relaxation curves (Eq. (4)1 

r c = r ~  exp ~ (4) 
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Fig. 4. Calorimetric results of the rabbit eye lens cortex 
fragment for four (A, ko=0.0; B, k 1 =0.33, C, k2=0.45, D, k3= 
0.72) different dehydration degrees (percentages of water 
dehydration, A, 0%; B, 41%; C, 56%; D, 90%). The cooling and 
heating rates were the same for all curves and equal to 0.12 
K s  -1" 

where z~ is the correlation time at infinite temper- 
ature and EA is an activation energy expressed 
in kJ mol -  1. 

Also a log-normal distribution of the correlation 
times given by Eqns. (4)-(6) [22] was assumed: 

o o  

1 (" g(rc) 

r, - J rl LS) (sl 
o 

where g(rc) is the normalised distribution function 
of the correlation times, and 

d-co 1 
[(s) = g(rc) ds - /~,f~ exp(s/fl2) (6) 

where s = In (z~/%); Zo is the mean correlation time; 
/~ determines the width of the distribution. 

The results of the fitting are summarised in 
Table 1. At high fields (resonance frequency 
500 MHz) the distribution width is negligible, 
therefore it is sufficient to assume that the overall 
spin-lattice relaxation rate is due to fast molecular 
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Fig. 5. The values of the spin-lattice relaxation times calculated 
from Eq. (2) for bound (T1B; [], II), free (T~A; V, V) and 
frozen (T1L; V, V) water. For calculations, two combinations 
of two different values of the observed spin lattice relaxation 
times at 60 MHz (Tl(V~; T1 (p) v:~p and v,p=0,1,2) were used. 

motion (i.e. the rotational diffusion of the water 
molecule) with a single correlation time. At low 
field (resonance frequency 60 MHz) it follows from 
the activation parameters obtained that the 
assumption of a single type of water motion with 
a single correlation time (or with a narrow distribu- 
tion of correlation times) is not sufficient to explain 
the experimental data. At lower Larmor frequency, 
i.e. 60 MHz, the distribution widths are not negligi- 
ble, but rather small which indicates that we have 
to take into account another type of molecular 
motion. To separate this other type of motion we 
used the activation parameters of the rotational 
motions obtained at 500 MHz to simulate the T~ 
curves for other frequencies below the freezing 
point. The contribution to the spin-lattice relax- 
ation rate of this other type of molecular motion 
should be lowest in this temperature range [20]. 
Therefore the deviation at low field gives evidence 
that rotational diffusion of water molecules is not 
sufficient to explain the observed spin-lattice relax- 
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Fig. 7. The results of calculations from Eqs. t4) ((,I of the 
spin lattice relaxation time as a function of temperature below 
the freezing point for 500 MHz (i l l ,  300 MHz ( i ) .  100 MHz 
14. / and 60 MHz (<' I, using the activation paramcters obtained 
at the highest frequency (Table I ). 

ation rate in the lens [20]. The results of these 
calculations are shown on Fig. 7. For the higher 
fields (500 and 300 MHz) the experimental data 
are reproduced very well whereas for the lower 
fields ( 100 and 60 MHz) deviations are found which 
are caused by the additional contribution to the 
overall relaxation rate. Additionally the big differ- 
ence in the spin-lattice relaxation time measured 
in the lenses above freezing point at 60 and 
500 MHz also indicates the presence of at least 
two different types of molecular motion that are 
responsible for the modulation of magnetic dipolar 
coupling of proton pairs. Therefore we postulate 
these results as further evidence for the anisotropic 
surface diffusion of water molecules proposed 
before [23 26]. 

5. Summary 

In this work we investigated water dynamics in 
the rabbit lens by combining N M R  relaxation 

measurements at two resonance fi'equencies with 
calorimetric measurements. Experiments were con- 
ducted on normal and dehydrated rabbit lenses. 
To interpret the experimental data the model of 
fast water exchange between bound and bulk water 
was used. The dehydration process allows us to  

control the relative fractions of bound and free 
water protons. A simple theoretical expression for 
the spin lattice relaxation time T~ as a function of 
the dehydration degree was derived which 
explains the experimental data well. We were able 
to separate spin-lattice relaxation times TL_x and 
TtB characteristic of bulk and bound waler res- 
pectively The activation parameters for free 
and bound water in the lens were obtained. 
Additionally experimental evidence is given for thc 
cross-relaxation effects between fi'ozen and bound 
water. Finally we have shown that the dynamic 
processes responsible for the water relaxation at 
500 and 60 MHz are different. In order to explain 
our relaxation data for the higher frequency the 
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assulvption of fast motion (the rotational diffusion 
of water molecules) with a single correlation time 
is sufficient, whereas for lower frequencies an addi- 
tional type of molecular motion has to be taken 
into account. 
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