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The dynamic properties of water molecules in the rabbit lens were studied by proton 
nuclear magnetic resonance line shape analysis, measurements of relaxation times as a func
tion of temperature and calorimetric measurements. The experiments prove, as already sug
gested by other authors, that there are two types of water in the lens of rabbit eyes, namely 
bound unfreezable hydration water and bulk freezable water. Line shape analysis and re- 
laxometry showed, that this two types of water exist in two different environments, which 
may be identified as the nucleus and the cortex of the lens. The line shape analysis showed 
furthermore that water molecules in the rabbit lens has a common spin lattice relaxation 
time (T]), but two different transverse relaxation times (T2a and ^b)- The tentative model 
of fast water exchange on the Tx time scale and slow water exchange on the T2 time scale, 
was used to explain experimental proton relaxation data of the rabbit lens. An estimation 
for this exchange rate /cex by comparing it to the relaxation times is given (T f1 <  kcx<  7T1)- 
It has also been shown by a calorimetric measurements, that the lenses can be easily under
cooled to temperatures well below the freezing point of water. The achievable maximum 
undercooling temperature of the lens is a function of the cooling rate K c , therefore it has to 
be considered as an experimentally adjustable parameter which is not characteristic for the 
investigated sample. Thus it must be noted that any previous discussions about the specific 
value of the temperature of water crystallisation in biological systems need to be carefully 
reconsidered.

Introduction

A rapid progress in the magnetic resonance im

aging technique (M RI) has increased the interest 

in the longitudinal and transverse nuclear mag

netic relaxation processes in biological materials. 

Especially the relaxation properties of water, 

which may be characterized by a longitudinal or 

spin-lattice relaxation time T x and a transverse or 

spin-spin relaxation time T2 play a crucial role 

(Hutchison, 1985 ). These values depend in a char

acteristic way on molecular environment of water 

molecules, because of different molecular mobility 

and structures. Thus, the T x and T2 values of the 

protons of bulk or “freezable" water are much 

longer than those of water bound to biomolecules. 

However, because of exchange between these en

vironments only average T x and T2 values are gen

erally observed, which depends on the probabili
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ties of the differed environments. Moreover, water 

protons can also exchange themselves or the mag

netization with mobile protons of external func

tional OH- or NH-groups of the proteins leading 

also to contributions of these environments to 

water relaxation times (Winkler and Michel, 1985; 

Edzes and Samulski, 1977; Koenig et a l., 1978). 

Nevertheless, these quantities can provide inter

esting information on changes of protein hydra

tion and mobility, which are themselves related to 

biological changes (Beall et a l., 1984; Bottomley 

et a l., 1984; Hills et a l., 1989). Unfortunately, the 

complexity of biological systems often makes it 

difficult to elucidate the exact structural changes 

by NMR-relaxometry. The study of the simplest 

biological model systems is therefore very im

portant.

A  normal mammalian lens contains about 65% 

of water and 35% of organic material, mainly 

structural proteins. The main part are crystallins 

called a, ß and y (a (15%), ß (55%), and y (15%)) 

which constitute over 85% of the total lens pro-
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tein. The protein content of the lens (33% of the 

total weight) is higher then of any other organ in 

the body (Cotlier, 1981; Slingsby, 1985). A  high 

degree of the physiochemical organisation is 

needed to get transparency of the lens (Delay and 

Tardieu. 1983; Bettelheim, 1985). The extent of the 

total and nonbulk “bound” ( non-freezing) water 

in lenses of various mammals has been established 

(Cameron et al., 1988; Wang and Bettelheim,

1988). For a rabbit lens the bound water percent

age of the total water content is 2 2 % for the cortex 

and 45% for the nucleus.

The lens exhibits, compared to other tissues, 

only very low metabolic activities. Measurements 

of the ATP content on extracted lenses at room 

temperature have shown (Glonek and Greiner,

1990), that the ATP content does not change on 

the order of six hours. Thus the extracted lens can 

survive long outside the organism. This time can 

be prolongated by further reduction of the meta

bolic activity of the lens via cooling. Therefore 

studies of the cooling and water crystallization 

processes in the lens are of great importance for 

the storage of lenses, for example for transplanta

tion medicine.

Eye lenses have been studied by NMR-re- 

laxometry in order to elucidate the intrinsic biologi

cal differences (Racz et al., 1979; Stankiewicz et al., 
1989; Lerman, 1990; Gutsze et al., 1993). During 

these studies single spin-lattice and two spin-spin 

relaxation times (7^ , T2A, ? 2 B respectively) for the 

whole lenses have been reported. The origin of this 

effect is not completely understood yet.

In general, protons in water protein systems 

may be classified in at least three main phases, 

according to physico-chemical properties of the 

environment in which they are located. The proton 

phases are: proteins, hydration (bound, nonfrez- 

able water, bulk (free) water. Between these 

phases two exchange processes may exist. First 

material exchange of proton and molecules (in 

which protons are located e.g. mainly water mole

cules). The second exchange process is spin (i.e. 

magnetization) exchange termed cross-relaxation 

or, in the case of secular dipolar broadening spin 

diffusion. It mediates the magnetization transfer 

particularly in the homonuclear case (Kimmich, 

1990; Kimmich et al., 1993).

As water is the main constituent of biological 

systems, its relaxation behaviour has to reflect re

laxation behaviour of the lens. The presence of 

crystallins would be visible by the magnetization 

transfer between immobilized protein constituents 

with the hydratation water and their change of the 

dynamic properties (Edzes and Samulski, 1978; 

Koenig et al., 1993). The common part of all relax

ation models in biological systems is an assump

tion that water molecules exist in at least two 

different phases (environments), called free 

(freezable) and bound (nonfreezable) water. Gen

erally, for water proteins solution a fast water mo

lecular exchange between free and bound water 

environments is assumed. As a result of such as

sumption a single spin-lattice ( T\) and a single 

spin-spin (72) relaxation times are expected. A d

ditionally in some systems it were established that 

the presence of cross-relaxation between protein 

and water protons may determined the relaxation 

behaviour. As the result there are observed a non

exponential spin-lattice and spin-spin relaxation 

functions (Edzes and Samulski, 1978; Bottomley 

et al., 1984; Koenig et al., 1993).

The lenses exhibit different relaxation behav

iour - one records one T x and two T2 values 

(Stankiewicz et al., 1989; Lerman, 1991; Gutsze 

et al., 1991). These findings clearly indicate dif

ferent arrangements and dynamic properties of 

water molecules in the lens. In order to explain 

this discrepancy, a tentative simple model of 

water behaviour in the lens was proposed 

(Gutsze et al., 1993). According to that in the 

T x time scale (order of seconds) one observed 

an exchange process which apparent rates in the 

fast exchange regime, while in the T2 time scale 

(order of milliseconds) apparent rate of ex

change in the slow exchange regime. In the spin- 

spin relaxation time for the bound water- T2B, 
one has to include a cross-relaxation term. Such 

assumption explains why two T2 values were ob

served. Moreover, since chemical shift of free 

and bound water is expected to be different 

(Gallier et al., 1988; Kimmich, 1990), the average 

chemical shift of water in the different compart

ments should also be different. Thus, one should 

observe water lines at different positions arising 

from different compartments.

In the present experimental study further evi

dence for this model is obtained by a combination 

of calorimetry, NM R relaxometry and NM R line 

shape analysis. The latter exploits the different res
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onance frequencies of the mobile protons in the 

different environments (Kimmich, 1990). The line 

shape contributions of the various environments 

show interesting changes with temperature, which 

help to solve another problem which already arose 

in the early N M R work on eye lenses. This is the 

problem of the freezing point of water in the lense, 

manifesting itself as sudden changes in the relax

ation times T x and T2\ ,  T2b (Racz et al., 1979; 

Seiler et al., 1983) could show, that the crystalliza

tion temperature of the freezable lens water de

pends on experimental conditions, while the melt

ing point is almost independent of the latter. Thus, 

the hysteresis observed for both relaxation times 

T\ and T2 is connected to the effect of undercool

ing the lens, which was additionally prooved by a 

simple calorimetric method. In the present work 

the experimental parameters influencing the ob

tainable undercooling temperature of the lens 

are elucidated.

Materials and Methods

Experiments were performed on lenses ob

tained from five 3-month old rabbits. The temper

ature measurements of the relaxation times were 

carried out 1  h post mortem in the temperature 

range 294 + 233 K (+20 °C to -40 °C). A  pulse 

NMR-spectrometer (PMS-60, Radiopan Poland) 

working at 60 MHz was used. The spectrometer 

was equipped with a temperature control system, 

which allows stabilization of the probe temper

ature to the accuracy of 0.5 K. Spin lattice relax

ation times were measured by means of the satura

tion recovery method. The spin-spin relaxation 

time T2 was measured by means of Carr-Purcell- 

Meiboom-Gill (CPMG) method. Only even 

echoes were registered to reduce effects of the B] 

field inhomogeneity and pulse width errors (Levit 

and Freeman, 1981). The numerical analysis of the 

relaxation function was done by a non-linear least 

squares method (Marquart algorithm (Bevington, 

1969)). The line shape of the whole eye lens was 

measured with a Bruker MSL 300 spectrometer at 

293 K and 262 K.

In order to determine the precise undercooling 

and crystallization temperatures of the lens by an 

additional method, a simple calorimetric device 

was designed (Fig. 1), which allows calorimetric 

measurements of the whole lens and a precise de-

SIMPLE CALORIMETER

A.

B.

Fig. 1. Simple homemade apparatus (schematically) used 
for the calorimetri of rabbit eye lenses ( A: sample cell, 
B: block diagram). Gaseous N2 from boiling of liquid N2 
flows through a cryostate which contains the sample in 
an evacuated glass tube. The flow rate of the N2 is con
trolled by changing the boiling rate. The temperature 
change of the sample is monitored by a thermocouple 
and registered on a plotter as a function of time.

termination of the crystallization point of the lens 

as a function of various experimental parameters. 

In order to measure the undercooling temper

ature, the lens was placed in a Dewar vessel. The 

change of temperature was achieved with a con

stant flux of gaseous nitrogen. The temperature of 

the lense was measured with a thermocouple and 

monitored as a function of time during the con

stant cooling or heating process. The cooling rate 

K c and the heating rate K h are experimental 

parameters expressed as the temperature change 

of the sample per time unit. These parameters de

pend on the flux rate of the nitrogen.

Experimental Results

NM R measurements were performed during 

cooling/heating cycles between 293 and 233 K. In 

the whole temperature range the longitudinal re

laxation of the whole lens was charaterized by a 

single relaxation time Tx. Between 293 K and 

255 K spin-spin relaxation was bi-exponential, i.e. 

characterized by two time constants (T 2A and

n2
VACUUM (10 Pa)

N2 (1.01 l/h at1 atm 77 K ) THERMOCOUPLE
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Fig. 2. Results of the 'H  N M R relaxation time measure
ments performed on an intact rabbit eye lens as a func
tion of temperature in a cooling/heating cycle. Note the 
hysteresis, caused by undercooling the lens. ■, Tx cool
ing; □, T\ heating; ▲, R2a cooling; A, T2A heating; • ,  T2b 
cooling; O, T2B heating.

^ 2 b)- The results are assembled in Fig. 2. At 

255 K the main part of the lens water freezes, 

which shows up in a sudden step of the T2A and 

^ 2 B values. Below the freezing point, the spin-spin 

relaxation of the frozen water is to fast to be fol

lowed in the observed time window (T 2A some 

microseconds). Therefore only the T2B decay of 

the nonfreezable water is observed and the 

transverse relaxation function appears to be 

mono-exponential. Note, that water freezing at 

255 K also leads to a sudden change in T\. The 

different behaviour of (T x, T2A and T2B) upon 

cooling and heating (hysteresis) is well manifested 

in Fig. 2.

The results of a 300 MHz ‘H  ^  experiment per

formed on a rabbit lens at 293 K, which is well 

above the freezing point, are shown in Fig. 3. The 

spectra were obtained by Fourier transforming the 

FID, which was recorded after the detection pulse 

for different delay times t  in the 7^-experiment 

(saturation-recovery sequence). A  characteristic 

pattern is observed at 293 K, exhibiting a relatively 

sharp intense high field component and a weaker

ppm (TMS)

10

Fig. 3. Spectral resolved Tx experiment on the lense. 
Shown is the experimental NM R line shape of the whole 
rabbit lens at 293 K as a function of the recovery time x 
between saturation and detection in the saturation re
covery sequence. Actual values used for x are : ( x = 
10.0, 5.0, 2.0, 1.0, 0.5, 0.25, 0.125, 0.100, 0.050, 0.025 sec). 
For better comparision the curves for the short x values 
are magnified in the insert. Note that the line shape does 
not depend on x, which suggests, that all spectral compo
nents have the same Tx value.

broader component on the low field side. A l

though the signal decreases with x, the line shape 

characteristics remain unchanged, as expected for 

a frequency independent 7\.

To support this analysis we performed a numeri

cal line shape analysis of the registered spectra, by 

deconvoluting them in a sum of ra-Gaussian and 

«-Lorentzian lines using the following model 

function.

M(v) = 2 Hr

ß£ =

1

1 + (v - v0n)/ßn

(1)

1 + (v - v0 m)/ß<

ßn =

10 "2 0

293 K
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where I„, 1 ^ are the amplitudes and ß„, are 

the widths of these lines.

The best fit - under the constraint to use a mini

mum number of lines - was achieved for n = 2  

and m  = 2 , i.e. for a model function which is a 

superposition of two Lorentzian and two Gaussian 

lines (L I, L2, G l, G2). This deconvolution, which 

matches very well the experimental line shape, is 

shown in Fig. 4a. For comparison, Fig. 4b shows 

the best result for m  = 2  and n = 1 , which is less 

satisfactory, because of the strong deviations be

tween experimental and fitted spectrum.

In the next stage, a lineshape analysis of all 

spectra in Fig. 3 was performed in order to detect 

the 7\ values of the various signal components.

ppm (TMS)

Fig. 4. econvolution of the experimental line shape regis
tered at room temperature (293 K. solid line). Different 
model functions for reproducing the observed line were 
used. The upper figure presents the best fit (thin line) 
obtained for a sum of two Lorentzian (dashed lines, L I, 
L2) and two Gaussian lines (long dashed, pointed lines, 
G1.G2). The lower figure shows for comparision the less 
satisfactory result obtained by fitting the spectrum with 
the sum of one Lorentzian (thin dashed line. L I) and 
two Gaussian lines (pointed, solid dashed-pointed lines. 
G l. G2).

The resulting normalized line intensities (1^, Ip, 

I2. l£ , devided by their asymptotic values for x >  
7,) are shown in Fig. 5 as a function of the delay 

time x. As can be clearly seen, there is only one 

common spin lattice relaxation time T\ for the 

whole system at room temperature.

Interesting line shape changes are observed 

when cooling the lens down to 255 K, as shown in 

Fig. 6 . The sharp highfield signal has disappeared 

and the signal now consists of a superposition of a 

very broad line with a width of 25 kHz and a rel

ative sharp line exhibiting a line width of 2 kHz. 

We can therefore assume, that the broad line is 

associated to the sharp highfield signal in Fig. 3, 

which was decomposed into the Lorentzians (LI, 

L2), which we now can attribute to the bulk freez

able water and the sharp line of Fig. 6  is associated 

to the non-freezable water (Gaussian lines (G l, 

G2)).

As already stated, the hysteresis of the relax

ation time T\ and T2 as a function of the temper

ature is due to the undercooling of the lens. This

Recovery time x (sec.)

Fig. 5. Result of the spectral deconvolution of the satura
tion recovery experiment shown in Fig. 3 into the four 
lines (Lj O, L2 • ,  G i V, G 2 ▼) shown in the upper part 
of Fig. 4. Shown are the relative intensities of the four 
lines as a function of the recovery time x. These relative 
intensities are in very good agreement with each other, 
which proves, that there is only a single Tx time of 
1.36 ± 0.09 sec at 293 K in the lens.
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Fig. 6. The N M R line shape of the rabbit lens (same 
sample as in Fig. 3) registered after partial water freezing 
at 262 K. The line can be decomposed into a rather nar
row component of 6.6 ppm width centered at 5 ppm, 
which we attribute to the nonfreezable water and a 
broad component of about 80 ppm caused by the pro
tons from the frozen bulk water and protein protons.

Kh = Kc =0.08 (K /sec) 

cooling heating/

0 200 400 600 800 1000 1200 t (sec)

Experim enta l tim e

Fig. 7. A typical example of a calorimetri experiment on 
the rabbit lens. Shown are the temperature changes of 
the lens during a cooling/heating cycle. The temperature 
of the lens is registered as a function of the experimental 
time. Actual cooling and heating rates in the experiment 
were K c = K H = 0.08 K/sec.

process was also followed by calorimetry using the 

device described in Fig. 1. The experimental re

sults during a cooling-heating cycle are shown in 

Fig. 7. It is evident that undercooling of the lens is 

easy to achieve. After undercooling the lens to a 

given temperature, a sudden step to higher tem

perature occurs, caused by the crystallization of 

the water. After the crystallization is finished the 

temperature of the lens decreases again. On heat

ing the frozen lens, decrystallization (melting) of 

the water occurs at 272 K. We found experimen

tally that this temperature does not depend on the 

sample or the heating rate K h, contrary to the crys

tallization temperature, which strongly depends on 

the cooling rates K c. This is shown in Fig. 8  where 

the maximum undercooling (ie. start of crystalliza

tion) temperature for different cooling rates K c is 
presented. The inset in Fig. 8  shows, that the maxi

mum undercooling temperature depends approxi

mately linear on the cooling rate in this tem

perature regime. In other words, the maximum 

undercooling temperature is an experimental 

parameter which can be adjusted by the cooling 

rate and is not characteristic for the state of water 

in the lens.

Discussion

As a starting point we want to discuss the origin 

of the NM R lineshape of the lens shown in 

(Fig. 3). At a first glance, the shape of the line 

looks similar to the line observed in solid samples, 

where unaveraged dipolar interactions among the 

protons govern the spectrum. These interactions 

could arise from couplings among protein protons 

in the crystallins, because these crystallins are rela

tively immobilized at physiological concentrations 

(Beaulieu et al., 1988; Morgan et al., 1989). In the 

literature (Koenig et al., 1993; Belton and Gil,

1993) it has been discussed, that their lineshape is 

then transferred to both water and protein protons 

by - compared with 1 !TX - rapid magnetization 

transfer, which also exists at high fields. Following 

these ideas a single homogeneous line with com

plex line shape, characterizable by a exponential 

longitudinal and, in principle nonexponential spin- 

spin relaxation functions would be expected. To 

investigate this mechanism, spectral hole burning 

experiments (Bloembergen et ah, 1948) were per

formed on the lens (Bodurka, 1995), which have 

shown that the line is inhomogeneously broadened 

with a homogeneous line width much smaller than
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W °  C)
0 r-- ---r

Fig. 8. Results of rabbit eye lens calorimetri for four dif
ferent cooling rates K c  of: 0.20, 0.18, 0.16 and 0.13 K/ 
sec. Note the dependence of the maximum undercooling 
temperature r Max on K c  -The inset on the upper-right 
side of the figure shows, that this temperature TMax de
pends linear on the cooling rate K c .

the overall width of the lines. Therefore such a 

mechanism as proposed by (Koenig et al., 1993; 

Belton and Gil, 1994) can not account for the ob

served line shape of the rabbit lens.

Therefore the different spectral parts have to be 

attributed to different types of protons found in 

the lens and in the following we want to give an 

interpretation of the experimental spectra in terms 

of these types of protons . As stated above, we can 

crudely subdivide the protons into three sub

phases: protein-protons. protons of free water and 

protons of bound water. Since free water has the 

highest mobility of these proton phases, it should 

be associated with the most narrow line observed 

in the spectrum. Additionally this line should be 

close to the position of pure water (4.8 ppm TMS). 

Compared to this we would expect a broader line 

for the bound water due to the environmental ef

fects of the proteins and the broadest line for the 

protons directly bound to the proteins. If we com

pare this to the experimental finding, that the nar

row high field component of the spectrum changes 

to a very broad line during freezing of the lens.

we can clearly attribute this narrow component to 

the free (freezable) water. The low temperature 

spectrum , after partial freezing of the water, ex

hibits a line of about 2 kHz width on top of a 

broad socket of about 25 kHz. According to the 

literature typical proton line width of proteins are 

in the range of 20 kHz (Fyfe, 1983) as well as the 

proton NMR line width of frozen water (Pfeifer 

et al., 1976). Therefore we can attribute the 2 kHz 

line to the hydration (non freezable) water and 

the broad socket to the protein protons and the 

frozen water. Thus now we can assign the spectral 

regions of the high temperature spectrum of Fig. 3 

to the three proton phases. The narrow high field 

line originates from the bulk freezable water, the 

broader low field component originates from the 

hydration non freezable water and the protein 

protons form the socket of the spectrum, ranging 

over the whole spectral range. In general, effects 

of the bulk magnetic susceptibility will cause dif

ferent line positions for water molecules in the nu

cleus t)1N and the cortex ulc of the rabbit lens. In 

the line shape analysis described above, we could 

show, that the component of the free water is 

formed by two lorentzian lines and the component 

of the bound water by two gaussian lines. It is rea

sonable to attribute these lines to the free water 

of cortex/nucleus respectively to the bound water 

of cortex/nucleus.

Regarding the relaxation measurements, we 

have corroborated in the experiments described 

above the previous finding (Lerman, 1991; Gutsze 

et al., 1991) that rabbit eye lenses exhibit a single 

longitudinal relaxation time T\ but at least two dif

ferent transversal relaxation times T2a  and r 2B- 

We could corroborate the pronounced difference 

between the 7\ and the T2 -values, known as the 

socalled solid like behaviour of water in protein 

solutions. The presented experimental results 

allows us already some quantitative discussion in 

terms of a relaxation model as outlined above. The 

common Tx time shows, that on the time scale of 

T\ all protons are in the fast exchange regime, ie. 

Eqn. (2) is value. This fast exchange can be caused 

by chemical exchange between bound and free 

water, where fast molecular motions of the water 

molecules average out dipolar interactions among 

the protons and by cross relaxation between 

bound water and protein protons. In such situation 

for the rabbit lens one can expect to register a
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single spin-lattice T x and a single spin-spin T2 re

laxation time values given by (Pfeifer, 1972):

D _ 1  _ P a  (  I 1
7<k -  —  + P b \ T  + —

'  v * \  1 v B  '  vr

v = 1 , 2 - p A + p B =  1 .0 , p m <  p A, p B (2 )

where p „  1 /Tlv v = A, B, m are the fraction and 

relaxation rate of water protons in free, bound en

vironments and protein protons respectively.

Furthermore the two different 72-values show, 

that Eqn. (2) is not valid on the time scale of the 

spin-spin relaxation time. Therefore we can esti

mate, for the exchange rate of the protons in the 

eye lense k ex:

<s 7Y

In further experiments we will analysing the re

laxation rates in different parts of the lens and in 

a subsequent paper we want to discuss these find

ings in terms of a complete relaxation model of 

protons in the eye lense.

In summary, we could prove, as already sug

gested by other authors, that there are two types 

of water in the lens of rabbit eyes, bound unfreeza- 

ble hydration water and bulk freezable water. By 

N M R line shape analysis and relaxometry, we 

found evidence, that this two types of water exist 

in two different environments, which may be iden

tified as the nucleus and the cortex of the lens. The 

line shape analysis showed furthermore, that all 

four lines have a common spin lattice relaxation 

time (7\), but two different transverse relaxation 

times (T 2A and T2B). We could show that the ten

tative model of fast water exchange on the T x time 

scale and slow water exchange on the T2 time 

scale, as proposed (Gutsze et al., 1993) gives a con

sistent description of the experimental proton re

laxation data of the rabbit lens. Furthermore we 

could give an estimation for this exchange rate by 

comparing it to the relaxation times. Finally, it has 

been shown by a calorimetry, that the lenses can 

be easily supercooled to temperatures well below 

the freezing point of water and the achievable 

maximum undercooling temperature of the lens is 

a function of the cooling rate K c . Therefore, the 

maximum undercooling temperature has to be 

considered as an experimentally adjustable param

eter which is not characteristic for the investigated 

sample. Thus it must be noted that any previous 

discussions about the specific value of the temper

ature of water crystallisation in biological systems 

need to be carefully reconsidered.
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