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Raman spectra were obtained
from fresh, fixed and sliced rabbit lenses and from human lens
slices. For all lenses and lens slices the ratio R, defined as the Raman intensity
at 3399 cm-’
divided
by the Raman intensity
at 2935 cm-‘, was measured
at different
locations
along the
visual and equatorial
axis. The ratios R were transformed
to absolute water mass percentages
by
measuring
solutions
with known protein concentrations.
It was shown that fixation
and slicing
have very little effect on the absolute water content of the lenses. The values obtained
for the
absolute water content are comparable
to values given in literature.
It was also shown that the
water content in rabbit and human lenses rapidly
decreases from the immediate
anterior
and
posterior
subsurface
region to the deep superficial
cortex and is relatively
constant in the nucleus.
Raman microspectroscopy
appears to be a reliable method for the measurement
of the absolute
water content of small volumes
on defined positions
in the lens. This can be very useful when
analyzing
the possible relation
between local variations
in water content and the occurrence
of
opacities
in the lens.
Key words: cataract;
human ; lens ; rabbit ; Raman spectroscopy
; water content.

1. Introduction
Numerous
studies have been devoted to the relationship
between water content and
translucency
of eye lenses. It was proposed that the metabolic
activity of the lens is
mainly directed towards maintaining
normal hydration
(6665 %) and normal protein
synthesis (Lerman,
1984). It was proven that disturbance
of the water balance leads
to opacilication
(Maraini
and Mangili,
1973). The causal relation
between osmotic
imbalance
and turbidity
has been extensively
described,
e.g. for diabetic
cataract
(Chylack, Tung and Harding,
1986).
As senile or senescent cataract is a main threat for the lens making up 96% of all
cataracts,
the relationship
between lenticular
hydration
and aging is investigated
thoroughly
(Bours and Fodisch, 1986; Bours, Fijdisch and Hockwin,
1987 ; Lahm, Lee
and Bettelheim,
1985). It was shown that the total water content of normal human
lenses decreases with age. Not just the total water content but also the ratio between
protein-bound
(non-freezable)
and bulk (freezable) water is thought to be relevant for
the occurrence
of opacities
(Bettelheim,
Ali, White and Chylack,
1986). It was
suggested that syneresis, i.e. the transition
of bound to bulk water, is a main factor
in the aging process of normal lenses leading to opacification
(Lahm et al., 1985). Age
dependent
changes in lenticular
water content and local variations
in water content
have been investigated
(McEwan
and Farnsworth,
1987). It has been shown that the
cortex contains significantly
more water than the nucleus.
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Moreover,
systematic
morphological
studies of early cataractous
aging human
lenses (Willekens,
Kappelhof
and Vrensen, 1988) have shown that opacities first occur
in the deep superficial
equatorial
cortex and that upon progression
they extend
towards the anterior
and posterior
poles leaving the nucleus unaffected.
This may
indicate that the deep superficial
cortex is most vulnerable
for opacifying
insults in
the lenticular
fibers. It would
be interesting
to investigate
whether
cataractous
insults, as oxidative
stress (Spector, 1984), lead to fiber changes, and consequently
to
changes in the water content, or that a change in the water content of the superficial
cortex is a leading factor in the formation
of early cataractous
spots. To reach this
goal a precise local measurement
of water content is a prerequisite.
Water content
of eye lenses has been investigated
with differential
scanning
calorimetry
(Bettelheim,
Christian
and Lee, 1982; Nunnari,
Williams
and Powell,
1986), nuclear magnetic
resonance (Racz, Tompa and Pocsik, 1979), dynamic light
scattering
(Latin et al., 1987) and dry weight determination
(Bours and Fiidisch,
1986; Bours et al., 1987). Despite the refinements
of these methods and the restriction
of the measurements
to, e.g. cortical and nuclear parts of the lens, the disadvantage
of these methods remains the relatively
large volumes necessary for a measurement,
i.e. large relative to the cataractous
spots.
A non-destructive
method with the ability to measure very small volumes ( < l&6
~1) is Raman microspectroscopy
(Iriyama,
Mizuno. Ozaki, Itoh and Matsuzaki,
1982).
In studying
early cataractous
spots (f 1 mm diameter)
with
Raman
microspectroscopy
it can be advantageous
to use lens slices instead of intact lenses. In a
previous paper (Bot, Huizinga,
de Mul, Vrensen and Greve, 1988) the following
technical advantages
of using lens slices were pointed out.
(i) After irradiating
lens slices of old fluorescent
human lenses with laser light the
fluorescence is reduced so much that Raman spectra can be obtained. Formerly
it was
thought impossible
to record Raman spectra of old human lenses.
(ii) There is no deflection of the laser beam on the lens surface while measuring
in
the equatorial
cortex.
In order to make slices it is necessary to fix the lenses. Paraformaldehyde
is used
as a fixative. This has very little influence on the Raman spectra. Fixation
also has
the advantage of extending
the time available for Raman analysis, which is especially
useful for human lenses
The aim of the present study is to show that Raman analysis is a good method to
investigate
relative
water content of rabbit
and human lenses in small position
defined volumes. A second goal is to calculate the absolute water content at different
locations in rabbit and human lenses.

2. Materials
Rawmn

spectroscopic

and Methods

technique

All Raman spectra were recorded, as described earlier (Gijsbers et al., 1986), with a SPEX
1877B spectrometer, an EGkG PAR OMA III multichannel
detector,
an Olympus BSM
metal microscope and a Coherent model 52 Argon-ion laser with Innova tube emitting at
5145 nm. The effective entrance pupil in the plane of the entrance slit is 100 x 1566 pm. Peak
frequencies were calibrated in cm-’ by measuring lines of an Argon calibration
lamp, using
a cubic fit procedure. They are accurate to fl cm-‘. The sensitivity variation over the
multichannel
detector range was eliminated by using a correction curve.
Laser power at sample is 25 mW and resolution is 4 cm-‘. Waist diameter, focal depth and
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measured volume for the 20 x objective and 50 x objective are 5 ym. 1.0 mm, 170 x 10m3~1
and 2 pm, @1 mm, 3 x 1O-3 ,~l respectively.
A cuvette containing an intact lens in a phosphate buffered salt solution (PBS), pH 7.3 and
osmolarity 310 mOsmo1, was placed on the translation
stage of the microscope. The laser
beam was focused on different positions in the lens from the surface to the nucleus along the
visual axis. The 180” scattered Raman light was collected by the microscope objective and
focused on the entrance slit of the spectrograph.
Slices were put on an object glass in a drop of PBS to prevent drying. The slice was covered
with a @17 mm thick cover glass. A more detailed description of the measuring procedure has
been outlined in a previous paper (Bot et al., 1988).
Measurements in the intact lenses were carried out from the surface to @5 mm under the
surface with steps of @l mm with a 50 x objective. With a 20 x objective spectra were
recorded from 1 mm under the surface to the nucleus with steps of 1 mm. The slices were
measured with a 50 x objective.
Lens material
Four rabbit lenses were obtained from two 6-month-old
healthy Dutch belted rabbits
(2-6 hr post-mortem).
Once extracted, Raman spectra of the fresh lenses were measured
immediately.
After measurement
the lenses were fixed during one week in 1% paraformaldehyde
buffered with CO8 M cacodylate (pH 7.3, 310 mOsmo1). Then again Raman
spectra were recorded. Immediately
after these measurements slices of 1 mm were cut along
the visual axis with a razor blade and Raman spectra were recorded along the visual axis.
Seven clear human lenses were obtained from donor lenses varying from 3 to 46 yr of age.
The lenses were taken out of the eyes 6 to 16 hr post mortem. They were directly fixed in
paraformaldehyde.
For practical reasons it was not possible to obtain Raman spectra from
fresh human donor lenses. Before Raman analysis these lenses were sliced in order to
diminish the effect of fluorescence and to have access to the equatorial cortex. For these slices
Raman spectra were recorded both along the visual and equatorial axis.
Determination
of absolute water content
We can calculate the absolute water mass percentage
from the Raman spectrum.
The following
symbols are defined:
P: mass percentage
of protein
W: mass percentage
of water
mp : protein mass in a lens volume
m,: water mass in a lens volume
I, : Raman intensity
at 2935 cm-l due to CH stretch of protein
I,,: Raman intensity
at 3390 cm-’ due to OH stretch of water (The contribution
of
the protein to the OH band can be neglected).
From a Raman spectrum the ratio R = IJI,
was measured. It may be assumed
that, no, = a, .I, and m, = a2 .I,, where a, and a2 are constants dependent
on the
Raman differential
cross section of the protein
CH vibration
and the water OH
vibration
respectively.
Because the lens consists of .98% of water and protein it is
evident that :
P
-=
100%

P= m
m,+m,

alIp
a,Ip+a,Z,

1
=--l+A.R’

whereA

=5,
al

100%
thus ~
= l+A.R.
P
We determined
the value of A by measuring R from solutions with known protein
concentrations,
In this study, bovine serum albumin (purity g&6%) obtained from Sigma
was used. Concentrations
ranging from IO to 35% were measured. Higher concentrations
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FIG. 1. Inverse of the protein mass percentage as a function of the ratio R for crystallin and albumin
solutions. The straight line represents a first-order least-square polynomial that has been fitted to the
data points.

were excluded because of the limited solubility of albumin. Concentrations
lower than 10 %
were not included because the intensity of the CH Raman band of protein becomes so low
compared to the OH band of water that the error in the ratio R becomes too high. From the
spectra the ratio R was calculated and plotted against the inverse of the protein mass
percentage (100%/P).
The relation between 100%/P and R proved to be linear (Fig. I) as
was expected on account of formula (I). With a least-square analysis the value of A was
calculated. A control measurement was also made with a 25% solution of extracted and
lyophilized
rabbit lens crystallins
kindly provided
by Professor H. Bloemendal.
The
obtained value for the coefficient A is 2.8 with a standard deviation of @1. The ratios R found
for the rabbit and human eye lenses were converted to absolute water mass percentages
using :
w=

(1-h).

100%.

(2)

3. Results
Figure 2(b) shows the ratio R along the visual axis of four intact fresh rabbit lenses.
Figure Z(a) shows how this ratio was calculated
from the Raman spectrum.
The
background
was estimated according
to the dashed line in Fig. 2(a).
A slight difference between the lenses of the two rabbits can be seen. In the cortex
the two lenses of rabbit 1 show a smaller value for the ratio R than the two lenses of
rabbit 2. This must be due to an individual
variation
in water content’.
The absolute water content was calculated
along the visual axis in 4 intact fresh,
four intact fixed and four sliced rabbit lenses. The results are summarized
in Fig. 3.
The fresh, fixed and sliced rabbit lenses show a great similarity
in water content and
gradient.
The spreading in the data points (deviation
from a ‘mean curve ‘) is less for
the intact fixed lenses than for the fresh lenses.
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FIG. 2. (a) Raman
spectrum
of an intact
fresh rabbit
lens in the nuclear region.
Instrumental
conditions:
laser power at sample 25 mW, excitation
wavelength
514.5 nm, resolution
4 cm-‘, data
integration
time 60 sec. (b) The relative water to protein ratio R (Raman intensity
at 3399 cm-’ : Reman
intensity
at 2935 cm-‘) along the visual axis of 4 intact fresh rabbit eye lenses. The 4 lenses (+
x and
0. *) were extracted
from 2 rabbits.
AS: anterior
surface, PS: posterior
surface.

(a)

fresh

(b)

fixed-intact
I

(c)

fixed-slice

90
L6
!!

rabbit
*l-l

t

B

I

8

+
Ii
l

i!”

t
‘/

Ia
AS

1
I

a.
2

3

*
4

.I
5

6

10
7PS

1-11..
AS

I
Visual

Fm. 3. Comparison
(a). intact fixed rabbit
same as in Fig. lb.

2

3
axis

4
position

I
5

I
6

II
7PS

1.
AS

b
I

I.
2

3

L.,,,
4
5

6

7PS

(mm)

of the absolute water content along the visual axis for intact fresh rabbit lenses
lenses (b) and slices of fixed rabbit lenses (c). Symbols used in all 3 figures are the
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The error in W was calculated
by taking into account the estimated error in R only.
This resulted in an uncertainty
in W of f 2 %. The error in the determination
of the
calibration
curve (value of A) was not taken into account, because this is a systematic
error which will shift all found values of W by almost the same amount.
An
uncertainty
of 0.1 in the value of A will give an uncertainty
in W of about 1%.
The absolute water content of the rabbit lenses, as given in Fig. 3, is comparable
to values given by Hockwin,
Rast. Rink, Munninghoff
and Twenhiiven
(1978). For
rabbits G-8 months old, they reported
a water content, of about 69 and 50% in the
cortex and the nucleus respectively.
Figure 4 (a-g) shows the absolute water content along the visual axis of 7 human
lenses. The measurements
were all carried out with fixed lens slices. It can be seen that
there is a great variation
in water content among individuals.
When compared to the
results of the rabbit lenses it must be noted that the fall from high water content in
the cortex to t#he nucleus is gradual in the rabbit lenses and steep in the human lenses.
For 4 of the human lens slices, measurement8s
were also carried out along t’he
equatorial
axis. The results are give in Fig. 5.
In order to compare our results of the absolute water content of human lenses with
values given in literature,
the mean water content in the nucleus and in the (outer)
cort’ex was calculated.
For every lens the mean water content in the cortex was
calculated
as the mean of 12 values in the outer 05 mm of the lens (along the visual
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Fw. 5. Absolute water content along the equatorial
axis for four human lenses of different
age (aa).
The fixed lens slices, used for this measurement,
correspond
with those in Fig. 4. ES : equatorial
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axis). The mean water content in the nucleus was calculated
as the mean of three
values in the inner 1 mm of the lens (along the visual axis). The mean water content
in the nucleus and the cortex obtained for all 7 human lenses were averaged and the
result (+ S.D.) is shown in Table I. It is clear that, our results are in good agreement
with the values given in literature.
It must be noted that a mean water content for
the cortex has not much significance because, as can be seen in Figs 4 and 5, the cortex
is an area where a steep gradient
in water content exists. This gradient
may be
physiologically
more important
than the mean water rontent

TABLE

A survey of measurements

I

of the water content in human

lenses

Water content
(mass %fs.o.)

* Recalculated

Nucleus

Cortex

Fischer and Pettet (1973)
Bettelheim
et al. (1982)
Ringens et el. (1986)
Bows et al. (1987)*

63+3
61+7
65+1
65+2

69k4
64k.3
72k2
71+2

This study

65+4

69+4

results

of Van Heyningen

(1972).

The standard deviation in Table I is not a measure for the accuracy
used, but only represents
the individual
variation
in water content
human lenses. We believe our method has an accuracy in the absolute
W of about 3 % (2 % due to the uncertainty
in R and 1% due to the
A).

of the method
of the different
water content
uncertainty
in

4. Discussion
We correlated
the ratio R obtained
from the Raman spectrum with the absolute
water content using calibration
data obtained
with albumin
solutions.
We believe
that a calibration
curve obtained
with albumin solutions can be used for eye lenses
which contain LX-, p- and y-crystallins.
The reasons therefore are as follows.
(i) The data point obtained
for the rabbit crystalline
solution is in line with those
found for albumin
(Fig. 1).
(ii) The difference
between
albumin
and crystallins
is the value of a,, which
depends on the Raman differential
cross section of the CH vibration
(2935 cm-‘) per
mass unit protein. For a great number of proteins this value is almost constant.
The fresh, fixed and sliced rabbit lenses show a great similarity
in the water content
and gradient
(Fig. 3). This provides
evidence
for the fact that neither
paraformaldehyde
nor slicing influence the water content greatly.
Previously
it was shown (Bot et al., 1988) that fixation
with paraformaldehyde
and slicing do not influence the Raman spectra. It must be concluded
that the mean
water content in the fixed and sliced lenses in the outer cortex (from &@4 mm) is
slightly
higher than in the fresh lenses. Probably
the outer cortex swells in the
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fixative. This may also account for the fact that a very small peak of cacodylate
at
608 cm-’ can be seen in the spectra of the outer cortex (CO-4 mm) of fixed lenses.
Deeper in the lens this cacodylate
peak cannot be detected.
It is striking that the water content in the intermediate
zone (deep cortical) of the
human lenses is lower than in the central nucleus. This phenomenon
has not been
mentioned
so far. We cannot explain the reason for this finding, but it may be noted
that in morphological
studies (Willekens
et al., 1988) early precataractous
spots are
found particularly
in this intermediate
zone. Perhaps there is a relationship
between
the physiological
low water content in this zone and early precataractous
spots. This
remains an interesting
question for future studies. The cortex especially shows a great
variation
in water content per location. A rapid decrease in water content from the
outer cortex to the inner cortex may reflect the process of maturation
of the young
lens fibers in this region.
In the equator the water content seems to be higher than in the anterior or posterior
cortex. This may also be related to the maturation
and differentiation
of the newly
formed fibers. The water content does not decrease as rapidly as in the anterior
or
posterior cortex. This again stresses the necessity to make strictly local measurements.
The present paper clearly
shows that Raman
microspectroscopy
allows the
measurement
of local variations
in absolute water content of eye lenses. It has also
shown that fixation
with paraformaldehyde
and subsequent
slicing only slightly
affects the water content of lenses and the local distribution.
For several reasons this
is especially important
for human lenses: (a) as outlined
in a previous paper, reliable
spectra of human lenses above the age of 20 yr can only be obtained after slicing and
pre-irradiation
(Bot et al., 1988) and (b) limited availability
of human lenses. The
local variation
in absolute water content, as illustrated
in the present paper, may be
an important
clue for the etiology
of osmotic and senile cataractous
turbidities.
Differential
scanning
calorimetry,
nuclear magnetic
resonance
and dynamic
light
scattering
do not allow such precise local measurements
of water content. The dryweight/frozen
sections technique
of Bours et al.. (1987) also enables more or less
precise local measurement
of the water content of lenses. The results of these authors
on human lenses are largely comparable
with the present Raman measurements.
It is
rat’her unlikely,
however, that the dry-weight/frozen
sections technique
allows the
analysis
of the water
content
of small ( < 1 mm) opaque
turbidities
in early
cataractous
lenses.
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