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We have compared the protein profiles in plaques and tangles in the hippocampus of post-mortem
Alzheimer brains and in opaque and clear regions in the deep cortex of eye lenses of the same donors.
From the 7 Alzheimer donors studied, 1 had pronounced bilateral cortical lens opacities, 1 moderate and
5 only minor or no cortical opacities. We focused on beta-sheet levels, a hallmarking property of
amyloid-beta, the major protein of plaques and tau protein, the major protein of tangles in Alzheimer
brains. Confocal Raman microspectroscopy and imaging was used in combination with hierarchical
cluster analysis. Plaques and tangles show high levels of beta-sheets with a beta-sheet to protein ratio of
1.67. This ratio is 1.12 in unaffected brain tissue surrounding the plaques and tangles. In the lenses this
ratio is 1.17 independently of the presence or absence of opacities. This major difference in beta-sheet
conformation between hippocampus and lens is supported by Congo red and immunostaining of
amyloid-beta and tau which were positive for plaques and tangles in the hippocampus but fully negative
for the lens irrespective of the presence or absence of opacities. In line with a previous study (Michael
et al., 2013) we conclude that cortical lens opacities are not typical for Alzheimer patients and are not
hallmarked by accumulation of amyloid-beta, and can thus not be considered as predictors or indicators
of Alzheimer disease as claimed by Goldstein et al. (2003).

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In previous papers Goldstein et al. (2003) and Moncaster et al.
(2010) described accumulation of amyloid-b (Ab) in supra-nuclear
(cortical) cataracts of patients with Alzheimer disease (AD) and
Down syndrome. They conclude from these studies that “The pro-
cess (i.e. the accumulation of Ab) that’s going on in the brain is also
going on in the eye”, cited by Gardner (2005). Since then non-
invasive in vivo ophthalmological methods (quasi-elastic light
scatter and fluorescence ligand screening) have been developed by
Goldstein and coworkers to identify the presence of Ab in cortical
cataract and advocate its presence as an (early) predictor of AD
(Goldstein, 2008; Grohol, 2009).
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Because of the paramount clinical importance of this conclusion,
we decided to study a large population of cortical cataracts in
Alzheimer and non-Alzheimer donors to verify the presence of Ab
in human cataract lenses. Based on histochemical (Congo red and
Thioflavin-S staining) and immunohistochemical (Ab antibody
clone 6F/3D) evidence we came to a conflicting conclusion: full
absence of Ab in cortical cataracts in AD and non-AD donors
(Michael et al., 2013). In contrast with the Goldstein et al. (2003)
and Moncaster et al. (2010) studies we included in our study
frontal cortex sections from brain donors with Alzheimer disease as
positive controls. The brain slices showed strong positive Congo red
staining with a red-to-apple green shift (birefringence) under
polarized light, Thioflavin-S fluorescence and positive immuno-
staining. We discussed this discrepancy at length and have read-
dressed the question of Ab in the lens in the present study.

The neuropathology of Alzheimer disease is hallmarked by the
presence of amyloid-b plaques and neurofibrillary tangles in the
cerebral cortex and hippocampus. As recently reviewed by
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Table 1
Lens opacity findings, donor information and AD classification.

Donor
number

Lens circumference
affected by cortical opacitya

Extension of cortical opacity
towards the optical axisb

Nuclear cataractc Age Sex AD classification neurofibrillary
tanglesd

AD classification
neuritic plaquesd

311a XXXXX XXXXX 1 80 f V C
311b XXXXX XXXXX 1
321a XX XX 2 63 f V C
321b XX XX 2
316b XX XX 4 91 f VI C
316a X X 4
305a X X 6 91 m VI C
305b 0 0 6
326a 0 0 4 81 m VI C
326b Not available
308a 0 0 1 79 f IV B
308b 0 0 1
330a X X 2 78 f V B
330b Not available

Cases collected between May and December 2011.
Hippocampus tissue received from donors 311, 316 and 321.
m: male; f: female.

a Degree of lens circumference affected by cortical opacity: 0% ¼ 0; 1e20% ¼ x; 21e40% ¼ xx; 41e60% ¼ xxx; 61e80% ¼ xxxx; 81e100% ¼ xxxxx (100% means entire lens
circumference affected.).

b Extension of the cortical opacity towards the optical axis is expressed as smallest diameter of a theoretical pupil where the cortical opacity would be visible inside the
pupillary area: no cortical opacity ¼ 0; 8.1e10 mm ¼ x; 6.1e8.0 mm ¼ xx; 4.1e6.0 mm ¼ xxx; 2.1e4.0 mm ¼ xxxx; 0e2 mm ¼ xxxxx.

c Nuclear cataracts graded in a combined scale for opacity and coloration scales from 0 to 10.
d AD classification from brain autopsy, based on neurofibrillary tangles (stages IeVI) according to Braak et al. (2006), and based on neuritic plaques (scores AeC) according to

Mirra et al. (1991).
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Friedman (2011) the pathological accumulation of Ab in the brain is
due to the enzymatic cleavage by a, b and g secretases of Ab pep-
tides from the amyloid precursor protein (APP). Most common are
the Ab1e40 and Ab1e42 peptides against which most of the immu-
nohistochemical antibodies are raised. These monomeric peptides
are normally broken down by the ubiquitin-proteasome pathway
or by phagosomes and lysosomes (Forman et al., 2004). In old age,
however, this breakdown is inhibited and the monomeric peptides
tend, for unknown reasons, to aggregate to oligomers and even-
tually to polymers which form amyloid fibrils. These fibrils are
molecularly characterized by their regularly aligned b-pleated
sheet configuration and form the main components of the plaques
in AD. Tau is a neuronal microtubule-associated protein whose
expression is strongly up-regulated during neuritogenesis (von
Bergen et al., 2006). Upon aging the originally unfolded random
coil tau protein is altered by several processes and forms fibrils with
a regularly aligned b-pleated sheet configuration (von Bergen et al.,
2005). The tau fibrils, localized in the neuronal cytoplasm, are the
main components of the tangles which, as the Ab plaques, obstruct
the normal function of the neurons involved.

Althoughmost proteins, including lens crystallins, have b-sheets
as part of their molecular conformation, the Ab peptides in plaques
and tau in tangles in AD brains are hallmarked by a high occurrence
of these b-sheets (Koudinov et al., 1999) which are present as fibrils.
In the present study we have analyzed the molecular conformation
of the proteins in plaques and tangles in the hippocampus of
neuropathologically verified Alzheimer donors and in the lenses of
the same donors using Raman microspectroscopy and imaging.
Raman microspectroscopy is a sensitive quantitative analytical
method to detect specific molecular conformational bonds in pro-
teins. The protein amide bands in the spectral fingerprint regions
around the vibrational bands 1250 cm�1 (Amide III) and 1670 cm�1

(Amide I) reflect the presence and the amount of a-helical and b-
pleated sheet conformations in proteins and thus are appropriate to
analyze possible differences between Ab in AD plaques and the
crystallins in the eye lens. In previous studies in human lenses we
have shown that the method indeed enables detection of local
conformational changes in proteins and lipids and in water content
and of local accumulations of these macromolecules. The use of a
confocal scanning Raman set up further enables the imaging of
these changes and to correlate them with local differences in the
(ultra)structure of the lenses but also in individual cells and other
tissues (Duindam et al., 1998; Siebinga et al., 1991, 1992;
Uzunbajakava et al., 2003a; Uzunbajakava et al., 2003b; van
Manen et al., 2008).

Apart from a monolayer of epithelial cells at the anterior pole
and developing fibers in a small equatorial zone the lens is a ho-
mogenous tissue mainly consisting of mature fibers filled with a
high density (30e40%) of specific proteins (mainly a, b and g
crystallins) surrounded by membranes. In the vast majority of
mature lens fibers organelles are absent. This means that Raman
imaging over extended areas in several regions of the eye lens
tissue enables to draw conclusions on the local differences in pro-
tein content andmolecular conformation. In contrast, brain tissue is
a rather in-homogenous tissue with neuronal, astrocytic, oligo-
dendrocytic and microglial cell bodies, vessels, and neuropil con-
sisting of dendrites, axons and cellular processes of glial cells.

The aim of this study was to analyze the differences between
hippocampus and lens regarding the hallmarking b-sheet config-
uration of Ab. In order to observe potential local differences in brain
tissue, we adopted Raman imaging. In the case of plaques and
tangles, which are mostly smaller than the imaged area, specific
Raman information related to the chemical compositionwill reflect
structural information based on Raman contrast. The extensive
Raman data sets typically consisting of 4096 spectra from areas of
900 mm2 were analyzed with hierarchical cluster analysis (HCA).
This method combined with Raman imaging data matrices visual-
izes regions in the tissues with high Raman spectral similarities. For
a correct comparison between lens and brain tissue we have used
HCA applied to data sets of both tissues.

2. Material and methods

Brain and eye tissue from seven donors was provided by the
Neurological Tissue Bank of the Biobank-Hospital Clinic-IDIBAPS
(NTB-IDIBAPS), Barcelona in collaboration with the Banco de Ojos
para Tratamientos de la Ceguera, Barcelona. Written informed
consent for removal of the brain and the eyes for diagnostic and



Fig. 1. Dark field images of 3 lenses and the hippocampus tissue of the same donors. The location of the samples analyzed by Raman are indicated.
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research purposes were obtained from patients and/or relatives.
The research adhered to the tenets of the Declaration of Helsinki on
research involving human subjects.

Neuropathological studies of the seven donors were performed
at the NTB-IDIBAPS, Barcelona. AD staging was based on neuro-
fibrillar pathology according to Braak et al. (2006) with stages
ranging from I to VI and on neuritic plaque score according to
CERAD (Mirra et al., 1991) ranging from A to C (Table 1). For this
study, hippocampus from 3 donors and lens tissue from all 7 donors
were used.

Cortical cataracts were graded for percentage of lens circum-
ference affected by cortical opacities and their extension from the
lens periphery towards the optical axis. Nuclear cataracts were
graded in a combined scale for opacity and coloration on a scale
between 0 and 10. The grading was performed by three different
ophthalmologists, and the mean values are given in Table 1.

Lenses were analyzed about 900 mm below the lens capsule,
where the cortical opacities are usually located (Michael et al.,
2008), and the hippocampi were measured in the CA1 regions
(Fig. 1). Lens and hippocampal tissue were fixed in 4% para-
formaldehyde in 0.08 M cacodylate buffer (pH 7.3) for maximal one
week and then stored in 0.2% paraformaldehyde in 0.08 M caco-
dylate buffer (pH 7.3) for 5 weeks. One lens half and a piece of the
hippocampus was embedded in paraffin and cut in 8 mm thick
sections. The sections were stained with Congo red according to
Puchtler (Bely and Makovitzky, 2006) and for amyloid-b immuno-
histochemistry with mouse monoclonal amyloid-b antibody at a
dilution 1:50 using clone 6F/3D (NCL-B-Amyloid, Novocastra Labs,
Leica Microsystems, Wetzlar, Germany) (Michael et al., 2013).
Remaining lens and hippocampal tissue were cut with a Vibratome
(Leica 1000S) in slices of 500 mm thickness for the lens and of 50 mm
thickness for the hippocampus at the same time and stored in PBS
for Raman analysis. Raman analysis was carried out within one
week after slicing.

Non-resonant Raman spectroscopy and imaging experiments
were performed on a previously described laser-scanning confocal
Ramanmicrospectrometer (Pully et al., 2010). The system consist of
a Krypton laser (Innova 90-K; Coherent, SantaClara, CA,
lexc647.1 nm), an upright microscope BX41 from Olympus with an
objective Olympus, Plan Apochomat, 40�, 0.95NA, coverslip cor-
rected for illumination of the sample as well as for collection of
Raman scattered photons. The home-built spectrograph was opti-
mized for broadband (þ20 to �3670 cm�1) high-wave number-
resolution (1.85e2.85 cm�1/pixel) Raman microspectroscopy. Im-
aging experiments were performed by raster-scanning the laser
beam over a region of interest with a step size of approx. 0.5 mm
(30� 30 mmcontaining 64� 64 spectra) with a dwell time per pixel
of 50 ms. A full image of each area was thus acquired in w205 s
with a laser power of 35 mW. The measured Raman data were
corrected by standard procedures for cosmic ray removal and of
pixel-to-pixel variation versus a calibrated light source. Noise in the
resulting 3D (spatial � spatial � spectral dimension) data matrix of
4096 spectra times 1600 frequencies was reduced by singular value
decomposition (Uzunbajakava et al., 2003a). In three areas of the
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Fig. 2. Uncorrected Raman spectrum from hippocampus (bold red line). The points
used for background correction are indicated. The thin line represents the spectrum
corrected for background. Raman peaks indicated: 2935 cm�1 CH-stretch of proteins
and 3390 cm�1 water used for protein normalization and estimation of protein
concentration.
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lens tissue and three areas of the corresponding hippocampal tis-
sue of seven donors Raman data sets were acquired totaling alto-
gether more than 172 thousand (42 � 4096) Raman spectra.

Hierarchical cluster analysis (HCA) was performed on Raman
imaging data matrices to visualize regions with high Raman spec-
tral similarities within the 30 � 30 mm samples. In the cluster
analysis routine scores derived from principal component analysis
were taken as input variables, squared Euclidean distances were
used as distance measure, and Ward’s algorithm was employed to
partition Raman data sets into clusters (van Manen et al., 2005). In
the present study we have chosen 4 levels cluster analysis since it
most clearly visualizes the local differences in the hippocampal
slices. Four different colors were assigned to these 4 clusters.

Background Raman signal was removed by subtracting a linear
function. For the so-called fingerprint region (700e1800 cm�1), this
function was obtained by a linear fit through the intensity at
800 cm�1 and at 1830 cm�1. For the high frequency region (2700e
3700 cm�1), this function was obtained by a linear fit through the
intensity at 2440 cm�1 and at 2770 cm�1 (Fig. 2). Protein concen-
tration was calculated according to Huizinga et al. (1989) from the
background corrected ratio of the Raman peaks at 3390 cm�1

(water) and 2935 cm�1 (CH-stretch of proteins). Protein and lipid
conformations were analyzed in the fingerprint region after back-
ground correction and normalization for protein content. The
objective of this study was the analysis of the difference between
hippocampus and lens regarding the hallmarking b-sheet config-
uration of Ab. For this reason we used the ratio of the Amide I peak
at 1668 cm�1 (b-sheet) and the protein/lipid peak at 1450 cm�1 as a
relative measure of the b-sheet content.

3. Results

Donor characteristics and AD staging are summarized in Table 1.
From the 7 Alzheimer donors studied, 1 had pronounced bilateral
cortical lens opacities, 1 moderate and 5 only minor or no cortical
opacities. Immunohistochemical and Congo red observations on
the lenses and hippocampi studied (Fig. 3) corroborated the ob-
servations described earlier (Michael et al., 2013). The lenses were
characterized by the absence of Ab immunostaining in cataractous
and non-cataractous cortical regions of the post-mortem donors
with Alzheimer disease. In line with previous observations in the
frontal cortex of AD brains, hippocampal sections showed con-
gophilic and Ab positive structures representing amyloid plaques,
and tau positive and partially congophilic neurofibrillary tangles
(Michael et al., 2013).

In Fig. 4 the results of the 4-cluster analysis of 3 hippocampal
slices and 3 deep cortical regions of the lenses of the same AD
patients are shown (Fig. 4). The cluster spectra are shown for the
fingerprint region (700e1800 cm�1) and the high frequency region
(2700e3700 cm�1). The white light gray scale images and false
color coded images of the fingerprint region are shown annex to the
spectra. Nearly identical fingerprint spectra over thewhole scanned
area were characteristic for lenses with minor intensity differences
in the 4-clusters (Fig. 4). This means that the cluster based color
coded images of the lenses reflect only minor differences in local
protein conformation and/or protein content. This was confirmed
by calculating difference spectrawhich revealed that the changes in
the optical spectra were not related to Raman resonances but were
due to baseline variations which may result from spatial variations
of fluorescent minority species in the sample. The results of the
other 4 lenses studied (not shown) were very similar irrespective of
the presence or absence of opacities. The high frequency spectra
also showed a great similarity between the 4 clusters within the
individual lenses indicating that there are only minor local differ-
ences over the scanned area in protein and water content: peaks at
2935 cm�1 (CH-stretch of proteins) and 3390 cm�1 (water)
respectively. The spectra from the cluster analysis in the high fre-
quency range (2700e3650 cm�1) of the hippocampal slices (Fig. 4)
revealed that in the scanned areas there were components with
substantially different 2935 cm�1/3390 cm�1 ratios. For the red and
black spectra this ratio is close to that in the lens slices. The blue
and green spectra have much lower ratios indicating that these
areas have much lower protein. The color coded images show that
these high protein areas are well delineated suggesting they are
reflecting specific high protein features in rather homogenous re-
gions with low protein content. The most likely, if not only, can-
didates for these high protein features are the plaques and tangles
common in the hippocampal slices as seen in Fig. 3D.

Since we are not yet able to distinguish between plaques and
tangles wewill use the term “feature” for these high protein regions
in this paper. In some instances the location of the features can be
traced back in the white light images (v). In the fingerprint region,
the hippocampal slices show remarkable peak differences with the
lens and additionally remarkable high background signals in the
high protein regions (red and black spectra). In the low protein
regions (green and blue) the Raman signal is low and only small
peaks for protein and lipids at 1450 cm�1 and amide I at 1668 cm�1

are seen. In the high protein features the intensity of the peaks at
1450 cm�1 and the 1668 cm�1 are more pronounced. A difference
between the lens spectra and hippocampal feature spectra is the
substantial higher intensity of the 1668 cm�1 as related to the
1450 cm�1 peak in the hippocampus. Because the amide I peak at
1668 cm�1 reflects the b-sheet configuration of proteins it can
tentatively be concluded that the feature regions must contain
proteins with a substantially higher b-sheet content than the sur-
rounding tissue and also higher than in the lens.

Another striking difference between lens spectra and hip-
pocampus feature spectra is the absence of well-defined peaks
in the hippocampus fingerprint spectra. This may be partly due
to the high background in the hippocampus features. When
corrected for background the difference remains pronounced
(Fig. 5). Striking are the absence of the tyrosine (Ty) and tryp-
tophan (Tr) peaks between 750 and 900 cm�1 and between 1550
and 1625 cm�1 and the low phenylalanine peak at 1002 cm�1.
For full details of Raman assignments the reader is referred to
the general Raman literature on this and to the lens papers by



Fig. 3. Examples of tissue slices from lens (A) and hippocampus (B) as prepared for histology and Raman microscopy. Location of the sites for Raman analysis is indicated in red
squares. Bright field images of lens and hippocampus sections after immunostaining (C, D), Congo red staining of lens and hippocampus sections in bright field (E, F) and cross-
polarized light (G, H) microscopy. Arrows in the lens sections indicate a triangular structure as frequently seen inside cortical opacities (A). The same structure is seen in the
histological section, indicating that the studied area is indeed covering the region with the cortical opacity (C, E, G). Some dust particles are purposely left (G) to show that the
polarizer setting was indeed in the position to produce apple-green birefringence. Scale bar represents 500 mm (A), 5000 mm (B) and 100 mm (CeH); ep ¼ epithelium, co ¼ cortex,
n ¼ nucleus.
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Siebinga et al. (1991, 1992). Since lenses and hippocampal fea-
tures have a comparable protein content this difference must be
either due to conformational differences in proteins or to un-
known molecular interactions in the hippocampus features
influencing the Raman signals.

A striking observation in the cluster data presented in Fig. 4 is
that hippocampus features (spectra in red and black for 311H, 321H
and 316H) have substantially higher amide I bands around
1668 cm�1 than the surrounding brain tissue and the lens indi-
cating that the hippocampus features might have substantially
higher b-sheet contents. The mean of all 4096 spectra was taken for
the lens and the mean of the spectra corresponding to the features
in the hippocampus (highest spectra in red in Fig. 4) and the mean
of the surrounding tissue (lowest spectra in blue). Raman back-
ground was removed and the spectra were normalized to the
protein peak at 2935 cm�1 which exclusively reflects the CH-
stretch of proteins.

In Fig. 6 (upper part), the averaged normalized spectra of hip-
pocampus features and surrounding tissue are compared. The dif-
ferences are substantial. In Table 2 we have summarized the



Fig. 4. Hierarchical 4 cluster analysis in the fingerprint (700e1800 cm�1) and high frequency (2700e3700 cm�1) Raman shift region of three lens slices (left panels 311L, 321L, 316L)
and three hippocampal slices (right panels 311H, 321H, 316H) of the same post mortem donor. A white light gray scale image of the Raman scan area is given at the upper right of
each Raman spectra diagram. A color coded image of the Raman scan area is given at the lower right of each Raman spectra diagram. The colors were assigned from the cluster
analysis, which grouped all 4096 local spectra into 4 groups according to similarities. Therefore, the colors reflect local differences in Raman spectra across the scan areas. For
instance, the red Raman spectra is found at locations colored in red, the black Raman spectra is found at locations colored in black, and so forth. Note that the color shifts in the lens
slices only reflect minor differences in Raman intensity. In the hippocampus small islands with high Raman intensity (red and black) are surrounded by regions with low Raman
intensity (green and blue). These islands can be traced back in the white light images (indicated with an arrow head). The scanning area size is 30 � 30 mm and their location inside
the tissue is given in Fig. 1.
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relative b-sheet content (1668/1450 cm�1 ratio), the water/protein
ratio (3390/2935 cm�1) and the protein content of the 3 individual
hippocampus samples and of the 7 lenses. The ratios of 1668 cm�1/
1450 cm�1, reflecting the b-sheet content, are substantially
different; 1.67 for the features and 1.12 for the surrounding tissue.
The protein content, calculated according to Huizinga et al. (1989)
from the 3390/2935 cm�1 ratio, is 33.2% and 13.7% respectively
(Table 2). In Fig. 6 (lower part), the averaged normalized spectra for
hippocampus features and lens deep cortical sites are compared
and reveal 1668 cm�1/1450 cm�1 ratios of 1.67 and of 1.17
respectively. The averaged protein contents are 33.2% and 34.1%
respectively. Further notice that after correction for protein using
the 2935 cm�1 peak the low frequency peaks at 1450 cm�1 for
hippocampus features and the lens are not identical. This is in line
with common Raman knowledge that the 1450 cm�1 peak in
addition to protein also reflects lipid components. The peak height
difference between hippocampus feature and lens is about 2 indi-
cating that the features may contain 50% lipid components.

4. Discussion

In this study, we have compared the b-sheet content in human
lens and hippocampus material from brain donors with neuro-
pathologically confirmed Alzheimer disease using confocal Raman
microspectroscopy. We observed a much more pronounced in-
tensity difference between the protein and b-sheet peak in the
hippocampal plaques and tangles than in the lens. Moreover, in the
deep cortical lens regions (clear or opaque) there proved to be no
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Fig. 5. Representative single Raman spectra in the fingerprint region taken from the
cluster analysis of donor 316 (Fig. 4). The red line is the spectrum of the large hip-
pocampal feature (cf. Fig. 4: 316H) and the blue line of the lens. Both spectra are
corrected for background. Note the well-defined peaks in the lens and the undefined
spectrum of the hippocampus except for the protein/lipid peak at 1450 cm�1 and the
amide I peak at 1668 cm�1. For clarity the spectra are shifted with respect to intensity.
Raman peaks indicated: 1002 cm�1 and 1030 cm�1phenylalanine, 1235 cm�1 Amide III
(a-helix/b-sheet), 1450 cm�1 Protein/Lipid (CH2/CH3), 1668 cm�1 Amide I (b-sheet), Tr:
tryptophan, Ty: tyrosine.
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difference in the 1668 cm�1/1450 cm�1 ratio (or b-sheet content of
proteins) between lenses with or without opacity indicating that
cataract changes are not accompanied by changes in b-sheet
configuration of the crystallins.

In a previous study using classical staining procedures for Ab, i.e.
Congo red, Thioflavin-S and an antibody against Ab1e42, (Michael
et al., 2013) we found also no signs of staining in supranuclear
(cortical) cataracts of post mortem donors with AD, and were thus
unable to confirm the observations of Goldstein et al. (2003) that
cataractous supranuclear regions in lenses of AD donors contain
substantial amounts of Ab.

As outlined in the introduction plaques and tangles in hippo-
campus and cerebral cortex of AD brains are hallmarked by accu-
mulation of oligomers and fibrils of Ab and tau protein respectively.
These protein species are molecularly characterized by an abun-
dance of regularly organized b-pleated sheets in parallel and anti-
parallel orientation (around 58%, (Koudinov et al., 1999)). There is
ample evidence (Frid et al., 2007; Prento, 2009) that Congo red and
Thioflavin-S intercalate with parallel and anti-parallel oriented b-
pleated sheets. This specific interaction is responsible for the dense
staining of the fibrils in plaques and tangles in AD brains. For this
reason Congo red and Thioflavin-S are used as classical stains for
the neuropathological diagnosis of AD. Fourier transform infrared
spectroscopy (FTIR) (Lamba et al., 1993) and circular dichroism
(Mills et al., 2007; Siezen and Argos, 1983) revealed that isolated a,
b and g-crystallins, forming the most abundant proteins in the lens,
fold predominantly in b-pleated sheets (41e68%) and have few a-
helical domains (5e12%). It further proved that the a and g crys-
tallins have substantial high amounts of turns of 19e26% and b-
crystallin even up to 40% giving the crystallins a stable tertiary
structure (Lamba et al., 1993). In situ the b-sheet amounts of the
crystallins is substantial higher (75%) due to differences in protein
composition and packing due to the high protein content (30e35%)
of the main lens body (Lamba et al., 1993). There is ample evidence
that under non-physiological conditions b and g-crystallins can
form fibrils in vitro (Fatima et al., 2010; Meehan et al., 2004; Moran
et al., 2012;Wang et al., 2010). The Crygbnop mutant of g-crystallinis
forms fibrils in vivo in the cell nuclei of primary lens fibers in early
development (Sandilands et al., 2002). Papanikolopoulou et al.
(2008) showed that in vitro formed g-crystallin fibrils stain posi-
tive with Congo red. This implies that the lens crystallins, Ab and
tau protein have comparable properties regarding abundance of b-
pleated sheets and their ability to form fibrils. However in vivo no
signs of fibrils have been found in the cortex and nucleus of aging
human lenses (Al-Ghoul et al., 1996; Al-Ghoul and Costello, 1996).
This explains why in lens sections no Congo red or Thioflavin
staining is observed despite the presence of substantial amounts of
b-sheets.

Raman microspectroscopy is a sensitive quantitative analytical
method to detect specific molecules and conformational bonds in
proteins, lipids and other macromolecules. Peaks and bands in the
region between 700 and 1800 cm�1 are rather characteristic for e.g.
proteins, lipids, DNA and cholesterol (Bergner et al., 2012). In view
of the b-sheet hallmarking of Ab, tau protein and crystallins, the
fingerprint peak around 1668 cm�1 (Amide I) is of special interest
since it reflects the presence of b-sheet conformations in proteins.
The band around 1450 cm�1 reflects the CH- vibration mode of
proteins and lipids and can be considered as a good relative mea-
sure for the protein and lipid content of a tissue. Since lens fibers
are mainly composed of proteins and have a remarkably low overall
lipid content of about 4% in the cortex and about 2% in the nucleus
(Li et al., 1985) the 1450 cm�1 peak actually reflects the protein
content of lens fibers. Therefore the 1668 cm�1/1450 cm�1 ratio can
be considered as a reliable estimate of the relative contribution of
b-sheets to the structure of the crystallins. For plaques and tangles
in the brain the situation is different since studies have shown that
plaques contain in addition to Ab and tau fibrils an about equal
amount of cholesterol and lipids (D’Errico et al., 2008; Panchal
et al., 2010). The 2935 cm�1 peak only reflects the CH stretch of
proteins. The observation that the 1450 cm�1 peak is nearly twice
as high in the hippocampal features than in the lens, when cor-
rected for protein content using this 2935 cm�1 peak, corroborates
the high lipid and cholesterol content of plaques and tangles.
Additionally to these differences, we see that brain tissue exhibit a
considerable amount of background (Fig. 4: 311H, 321H 316H). This
has been earlier observed by Hanlon et al. (1999) who termed it
brain tissue auto-fluorescence. Interestingly we note that an in-
crease in the amplitude of the hippocampus tissue auto-
fluorescence correlates with the location of the features.

As described under results the cluster analysis reveals that the
intensity difference between the protein and b-sheet peak is much
more pronounced in the hippocampal plaques and tangles than in
the lens. When corrected for auto-fluorescence background and
protein content (Fig. 6) the ratio 1668 cm�1/1450 cm�1 can be
considered as an estimate of the relative differences in b-sheet
content of proteins in hippocampal features and lens. In the lens
the mean 1668 cm�1/1450 cm�1 ratio is 1.17 and in the hippo-
campal plaques and tangles 1.67. In view of the presence of
cholesterol and lipids in the plaques and the fact that cholesterol
has a 1668 cm�1/1450 cm�1 ratio of 0.50e0.55 (Baraga et al., 1992;
Bergner et al., 2012) and the lipid triolein of 0.56 (Baraga et al.,
1992) the value of 1.67 for the hippocampal features is an under-
estimation of the real relative contribution of Ab to the b-sheet ratio
of plaques and tangles. If we conservatively take a content of
cholesterol and lipids in plaques and tangles of about 50% (previous
paragraph) and a mean 1668 cm�1/1450 cm�1 ratio of 0.55 for lipid
and cholesterol, the relative b-sheet contribution of these latter
molecules to the b-sheet ratio in the features is 0.5 � 0.55 ¼ 0.275.
The contribution by the proteins is therefore 1.67e0.275 ¼ 1.395.
However the proteins, mainly Ab, make up only 50% of the features.
In case the features would consist of Ab only the 1668 cm�1/



Table 2
Beta-sheet configuration and protein content in the deep lens cortex and in the hippocampus features and surroundings.

Donor b-Sheet/protein ratio Protein/water ratio Protein content (%)a

Lens H-feature H-surround Lens H-feature H-surround Lens H-feature H-surround

311 1.16 1.89 1.07 0.68 0.52 3.11 34.4 40.7 10.3
321 1.08 1.59 1.09 1.26 1.28 2.77 22.1 21.8 11.4
316 1.11 1.49 1.21 0.56 0.60 1.50 39.0 37.3 19.2
305 1.21 0.69 34.2
326 1.22 0.81 30.6
308 1.18 0.63 36.1
330 1.18 0.48 42.8
Mean � SD 1.17 � 0.05 1.67 � 0.21 1.12 � 0.07 0.73 � 0.26 0.80 � 0.42 2.46 � 0.85 34.1 � 6.6 33.2 � 10.0 13.7 � 4.9

For the lens the overall mean of the b-sheet/protein ratio (1668/1450 cm�1) and protein/water ratio (3390/2935 cm�1) of the 30 � 30 mm2 sample from the individual lenses
are taken. For the hippocampus features (H-feature) and surroundings (H-surround) themean of the highest (red) and lowest (blue) spectra of the 4 cluster analysis (Fig. 4) are
taken from the individual samples. Student’s t-test reveals significant differences at the p < 0.05 level for the b-sheet/protein ratio (1668/1450 cm�1) between the hippo-
campus feature and the lens and hippocampus surrounding. For the protein/water ratio (3390/2935 cm�1) and the protein content a significant difference at the p< 0.05 level
is revealed between the hippocampus surrounding and the hippocampus feature and lens. Although systematically lower, because of paraformaldehyde fixation, the lens
protein content is in line with previous observations (Augusteyn, 2010). The low protein content of the unaffected healthy hippocampal regions is in line with common
estimates of the cytoplasm of cells.

a Calculated from the water/protein ratio (3390/2935 cm�1) according to Huizinga et al. (1989).
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Fig. 6. Averaged spectra of the hippocampus features (red line) and feature surrounding (green line) after correction for background (upper diagrams) and the same averaged
spectra of the brain features (red line) compared to the lens slices (blue line) after correction for background and normalized for protein at 2935 cm�1 (lower diagrams). Notice the
substantial higher Amide I band at 1668 cm�1 in the brain feature than in the surrounding. Since this band reflects the b-sheet configuration of proteins and lipids it shows the
substantial accumulation of b-sheets in the features as compared to the surrounding. Most remarkable for the features as compared to the lens are the pronounced peaks at
1450 cm�1 (protein/lipid) and the Amide I (b-sheets) at 1668 cm�1. Notice the difference of the 1450 cm�1 peak between lens and hippocampus feature despite the normalization
for protein. Since in the lens the amount of lipids is less than 2% this indicates that in the lens this peak mainly reflects the proteins and that in hippocampus features a considerable
amount of cholesterol and lipids must be present.
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1450 cm�1 ratio would be 2 � 1.395 ¼ 2.79. This is about 2.4 times
as high as that of the lens crystallins (1.17). Moreover in the deep
cortical lens regions (clear or opaque) analyzed in this paper there
proved to be no difference in the 1668 cm�1/1450 cm�1 ratio be-
tween lenses with or without opacity indicating that cataract
changes are not accompanied by changes in b-sheet configuration
of the crystallins. In contrast the non-affected regions in the hip-
pocampus have a 1668 cm�1/1450 cm�1 ratio of 1.12 (Table 2)
indicating that the formation of plaques and tangles is accompa-
nied by the accumulation of proteins with a much higher level of b-
sheets. That could correspond to tau accumulation in dystrophic
neurites around plaques and fine neuropil threads observed in AD
tissue. For comparison we have calculated the 1668 cm�1/
1450 cm�1 ratio of several proteins using the original Raman
spectra given in the literature (Table 3). It is well known that b-
sheets form an intrinsic conformational part of many if not all
proteins. However, lens crystallins have a substantially higher
amount of b-sheet conformation as seen in the table. The table also
shows that fibrillar molecules as synthetic-Ab and Ab in senile
plaques have an even higher b-sheet moiety. It can be concluded
that confocal Raman spectroscopy and imaging and multivariate
analysis methods like hierarchical cluster analysis are sensitive and
highly discriminative tools that enable detection of differences in b-
sheet conformation to study differences in b-sheets among tissues
and locally within tissues.

An unexpected outcome of the present study is the absence in
the plaque and tangle spectra of peaks for the aromatic amino acids
(aromatic-AA’s) tryptophan and tyrosine which are so character-
istic for Raman spectra of crystallins (Fig. 5) and of most proteins
with a natural preponderance of these amino acids. This is even
more unexpected as we have noticed that the hippocampal tissue
surrounding plaques and tangles is in good agreement with a
typical protein-lipid Raman spectrum. This spectrum is also in good
agreement with previously Raman spectra of brain tissue. More-
over, in an amyloid peptide model based on the core sequence of
Ab, the Raman spectrum is rather similar to that of other proteins
(Hamley et al., 2010). In addition, the small and broad peak at
1002 cm�1, reflecting the aromatic-AA phenylalanine, is also devi-
ating from the Raman spectra of crystallins and other proteins. This
deviation could be due to the absence or a significant lower aro-
matic-AA’s content of Ab. However this is not supported by
knowledge of the primary amino acid sequence. From the known
sequence of Ab1e42 it can be calculated that 11.9% of the AA’s of this
protein are aromatic with a slight preponderance of phenylalanine
(Mager, 1998). Sequence analysis of human b and bovine g crys-
tallins revealed aromatic amino acids contents of 10.2% and 14.4%
Table 3
Relative contribution of b-sheets in pure proteins, human lens fibers, hippocampal
plaques and surrounding brain tissue.

Protein Ratioa Reference

Collagen 0.61 (Karampas et al., 2013)
Collagen 0.82 (Baraga et al., 1992)
Elastin 0.83 (Baraga et al., 1992)
Albumin 0.82 (Bergner et al., 2012)
a-synuclein 0.58e0.67 (Maiti et al., 2004)
Casein 0.54 (Jarvis et al., 2007)
Insulin 0.89 (Yamamoto and Watarai, 2012)
Insulin amyloid 1.25 (Yamamoto and Watarai, 2012)
Synthetic amyloid b 1.57 (Dong et al., 2003)
Lens crystallins in situ 1.17 (this paper)
Surrounding brain tissue 1.12 (this paper)
Amyloid plaques/tangles 1.67 (this paper)
Amyloid b 2.79 (this paper)
Model amyloidb 3.4 (Hamley et al., 2010)

a Calculated from the 1668 cm�1/1450 cm�1 ratios in the original Raman spectra.
b Based on core sequence of Ab (8 amino acids from which 4 are aromatic).
respectively (Fujii et al., 2011; Norledge et al., 1997). This means
that the aromatic-AA’s content of Ab is not significantly different
from that of crystallins and most likely also not from other proteins
and therefore cannot explain the deviating Raman spectrum of Ab.
As already mentioned in vivo, Ab and tau proteins in plaques and
tangles are formed by dense accumulations of fibrils. It can be
concluded from the presented data that fibrillar compaction leads
to typical Raman spectra of the plaques and tangles, which are
different from classical protein Raman spectra and also different
from Raman spectra that represent a mixture of lipid spectra and
protein spectra, such as from the unaffected brain tissue sur-
rounding the plaques and tangles. Another possibility is that the
presence of cholesterol and (phospho) lipids and their close
connection with Ab fibrils in the plaques and tangles may lead to
changes in the Raman spectra.

5. Summary and conclusion

The present confocal Raman microspectroscopic and imaging
study, aided by hierarchical cluster analysis, reveals that proteins
forming opaque regions in lenses and proteins in hippocampal
plaques and tangles in AD donors have significantly different
Raman profiles. Especially the Amide I peak of the hallmarking b-
sheets is substantially higher (2.4 times) in plaques and tangles.
Moreover due to fibrillation and/or co-localization of cholesterol
and lipids the Raman peaks for aromatic-amino acids are nearly
absent in plaques and tangles.

On account of these observations it seems justified to conclude
that amyloid-b and tau protein, the major proteins of the plaques
and tangles, are indeed hallmarked by a high b-sheet content as
previously described and have accumulated in large amounts in
plaques and tangles (Forman et al., 2004; Friedman, 2011; von
Bergen et al., 2005). Because the b-sheet content of the catarac-
tous lens proteins is low in comparison with Ab, it is tempting to
conclude that amyloid-b is absent in cortical cataracts. It can be
argued, however, that the high b-sheet level in plaques and tangles
is due to formation of fibrils which leads to a high local density of
amyloid-b and tau protein (Forman et al., 2004; von Bergen et al.,
2005) and consequently to high b-sheets peaks. As far as we are
aware of, fibrils have not been described in human cortical cata-
racts. This means that the relative low b-sheet level in the lens
could be due to the absence of fibril formation and is not proof of
the absence of amyloid-b. In line with this the absence of Congo red
and Thioflavin-S staining in lens opacities can also be explained by
this absence of fibrils. Absence of staining in lens opacities using an
amyloid-b specific antibody, however, is not favoring this point of
view. In addition we have not observed significant differences in
Raman profiles between opaque and transparent regions in the
deep cortical lens cortex of the 7 lenses studied in the present
paper. This means that if present at all, amyloid-b in opacities must
be present in low concentrations i.e. below the detection level of
antibody staining and Raman analysis. This is in line with a point
previously discussed (Michael et al., 2013): “that the origin of large
amounts of Ab responsible for themassive Congo red staining in the
Goldstein paper is not supported by data in literature on the
presence of large amounts of its precursor molecule APP and its
breakdown enzymes in the lens”.

In conclusion the present Raman observations corroborate our
previous histological and immunohistochemical findings (Michael
et al., 2013) that cataracts in eye lenses of AD donors do not
contain substantial amounts of amyloid-b as was suggested by
Goldstein et al. (2003). This strongly suggests that cortical cataract,
although it may be comorbid with AD in some cases, has no relation
with the main pathological signature of AD i.e. accumulation of
amyloid-b and that cortical cataract and AD are therefore not likely
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to be causally linked. This also means that cortical cataract cannot
be considered as indicator and/or predictor of AD.
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