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Abstract
Alzheimer disease (AD) is a progressive neurodegenerative disease that

results in cognitive decline in short-term memory and visuospatial orientation.

Neuropathologically, this disease is characterized by two categories of lesions:

neuritic plaques and neurofibrillary tangles. These lesions are composed of

abnormal proteins. In the case of neurofibrillary tangles, this protein is

hyperphosphorylated tau. In the case of plaques, it is B-amyloid. Whether one

or the other of these lesions causes AD, or whether they are only a result of an

underlying process is unknown.

In this thesis, variations in protein e¡nformation within the hippocampus

were studied by infrared microspectroscopy using a synchrotron source. This

recently-developed adaptation of a mature technique allowed .for a spatial

resolution of 10 to 20 ¡rm. Thus, infrared spectra of individual neurons could be

acquired. In addition, infrared maps of small areas of the hippocampus

encompassing both neurons and neuropil were acquired. All spectra were

analyzed for relative amounts of abnormal protein. The protein composition was

found to progress from the predominantly a-helical conformations found in

normal tissue to the higher proportion of abnormal p-sheet protein found initially

within neurons and then in the neuropil. The increased sensitivity of the

microspectroscopic technique over traditional staining techniques enabled

analysis of tissues prior to plaque formation and may prove valuable for studying

this early pathogenesis of the disease. ln addition, corpora amylacea were

examined by both Raman and synchrotron source infrared microspectroscopies.
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,|. Goals of this Studv
In this work, the primary goal was to examine molecular changes

associated with Alzheimer's disease by infrared microspectroscopic analysis of

hippocampal tissue. The main focus was the development of experimental

protocols (both data collection and analysis protocols) for examining changes in

the protein content of the tissue. Thus, an analysis of the relative amounts of

"normal' and "abnormal" protein content was canied out to determine not only

overall changes as a function of diseased state, but also to examine the extent

and progress of these changes in both neurons and neuropil. In addition,

corpora amylacea were examined by both FTIR and Raman

microspectroscopies.

l.l Gollaboration
The data discussed in this thesis is part of a larger ongoing study involving

numerous people within the lab. Due to the requirements of collecting the data at

a synchrotron source, where travel and operating hours are extra considerations,

the data presented is the result of the co-operation of a number of people.

Slicing and staining of sample sections were carried out by Susan

Janeczko in the histopathology lab at the Health Sciences Centre in Winnipeg.

The majority of the individual neuron data were collected and analysed by

me, with some help on both the collection and analysis from a summer student,

Alison Holliday, and in addition some data collection was done by Dr. Kathleen

Gough. The map data presented here were collected by either me or Dr. Gough.



I devised the protocol for abnormal protein analysis based on a series of

maps I collected at NSLS. The protocol for lipid analysis of the maps was

devised by Dr. Gough.

Based on these protocols, I analyzed all of the individual neuron data

following visual inspection by myself and Alison Holliday. I also analyzed all of

the map data presented in this thesis. The protocols have also been used by a

post-doctoral fellow, Dr. lgor Tretiakov, and two summer students, Richard Wiens

and Dwayne Shewchuk, to independently analyze this and further data collected.

Additional data on samples acquired following completion of my

involvement have been collected and analyzed by others in the lab, but will only

be referred to briefly in this thesis, and only to corroborate results from the

original samples.
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2. Introduction

2.1 lnf¡ared Spectroscopy

2.1.1 Theory
Infrared (lR) spectroscopy is a mature, well-studied technique whose

theory has been described in great detail in a number of classic texts dating back

to the 1940's (Her¿berg, 1945; Wilson et al., 1955; Woodward, 1972). While an

in-depth discussion of the theory is not practical here, a brief review is wananted.

Mbrational spectroscopy can be understood, in classical terms, by

considering a diatomic molecule (A-B) as two balls (with masses = the atomic

masses) attached by a spring (with force constant cc the chemical forces bonding

the atoms). lf a force is exerted to compress or extend the spring, the potential

energy of the spring will follow a harmonic oscillator potential given by:

Y=(1t2)k(r-r"o)2 (1.r )

where V is the potential energy, k is the force constant (a measure of the spring's

resistance to stretching), r is the interatomic distance and r"o is the equilibrium

interatomic distance.

lf the spring is then allowed to relax on its own, the frequency of the

resulting oscillation of the spring, to a first approximation, will follow simpfe

harmonic motion given by:

y = (l/2n)(ktttgllZ (1.21

where v is the frequency (in s-1), k is the force constant and M is the reduced

mass of the system (M = mnme/(mn+me)). This frequency can be easily

3



converted to wavenumber units (cmt) by dividing by c, the speed of light.

Different vibrations will have different frequencies varying with the atoms and the

forces between these atoms. For example, the stretch of a carbon-carbon

double bond typically requires energy equivalent to about 1650 cm-l while a

stronger carbon-carbon triple bond vibrates at a frequency of about 22AO cm-1

(Lambert et a\.,1998).

The harmonic oscillator description given above is not the best model for a

molecular system. A more accurate description ís the anharmonic oscillator

which takes into consideration the strong repulsion between atoms as they get

very close to each other and the dissociation of atoms as they get far apart. A

function which fits this model is the Morse potential (Harris & Bertolucci, 1g7B):

V= D"[1 -"-F(r-r"o)rz (r.3)

where Du is the depth of the potential well and B is a measure of the curvature at

the bottom of the well.

The difference between the classical description of a spring and a

molecule is based in quantum mechanics. While a spring can absorb any

amount of energy and oscillate conespondingly, a chemical bond has discrete

vibrational levels and can only absorb energy corresponding to a transition

between these discrete levels (Figure 2.1). The energy required fora transition

to a vibrationally-excited state falls in the infrared (lR) region of the

electromagnetic spectru m.

4
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Figure 2.1 Vibrational energy levels. A transition from the
ground vibrational state (v = 0) to a vibrationally-excited state (v
= 1) can occur when infrared light is absorbed. The curve
represents the potential energy of the system as a function of
interatomic distance, r, with r* being the equilibrium distance.
The bottom of this potential energy well (where the atoms are
closest to their equilibrium distances) is well represented by the
anharmonic model presented above (equation 1.3).
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This theory æn be extended to more complex systems. Polyatomic

molecules with N atoms have 3N-6 possible vibrational modes (3N-5 for linear

molecules). These include not only the stretching vibrations described above,

but bends, rocks and twists; details of spectral features will be discussed as

encountered. Not all 3N-6 modes will be lR-active. In lR spectroscopy, a

molecule absorbs energy when electromagnetic radiation interacts with the

dipole moment of the molecule. lf the molecular dipole moment is changed by a

particular vibration, that vibration will be lR-active and the corresponding energy

of lR light can be absorbed.

Each system has its own unique set of vibrational modes making lR

spectroscopy a useful qualitative tool. Various molecular properties, such as

bond lengths and strengths, can be determined based on knowledge of the

vibrational levels of a molecule.

Sínce lR spectroscopy is an absorption technique, the absorbance at a

given wavelength is proportional to the concentration, c, of molecules in a cell

length, l, absorbing at that wavelength, as well as to the molar absorptivity, r, of

the sample at that wavelength:

A=ecl (1.41

The molar absorptivity, e, is actually an empirical value that accounts for the

transition moment. Because of the above relationship, lR spectroscopy also

becomes a useful quantitative analytical tool.

Generally, lR spectra are depicted as absorbance units versus

wavenumber. The absorbance, A, is calculated as log (1fT), where T = l/lo is the

6



amount of transmitted light (ls is the intensity of the incident radiation and I is the

intensity of the radiation following absorption by the sample). When lR spectra

are collected in reflectance mode rather than transmission mode, the absorbance

Ís calculated as Log (1/R), where R = l/lo is the amount of light reflected from the

sample.

2.1.2 lnstrumentation

2.1.2.1 Dispersive Instruments
Early instruments for infrared spectroscopy scanned through the range of

wavelengths a small range at a time. This was achieved by use of a prism or a

grating to disperse the light, and a slit to select the wavelength range being

monitored by the detector at any time. The width of this range, and therefore the

spectral resolution, was determined by the width of this slit.

2.1,2.2 Fou rier Transform I nstru ments
A major advance in infrared spectroscopic instrumentation came when the

Michelson interferometer was coupled with a mathematical procedure, the

Fourier transformation (FT). This important advance is described in modern lR

texts (Diem, 1993; Parker, 1983). In the Michelson interferometer (Figure 2.2),

light is passed through a beamsplitter, B, which reflects half the light and

transmits the other half. One portion of the light travels to a fixed mirror, Mr; the

other portion goes to a moving mirror, MÀ,r. The two mirrors reflect the light back

to the beamsplitter.

7
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Figure 2.2 Schematic of a Michelson interferometer. Light
from the source passes through a beamsplitter, B, which reflects
half the light and transmits the other half. One portion travels to
a fixed minor, Me; the other portion travels to a moving mirror,
MM. Both minors reflect the light back to the beamsplitter.
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lf the two minors are equidistant from the beamsplitter, the light will

recombine at the beamsplitter in phase. However, if monochromatic light of

wavelength î, is used and the distance to the moving mirror is changed by À/4,

the light will recombine at the beamsplitter 180' out of phase. Thus, for

monochromatic light, the detector would see a cosine signal dependent on the

position of the moving mirror (Figure 2.3).

I



à'6
co
c
õ
C
.o)
(/)

u ?,,12 r" 3^12 2?,, 5Xt2

Difference in mirror distiances

Figure 2.3 Interferometer signal intensity. W¡th a
monochromatic light source, the signal intensity as â function of
the difference in distance of the two mirrors w-ould be a cosine
curve.
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The previous explanation helps with understanding the fundamentals of

the interferometer. In practice, an interferometer makes use of a broadband

source. In this case, the signal received by the detector is a sum of all of the

cosine signals from all of the frequencies. The signal that is measured is called

an interferogram; the intensity of the interferogram as a function of the difference

in pathlength (or distance travelled by the moving mirror) is the physical

measurement taken. By Fourier transformation, the intensity of the interferogram

as a function of the difference in path length (ie. the distance travelled by the

moving minor) can be converted to the intensity as a function of frequency (ie.

the lR spectrum) (Figure 2.4). In the past few decades, improvements in

computational ability have made interferometer-based instruments feasible.

Currently, the low cost and ready availability of these instruments have made

dispersive instruments virtually obsolete.
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Figure 2.4 Fourier transformation. (a) The original data is collected as signal intensity at the detector as a function ofthe moving mirror displacement. By Fourier transformation, this data is coñverted into the usual infrared spectrum, (b),
which is the absorbance (here Log (1/R) as the data was collected in reflectance mode) as a function of wavenumber.
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The interferometer-based instruments offer increased speed and

sensitivity over the older dispersive monochromator-based instruments. The

most obvious advantage, known as multiplexing or Fellgett's advantage, is the

decrease in acquisition time (Parker, 1983). Since all wavelengths are observed

simultaneously, the time to collect a spectrum is only the time it takes to move

the mirror a few millimetres. This is typically on the order of a second. Many

scans can be quickly acquired and co-added to increase the signal-to-noise ratio

(S/N), since co-addition of n scans will improve S/N by a factor of n1/2.

A second advantage, Jacquinot's advantage, is an increase in spectral

quality (higher S/N) which arises as a result of increased throughput of light

(Parker, 1983). In a monochromator, the dispersed light is passed through a stit

to isolate a narrow range of wavelengths at a time. This reduces the amount of

radiation reaching the detector. ln an interferometer, the source light is not

restricted by slits. This results in an increase in signal at the detector and an

additional increase in SlN.

2.1.2.3 M ic ros pectroscopy
As early as 1949, lR spectroscopy was coupled to microscopy to achieve

higher spatial resolution (Barer et a\.,1949). Today, lR microscopes are readily

available commercially from several companies. Use of an lR microscope

attached to a standard interferometer allows a maximum spatial resolution of

about 60 to 75 ¡rm while maintaining sufficient S/N (Chiriboga et aÍ.,2000a & b;

Holman et a1.,2000). This is useful when only small amounts of samples are

available. While it can be used to obtain a spectrum of a single point within a

13



samp¡e, the real advantage of such a system is realized when it is coupled to a

motorized stage allowing for point-by-point mapping, This mapping allows

spectral information to be related to the sample in a spatially-relevant manner.

Such information is of particular use with heterogeneous samples. lmproved

spatial resolution can be achieved by coupling an lR microscope to a synchrotron

source. As this is a key factor in the work presented in this thesis, it will be

examined in greater detail in the following section.

A more recent advance has been the introduction of focal plane arruy

detectors. These detectors are commonly comprised of 64x64 to 256 x 256

individual detectors, each recording the spectrum of a sample area as small as

approximately 7pm x 7¡rm (Mendelsohn ef a/., 1999). These detectors have been

developed from military technologies, and optimization for microspectroscopic

use is still in the early stages.

2.1.2.4lR Source: Globar vs Synchrotron Radiation
In infrared microspectroscopy with a standard globar source, the spatial

resolution is achieved through the use of an adjustable aperture. The maximum

spatial resolution is determined by the wavelength of the source, since it is not

possible to achieve a resolution smaller than that wavelength (Figure 2.s).

14
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At the diffraction limit (when the aperture size is the same as or smaller

than the wavelength of light), the spatial resolution would no longer be

determined by the aperture, but by diffraction, and is then wavelength-

dependent. For example, the maximum spatial resolutÍon possible when

examining spectralfeatures at 1000 cm-t is -10 pm. Making the aperture smaller

than this will not improve the spatial resolution of the information at this

frequency because of intensity losses due to diffraction (Carr & \Mlliams, 1g97;

Carr, 2001).

ln practice, this maximum spatial resolution can not be achieved using a

globar source. When the aperture is decreased to less than about 60 to 75 ¡rm,

the amount of transmitted light is not enough to maintain significant S/N.

However, if a much brighter source is used, the spatial resolution possible will

increase to the point where the S/N remains high down to the diffraction limit.

The brightness necessary for diffraction-limited spectroscopy is possible

with a synchrotron source. While the total power emitted in the infrared portion of

the synchrotron radiation is less than that from a globar source, the light from the

synchrotron souræ is emitted from a very small area. Therefore, the synchrotron

source is about 3 orders of magnitude brighter (defined as power emitted per

source area and solid angle) than a standard infrared globar source (Figure 2.6)

(Carr et al., 1995), The increase in signal through a small aperture is evident

(Figure 2.7). Another way of looking at the improvement is to compare the noise

level through a small aperture for each source (Figure 2.8).
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Figure 2.7 Globar vs. synchrotron signal. Comparison of single beam spectra using synchrotron source and globar source indicate

large increase in signal using synchrotron radiation source. These spectra were taken using a 10 pm x 10 ¡rm aperture. (Data and

diagram from personal communication from the University of Wisconsin-Madison, Synchrotron Radiation Center, Stoughton, Wl.). The
profile of the synchrotron source single beam spectrum is intrinsic to the system and includes features characteristic of the diamond
window in the beam as well as some water vapour.
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Figure 2.8 Globar vs. synchrotron noise levels. l1!o/o T lines (spectra of a particular area taken using same area for background)
using synchrotron source (top) and globar source (bottom) show the reduction in noise due to synchrotron source. These spectra were
taken using a 10 ¡rm x 10 pm_aperture. (Data and diagram from personal communication from the University of Wisconsin-Madison,
Synchrotron Radiation Center, Stoughton, Wl.)
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The layout of the synchrotron ring and beamline locations at the

Synchrotron Radiation Center at the University of Wisconsin-Madison are

depicted in Figure 2.9. Synchrotrons involve electrons moving at velocities near

the speed of light. These electrons are made to travel in a closed circuit by

magnetic fields. When the direction in which the electrons are moving is changed

by such magnetic fields, energy is given off in the form of electromagnetic

radiation. This radiatíon is broad-band, extending from x-ray through inftared

(Carr, 1999). The various wavelength ranges can be isolated and used as very

bright sources in a wide variety of experiments. Re-injection of elechons into the

ring must occur over time as the electrons lose energy through collisions.

lmmediately following an injection, the beam current is at its highest, and the

emitted light ís brightest. Over time, the current decreases exponentially

resulting in decreased signal.
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While a laser would be even brighter than the synchrotron source, the

synchrotron has the advantage of producing broad-band radiation. Use of the

monochromatic laser source would require the return to scanning

instrumentatÍon, and the FT advantages would be lost. More importan¡y,

continuously tunable lR lasers are not commercialty available as yet.

A concern with using an infrared source as bright as a synchrotron is the

possibility of damaging the sample due to heating. This is of particular concern

when analyzing biological samples because of the heat-sensitive nature of such

samples. At elevated temperafures, the structures of various components in a

biological sample are altered. This includes the denaturation of proteins and

melting of lipids. Since lR spectroscopy is sensitive to structural changes,

spectra acquired from heated samples wíll not be relevant to normal biological

conditions. Using a model lipid system in which band position is an indication of

sample temperature, Martin et at. have shown that sample heating is very

minimal (-0.5 K) (Martin et at.,2001).

The next advance ín instrumentation will likely be the combination of

synchrotron source and a focal plane aîray detector devised specifically for this

purpose in an effort to maintain spatial resolution while exploiting both brightness

and rapid arrcy detection.
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2.2 Raman Spectroscopy

2.2.1 Theory
Another technique that gives information about the vibrational levets of a

molecule is Raman spectroscopy. The physical process for Raman

spectroscopy is completely different from lR absorption (Herzberg, 1g4S; parker,

1983; Wilson et al., 1955; Woodward,1972). The Raman effect is an inelastic

scattering process in which higher energy light (usually in the visible region of

electromagnetic radiation) is absorbed, causing a transition to a virtual state in

the molecule (Figure 2.10). A new photon, the frequency of which depends on

the final state, is scattered.
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Figure 2.10 Raman scattering energy transitions.
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lf the final state is the ground state (ie. elastic scattering), the photon has

the same frequency as that absorbed. This is known as Rayleigh scattering and

is the major process. However, if the final state is vibrationally excited, the

scattered photon will be of lower frequency than the inítial photon; the missing

energy remains in the molecule as vibrational energy. This is known as Stokes

Raman scattering. Absorption of the first photon can also occur from a molecule

in a vibrationally-excited state. When the system then returns to the ground

state, the scattered photon will have higher energy; the increase in the energy of

the scattered photon is the initial vibrational energy of the molecule. This effect

is known as anti-Stokes Raman scattering. The intensity of the anti-Stokes

scattering will depend on the number of molecules that are initially in a
vibrationally-excited state. The relative populations of vibrationally-excited (N", =

number of molecules in the vibrationalty-excited state) and the ground state (Ns =

number of molecules in the ground state) follow a Boltzman distribution:

N"*/Ng - e(^E/kÐ

which depends on the temperature, T, of the sample. Initially, the population of

molecules in the vibrationally excited state is never greater than that in the

ground state- As a result, the intensities of Stokes bands are always greater than

the intensities of anti-Stokes bands and so experimentally, Raman spectroscopy

typically uses only the Stokes bands.

In Raman spectroscopy, the electromagnetic radiation interacts with the

molecule through an induced dipole moment, as opposed to lR spectroscopy,

where the interaction is with the permanent dipole. The intensities of the peaks
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in a Raman spectrum therefore depend on the change in polarizability during the

vibration. This means different modes can be active in Raman spectroscopy

than in lR spectroscopy. Some modes will be active in only one technique, some

in both and some in neither.

2.2.2 Instrumentation
In the first instrument for Raman spectroscopy, a mercury arc souræ was

employed (Koenig, 1972). Since the Raman effect is intrínsícally weak, the low

power of this source made most Raman spectroscopy impractical. To acquire a

useful Raman spectrum, long sampling times were required. This posed a

problem with biological samples since long sampling times resulted in sample

heating. With the advent and eventual availability of laser sources, Raman

spectroscopy of tissue has become feasible.

Raman spectroscopy can also be coupled to microscopy. Since the

souræ light is in the visible wavelength region, this adaptation is even easier

than for lR spectroscopy. The spatial resolution possible in Raman

microspectroscopy is greater than for lR microspectrosæpy due to the

intrinsically small laser spot size and the shorter source wavelength. The spot

sizes can be as small as about 1 to 2 ¡rm. This advance, along with convenient

laser sources and íncreased computing capabÍlity, has made application of

Raman spectroscopy to biological samples common.

Raman and infrared spectroscopy are complementary tools in which

different absorptions can be active. Each technique has its own advantages and

disadvantages. In Raman spectroscopy, water absorbs very weakly and
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therefore aqueous solutions can be easily studied. However, the powerful lasers

used in Raman spectroscopy can burn the sample if care is not taken. To

prevent sample burning, neutral density filters can be used to reduce the source

power to below about 6 mW. With Raman spectroscopy of biological samples,

fluorescence is also often a problem. The excitation light causes biological

samples to fluoresce so the Raman spectra are often superimposed on one side

of a broad fluorescence band. This problem can be minimized by using an

excitation source of longer wavelength.

2.3 Biospectroscopy
Various aspects of vibrational spectrosæpy are compatible with the study

of biological samples (Diem, 1993; parker, 1971 & 19s3). Both lR and Raman

spectroscopy are non-destructive and can be performed in situ on unstained

samples- This leaves samples unaltered from their original form which means

that the data collected is not contaminated by added components such as those

used in staining and labelling techniques. In additÍon, the samples are still

amenable to further study by many other techniques.

Another major advantage of vibrational spectroscopies is that the signal

arising from a particular analyte is proportional to the concentration of that

analyte. Unlike other techniques traditionally used for analyzing tissues, such as

staining, the signal is not dependent on subjective variables such as stain quality.

lf the analyte is present, it will absorb some photons.

Sample preparation for both lR and Raman spectroscopies are more

straightfonrard and lend themselves well to the study of samples Ín various
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states including, amongst others, solutions and tissues. An additional benefit of

Raman spectroscopy is the capability to analyse aqueous samples, since water

does not have strong bands in Raman spectra in the region of interest. This is of

particular importance when compared to other techníques and the applicability of

results to actual biological systems. Many techniques, including x-ray difüaction,

are able to give information about structure in the solid-state. However, it is still

questionable as to how relevant these structures are to biological systems, where

the environment is aqueous. Since understanding of biological function is

strongly related to understanding of biological structure, these questions are very

important- \Mth Raman spectroscopy, a biomolecule can be studied in the solid

phase; it can also be studied ln aqueous solution. The resulting spectra are

sensitive to changes in structure, and so can be compared to determine if

changes occur. One of the problems in the past, however, was the relative

insensitivity of Raman spectroscopy (Koenig, 1g7z). This necessitated the use

of highly concentrated solutions not typical in biological systems. \Mth the

increased power of modern lasers, lower concentrations can be analysed and

this problem is less of an issue.

Application of vibrational spectroscopies to biomolecutes was introduced

as early as the 1930s. Infrared spectra of amino acids were collected in the

1930s (Wright, 1939) with work on potypeptides following in the 1940s (Astbury

et al', 1948; Darmon & Sutherland, 1947). Fatty acids have been studÍed since

the 1950s (Freeman, 1952; Jones et al., 1952; Meiklejohn et al., 19ST; Shreve ef

a/., 1950; sinctair et al., 1gs2a & b; sobotka & stynler, 19s0) and nucleicacids
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since the late 1940s (Blout & Fields, 1948 & 1949), even before the structure of

DNA had been discovered (Watson & Crick, 1953). The application of vibrational

spectroscopies to biological problems includes not only fundamental studies of

structure, but also studies of dynamic processes. Deuteration rates and

denaturation in response to environmental changes (including variations in salt

concentration or temperature) have all been studied (Brandenburg, 1993; Casal

& Mantsch, 1984; Janiak et al., 1979; Susi, 1972). The possible usefulness of

infrared spectroscopy in studying tissues was conceived as early as 1949, when

Blout and Mellors recognized that since it was useful for the examination of

individual biomolecules separated from tissues, it might also be useful for

analysing such biomolecules simultaneously in whole tissues (Blout & Mellors,

1949). Since that time, biospectroscopy has received sufficient attention to

wanant a number of texts dedicated to the topic (Mantsch & Chapman, 1996;

Parker, 1971 & 1983).

For large biomolecules, the number of possible vibrations (3N-6) becomes

very large, and one would expect the spectra to be very complicated. In fact, the

spectra are quite simple because many of the vibrations are very similar and

have frequencies very close to one another. This results in a spectral profile

consisting of only a few broad bands, each composed of many individual

vibrational transitions. In general, the various categories of biomolecules give

rise to bands in different regions of the spectrum (Figure 2.11).
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2.3.1 Lipids
The majority of lipids are found either in biomembranes or as energy

storage molecules. With the exception of the sterols such as cholesterol, lipids

have fatty acids (carboxylic acids with long hydrocarbon chains) as a main

component (Lehninger ef al., 1993). Depending on the particular lipid, one or

more fatty acids may be attached to glycerol or sphingosine. The lipid may also

contain a polar group such as a phosphate. This is the case with membrane

lipids, which are generally phospholipids. Because fatty acids are the common

structural feature in lipids, frequencies associated with hydrocarbons will be

important in lipid spectra. lR spectroscopy has been used to examine f;atty acids

as early as the 1950's (Freeman, 1gs2; Jones et al., 1g52; Meiklejohn et al.,

1957; shreve et al., 19s0; sincrair et al., i9s2a & b; sobotka & stynler, 19so).

These studies examined the effects of chain length and extent and location of

branching of fatty acids on the lR spectra.

Lipids provide a well-established example of the accidental degeneracy of

bands that results in a simpte spectral profile. The numerous normal modes

involving CH2 slmmetric stretches vibrate at similar energies (Schactschneider &

snyder, 1963; snyder & schactschneider, 1963). Modern computational

software readily permits the calculation of harmonic frequncies to illustrate these

features. Results of a B3LYP/6-311+G calculation on heptane in the all trans

conformation indicate six normal modes predominantly involving CH2 symmetric

stretches are expected to vibrate within the 2gg0 to a010 cm-t region

(unpublished data from this lab, Mandy ogg & Richard Dawes, calculation
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performed with Gaussian 98). These harmonic frequencies are approximately

5o/o higher than experimental frequencies, but they are still a very good

approximation. The absorption bands associated with these normal modes

overlap and result in a single broad band that is termed the CHz symmetric band.

Thus the band generally referred to as the CHz symmetric band is not the result

of a single normal vibrational mode, but of a number of similar modes that are

accidentally degenerate. Other bands including the CHg symmetric band and the

CHz and CH3 aslmmetric bands are the result of similar degeneracies.

Since Snyder and Schactschneider's work, there have been many

applications of vibrational spectroscopy to the study of lipids in the literature.

Table 2.1 lists the major peaks in a lipid spectrum compiled from the general

literature in recent reviews (Jackson & Mantsch, 1996; Nauman.et al., 1996).

These include the degenerate bands refened to as CHz and CH3 slmmetric and

asymmetric stretches.

Table 2.1 Band frequencies associated with lipids

Frequency (cm'r) Assignment

2959 CH3 asymmetric stretchl

2921 CH2 asymmetric stretchl

2872 CH3 symmetric stretchl

2852 CH2 symmetric stretchl

1745 C=O stretchl

1462 CH2 scissoring2

1400 COO- symmetric stretch of fatty acidsz
Nauman et a1.,1996; "Jackson & Mantsch, 1996
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The relative amounts of lipids present in a sample can be determined by

comparison of the relative intensities of the CH2:CH3 peaks since lipids contain a

high proportion of CH2 groups (Wetzel & LeMne, 1993). Other applications of

vibrational spectroscopy to the study of lípids include variable temperature

experiments to study phase transitions. At lower temperatures, the fatty acid

chains in lipids are in an all{rans conformation, called the gel phase. As

temperature is increased, some parts of the fatty acid chains move to a gauche

conformation. This is called the liquid crystalline phase. Frequency and intensity

changes in various lipid bands can be observed in spectra as temperature is

varied due to the transition between these two phases (Brandenburg et al., 1gg7;

Casal & Mantsch, 1984; Mantsch et a1.,1981a & b). Sirnilar changes can be seen

with varying salt concentrations (Brandenburg, 1gg3).

2.3.2 Proteins
Proteins are polymers of amino acids connected to each other by peptide

bonds and serve a great diversity of biological functions (Lehninger et al.,1gg3).

These range from enzymes to structural proteins (such as keratin in hair and

collagen in muscle). Other proteins have regulatory functions (hormones, insulin)

or, like immunoglobulin, make up part of an organism's molecular defense

system. Skeletal muscle contains myosin, a contractile proteín. Hemoglobin, a

transport protein in blood, carries vital oxygen thr:ough the body. plant seeds

make use of nutrient and storage proteins, as do eggs, which contain ovalbumin.

While the range of functions is extremely broad, all proteins are created

primarily out of only 20 different amino acids. These amino acids can be

33



considered the alphabet for proteins. The ability to perform so many varied

functions comes from the diversity in sequence and in three-dimensional

structures. The amino acid sequence defines the primary structure of a protein.

The regular spatial arrangements into which proteins fold identifies the secondary

structure. A number of secondary structures are possible; the most common

include cr-helix and B-sheet.

Like lipids, proteins have numerous vibrational modes, however due to

structural similarities and accidental degeneracy, the modes again group

together in bands of apparent simplicity. The major bands associated with

proteins are those of the peptide backbone. These bands, as found in literature

compilations, are summarized in Table 2.2 (Jackson & Mantsch, 1gg5; Nauman

et a|.,1996).

Table 2.2 Peptide backbone vibrational modes

Band Frequency (cm-t) Assignment

Amide A1 -3200 N-H stretch

Amide 12 1650 -89o/o peptide C=O stretch; -20% C-N str

Amide ll2 1550 -600/o N-H bend; -40 % C-N stretch

Amide llll'2 1310-1240
mostly C-N stretch and N-H in-plane bend,
with some C-C stretch, C=O in-plane bend

and mixing with CH2 wag of side chain
Jackson & Mantsch. 1995: 'Nauman ef a/ 1 996
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In addition to these bands, some protein spectra will have bands that can

be assigned to side-chain vibrations; some of these have been compiled and are

listed in Table 2.3 (Jackson & Mantsch, 1gg6; Nauman ef a/., 19g6).

Table 2.3 Some amino acid side-chain vibrations

Assignment of the backbone and side-chain vibrations was accomplished

through both experimental and theoretical studies. Experimentally, the

assignments were simplified by use of DzO and polarized light (Ambrose & Elliott,

1951; Elliott & Ambrose, 1950; Miyazawa et al., 1gs6). ln proteins, solvation in

DzO will result in a slow exchange from N-H to N-D. Vibrations involving the N-H

will be affected by this exchange, and a frequency shift or change in intensity will

be observed. Oriented samples may have some vibrational modes that absorb

only parallel or perpendicular polarized light. Experimental results using

polarized light can be compared with predictions from theoretical studies to

further aid in assignment of bands (Abe & Krimm, 1972a & b; Jakes & Krimm,

1971a & b; Miyazawa et a/., 1958).

It was discovered early on that some of the amide band positions are

dependent on the secondary structure of the protein (Elliott & Ambrose, 1950).

Jackson & Mantsch, 1996;
2Nauman et at..1996
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This observation has since received extensive attention, both experimentally and

theoretically (Abe & Krimm, 1972a & b; Chirgadze & Brazhnikov, 1974;

Chirgadze et al., 1976; Jakes & Krimm, 1971a & b; Krimm, 1983; Miyazawa ef

al., 1958; Moore & Krimm, 1975; Susi, 1972b: Tobin, 1972; Torii & Tasumi,

1992). Of the various amide bands, the amide I band is most sensitive to

secondary structure. Experimentally determined generalizations based on

compilations are listed in Table 2.4 (Jackson & Mantsch, 1995; Nauman et al.,

1996; Torii & Tasumi, 1996).

Table 2.4 Conformational dependence of Amide I & ll Frequencies
(Empirical Rules)

2" structure
Amide I Frequency

(cm-t)
Amide ll Frequency

(cr-t)

p-sheets & F-tums
(high frequency component)

1675-1695'

31s helix 1660-16702

s-helix 1650-16603 1545-1551É

Unordered 1640-16503

p-tums
(low freq uency component) 1640-16503

B-sheet
(low freq uency component) 1620-16403 1521-15252

aggregated strands 1610-16282

tNauman et al., 1996; 2Jackson & Mantsch, 1995; 3Torii & Tasumi, 1g96

These variations are

hydrogen bonding strengths.

typically explained as resulting from variations in

The amide I band is predominantly C=O stretching.
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This carbonyl group can be involved in hydrogen bonding with an N-H group on

another residue, either along the same primary chain sequence or even on

another chain- The hydrogen bond strengths vary depending on the secondary

structure; hydrogen bonds in an o-helix are typically weaker than hydrogen

bonds in p-sheets- Strong hydrogen bonds reduce the strength of the carbonyl

bond; a shift in the absorption band maximum to a lower energy woufd be

expected when the hydrogen bonds are stronger (Kubelka & Keiderling, 2001;

Susui, 1972a & b).

2.3.3 Nucleic Acids
Nucleic acids, which include deoxyribonucleic acid (DNA) and ribonucleic

acid (RNA), are polymers of nucleotides linked together by phosphodiester bonds

(Lehninger et al., 1993). Nucleotides are molecules containing a nitrogenous

base (derivatives of purines and pyrimidines), a pentose (either ribose or 2,-

deoxyribose) and one or more phosphate groups. These nucleotides are energy-

rich and, on their own, are a source of chemical energy to drive biological

reactions. Nucleotides that function as energy sources include guanosine 5,-

triphosphate (GTp) and adenosine S'-triphosphate (ATp). when porymerized

into nucleic acids, the main functions are storage and transfer of genetic

information. The storage of genetic information is usually carried out by DNA.

Ditferent types of RNA exist to transfer the genetic information from the DNA to

ribosomes and to synthesize proteins based on this genetic information.

While literature on lR spectroscopic studies of nucleic acids is not nearly

as extensive as that of proteins and lipids, investigation in this area began as
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early as 1948. Before the DNA double-helix was proposed (Watson and Crick,

1954), Blout and Fields carried out lR studies of nucleotides (Blout & Fields,

1948, 1949 & 1950). Studies of DNA and RNA followed soon after Watson and

Crick's discovery. Sutherland and Tsuboi used lR spectroscopy to confirm that

the orientation of the phosphate group in DNA was not as proposed by Watson

and Crick, but rather as described in a revised structure proposed by

Feughelman et a/ in 1955 (Feughelman et al., 1955; Sutherland et al., 1957).

Absorptions associated with nucleotides and nucleic acids have been compiled

from literature (Jackson & Mantsch, 1996; Liquier & Taillandier, 1996; Nauman ef

a/., 1996). Characteristic nucleic acid absorptions are listed in Table 2.5. Table

2.6 contains some absorptions assigned to specific nucleotides.

Table 2.5 Absorptions associated with nucleic acids

Frequency (cm-l) Assignment

1714 C=O stretchl

1250-1220 POr- asymmetric stretch2

1084-1088 POj symmetric stretch2

Jackson & Mantsch. 1996: "Nauman et al 1996Mantsch,

Table 2.6 Absorptions associated with specific nucleotidesr

Base Frequency (cm-t)
in single strand

Ghanges when base paired

adenine 1626 1626 cm-1 -> 1622cm-1

cytosine 1506.1524
4'1524 cm-' absent

guanine 1537,1581 1581 cm-' reduced

thymine 1632. 1695 1632 cm-1 -> 1641 cm-r

Liquier & Taillandier, 1996
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It should be noted that the absorptions associated with nucleotides and

nucleic acids occur in the "fingerprint' region; this results in more overlap with

absorption bands from other molecules than is seen with the protein amide I and

fl absorptíons.

2.3.4Iissues
Since the various categories of biomolecule generally absorb in different

frequency ranges, it seems logical to conclude that it would be possible to

analyse all the components in a cell or tissue sample simultaneously. This would

remove the need to subject a sample to various extraction steps, and so reduce

the risk of contamination and elimate the loss of material. A particular advantage

is the potential to map the spatial distribution of components by use of the

m icrospectroscopic experi ment.

As mentioned previously, the idea of analysing tissues by lR spectroscopy

was introduced at least as early as 1g4g (Blout & Mellors, 1g4g). However, as

struc{ural knowledge of individual biomolecules was expanding and only

dispersive lR instrumentation and mercury arc source Raman instrumentation

were available, this area d¡d not receive much attention. More recent

development of Fourier transform tR and laser sources for Raman spectroscopy,

as well as advances in computer technology, have made the application viable.

In recent literature, one can find applications of vibrational spectroscopy to

a wide range of cells and tissues in various diseased and non-diseased states

(reviews: Diem et al.,1gg9; Mantsch & chapman, 1g96). This includes studies

on intact bacterial cells (review: Nauman et al., 1996), ce¡ular reproduction
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(Jamin et a\.,1998) and responses of cells to a variety of stresses (Gelinas et al.,

2000; Holman et al., 2000). The literature on tissue studies is laden with

diagnostic studies of various cancers including cervical cancer (Chiriboga et al.,

1998a & b; Yazdi et al., 1996), liver cancer (Chiriboga et a1.,2000a & b) and

leukemia (Beneditti et al., 1997; Boydston-White et al., 1999). There have also

been studies of bones to gain fundamental understanding of osteoporosis

(Mendelsohn ef al., 1999; Miller et al., 1999). ln addition to these human tissue

studies, animal tissue, including mouse brain (Kidder ef a/., 1999; Wetzel &

LeVine, 1993; Yoshida et al., 1997), monkey brain (Lewis et al., 1996) and

hamster heart (Dixon et al., submitted), have been examined.
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2.4 Alzheimer Disease
In 1907, Alois Alzheimer described the case of a patient who suffered from

what would now be referred to as early-onset Alzheimer disease (AD)

(Alzheimer, 1907; quoted in smith, 1996). AD, an age-related

neurodegenerative disease, is the most common cause of dementia. Clinical

syrnptoms include short-term memory loss, spatial disorientation and language

impairment (Sima & D'Amato, 1997). The pathology of this disease is well-

documented and discussed in greater detail below. The etiology of the disease

is not fully understood, although many factors are believed to be of ¡mportance.

\Mile great progress has been made in understanding AD, a recent review

article by Munoz and Feldman highlights how little is still known about the

relevance of and connections between the various biochemical factors and end-

products that have been identified (Munoz & Feldman, 2000).

2.4.1 Pathalogy
Fibrillar protein aggregates make up the characteristic lesions found in

brain tissue from persons with AD (selkoe, 2001). These lesions can be

separated into two categories: extracellular B-amyloid deposition (plaques) and

neurofibrillary changes (including neurofibrillary tangles (NFTs) in cefl bodies and

apical dendrites, neuropil threads in distal dendrites and abnormal neurites found

in some plaques) (Figure 2.12\. Other characteristic fé¡atures include reduced

synaptic and neuronal density (scheff & price, 199g; sima & DAmato , 1gg7).
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ln the case of the neurofibrillary changes, this material is primarily paired

helical filaments of hyperphosphorylated tau protein (Lee ef al., 1g91; review:

Goedert, 1993). Healthy cells have a cytoskeleton that provides the cell with

shape, structure and organization (Lehninger et al.,1993). In neurons, important

transport along axons is also canied out by the cytoskeleton (Smith, 1996). One

class of filaments that make up this complex cytoskeleton is called the

microtubule. Microtubules are composed of a protein called tubulin. Tau protein

is involved in the polymerization and stabilizatíon of tubulin into microtubules, as

well as in the cross-linking of the microtubules to other cellular structures.

Normally, tau protein is phosphorylated at two or three amino acid residues. ln

AD, tau protein can become abnormally phosphorylated at eight to ten residues

(Goedert, 1993). lt is not yet known whether this is a resuft of increased activity

of kinases or decreased activity of phosphatases (Bramblett et al., 1gg3;

Ksiezak-Reding et al., 1992). This hyperphosphorylation appears to reduce the

ability of the tau protein to bind to the microtubules, thereby disrupting the

cytoskeleton (Bramblett et al., 1993; Drechsel et al., 1gg2). The

hyperphosphorylated tau proteins assemble into paired helical filaments (pHF)

that in tum aggregate into NFTs (Bramblett et al., 1992; Goedert et al.,19gg &

1993; Lee ef al., 1991; wischik et ar.,1gsg). Tau may atso be glycated in pHF;

this glycation may stabilize the aggregation of PHF to form tangles (Ko ef a/.,

1999)- These tangles form intracellularly in neurons. Eventually, the cell dies,

but the tangles remain, existing as what are called "ghost tangles" (Morris, 1gg7).

PHF are also found in neuropil threads and in neuritic plaques (Monis, 1gg7).
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Extracellular p-amyloid (AB) deposition is the basis for the formation of

plaques (review: Selkoe, 2001). This protein is comprised of 39 to 43 amino acid

residues, the most common isoforms being the 40 and 42 residue proteins. The

42-residue p-amyloid (AF+z) aggregates more readily than the 40- residue B-

amyloid (AF¿o) (Jarrett et al., 1993). tn AD, diffuse plagues, considered to be

immature lesions, are composed of Apa2 whereas neuritic plaques, considered to

be mature lesions, are composed of both AÊ¿o and Ap12. Accumutation and

aggregation of AB may lead to inflammation and/or neuronal degeneration that

may in turn lead to the disruption in cognitive function (Yanker et a1.,1990).

The production of AB comes from incorrect proteolytic processing of a p-

amyloid precursor protein (App) (Kang et al., 1gg7; Lemaire et al.,.lggg;

reviews: Bayer et al., 20o1; Steiner & Haass, 2ooo). App is a transmembrane

protein encoded on chromosome 21 and consisting of a large extracellular

component, one transmembrane domain and a short cytoplasmic component

(Gfenner & wong, 1984; Goldgaber et a1.,1997; Robakis, 19g7). lt exists in eight

isoforms ranging from 677 to 77O amino acid residues; the major isoform in

neurons is APP 695 (review: Bayer et al., 2OO1). This precursor protein can be

processed by two pathways (Figure 2.1g).
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Figure 2.13 Possible pathways for process¡ng App. Normal
processing involves initial cr-secretase cleavage. lf þ-secretase
cleavage occurs before c¿-secretase cleavage, the normal
processing cannot proceed. The abnormal processing produces
Ap4s or 4p42.
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Normal processing of APP involves initial cleavage by an a-secretase

enzyme in the extracellular portion of APP. This cleaves App in the middle of

the AB domain, eliminating the possibility of AB formation. However, initial

cleavage in the extracellular domain by a B-secretase enzyme followed by y-

secretase cleavage in the centre of the transmembrane domain results in the

formation of AB (seubert et al., 1992). The enzyme responsible for the p-

secretase action was recently determined to be BACE: "B-site App cleaving

enzyme' (Vassar et al., 1999). The identity of the y-secretase enzyme has not

yet been determined.

The intenelationship of the various lesions and their retevance to AD is

still unresolved. Evidence exists that plaques and tangles can form

independently of one another. The majority of recent literature supports the view

that AB aggregation is a very important step in the etiology of AD. This view is

supported by recent findings of a number of genetic factors that increase the risk

of developing AD. To date, variations on chromosomes 1, 14, 1g and 21 have

been linked to increased risk, as described below.

2,4.2 Genetic Rísk Factors
Chromosome 21 is associated with point mutations in the App gene

(Goate et a1.,1991; Murrell et ar.,1g91; review: Goate, 1ggs). The single amino

acid substitutions have been found to result in increased production of AB. This

genetic link accounts for only a small percentage (<1o/o) of familialAD (FAD), but

when the mutation exists, it inevitably leads to early AD.
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Chromosomes 1 and 14 are associated with mutations in presenilins

(reviews: Kovacs & Tanzi, 1g9g; Renbaum & Levy-Lahad, lggg; sisodia et al.,

1999). The presenilins (presenilin I from chromosome 14 (Shenington et al.,

1995) and presenilin 2 from chromosome 1 (Levy-Lahad ef a/., lggs; Rogaev ef

a/.' 1995)) are believed to be associated with T-secretase, and some evidence

suggests that they may be y-secretase (review: Selkoe, 2OO1). Mutations

associated with the presenilins result in increased production of AF¿2. These

mutatíons account for a much greater percentage of FAD than the App

mutations, being responsible for -50o/o of FAD.

Finally, chromosome 19 is associated with the gene (ApoE) for

apolipoprotein E (apoE) (review: Corder et a1.,1998). ApoE is normalty involved

in lipid and protein transport. There are three alleles associated with ApOE

(APOE-e2, APOE-a3 and APOE-e4) which code for three forms of the protein

(apoE-E2, apoE-E3 and apoE-E4 respectively). The presence of one or two

copies of the e4 allele has been found in a disproportionately high number of

famifial cases of AD (Strittmatter et al., 1993). Transgenic mice studies indicate

that ApoE-E4 does not lead to increased Ap production, but rather to increased

Ap aggregation. A method by which different ApoE isoforms might result in

varying risk of AD was suggested by Strittmatter ef a/., 1993. Binding of ApoE to

AB peptide may be a step in targeting AB for metabolism. Various isoforms of

ApoE having differing binding affinities for Ap would alter the extent to which the

AB is targeted for metabolism (Strittmatter et a:.,19g3). This genetic risk is the
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only one found, to date, to be associated with increased risk of late-onset AD

(Stríttmatter et al.,1gg3; review: Corder et al.,1ggS).

2.4.3 Staging of Alzheimer Disease
A number of studies still indicate that the hyperphosphorylated tau protein

and the paired helical filaments (PHFs) it forms might be the more important

factor. Evidence for this includes the finding that ApoE can be linked to NFTs.

The apoE-E4 form reduces the ability of tau to bind to tubulin and therefore

possibly compromises the neurons (strittmatter et al., rgg4).

The most compelling evidence for the view that hyperphosphorylated tau

and PHFs are more important than Ap accumulation comes from a large body of

data collected by Braak and Braak (Braak & Braak, 1991 & 1996). In this work,

six stages of AD have been linked to the progression of neurofibrillary pathology

and not to AB accumulation. The progression of neurofibrillary changes was

found to follow a very distinct pathway. In the earliest stages, even prior to

clinical symptoms, the transentorhinal region is most affected. The hippocampus

is only mildly affected; the CA1 sector (see section 2.4.S for description of the

hippocampus) is the first region of the hippocampus to exhibit neurofibrillary

changes- In later stages, most regions of the hippocampus are severely

affected. In examining over 2000 brains, Braak and Braak determined that

amyloid deposition did not necessarily precede neurofibrillary changes. The

amount and location of amyloid deposition was variable. Other studies support

these findings (Arriagada et al., 1gg2; Delacourte et al.,1ggg)
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2.4.4 Corpora Amylacea
Other atypical bodies often found in great abundance in AD brain tissue

are corpora amylacea (c.a.) (Figure 2.14) (chung & Horoupian, 19g6; cisse ef

al., 1993; cisse & schipper, 1995; lwaki et al., 1996; steyaert et al., 1990;

wegiel & wisniewski, 1g94; review: cavanagh, lggg). These features are not

exclusive to AD; their occurrence in the human brain increases with age. Their

presence is unusual in children under 10, but by the age of 40, they are present

in nearly all persons (Mrak et al., 1997). They are fuund in particularly large

abundance in brains of persons affected by neurodegenerative disorders such as

AD and are also very common in brains of persons affected by epilepsy. These

5 - 20 ¡rm diameter spherical bodies are found predominanily in brain tissue in

close contact with cerebrospinal fluid or near blood vessels, especially within the

hippocampus. (Maurizi, 1996; Mrak et al., 1gg7; schipper & cisse, 19gs).
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The biological implications with respect to normal aging or

neurodegenerative disorders and the mode of formation of c.a. are largely

unknown (Mrak et al., 1997; Steyaert et al., 1990). Many recent studies have

focused on identification of the various components of c.a. and proposal of

mechanisms for their formation (Cisse et a|.,1993; lwaki et al.,1996; Schipper &

Cisse, 1995; Steyaert et al., 1990). They are known to be polysaccharidic in

nature, being composed mainly of a-glucose polymers, with some reports

claiming glycoproteinaceous character (Cisse et al., 1993; Cisse & Schipper,

1995; lwaki et al., 1996; Steyaert et al., 1990). Recent studies, generally

involving isolation of c.a. as a primary step in sample preparation, have found the

c.a. to be -4o/o by weight protein (Cisse et al., 1993; lwaki et al., 1996; Steyaert

et al., 1991. lmmunochemical study has determined this protein to be a mixture

of ubiquitin and heat-shock proteins (hsp) (Chung & Horoupian, 1996; Cisse ef

a/., 1993; lwaki et al., 1996; Schipper & Cisse, 1995). The formation of ubiquitin

is known to be a result of physiological stress or cellular injury. Ubiquitin plays a

role in identification of proteins to be proteolysed and hsp may be imþortant in

repairing damaged protein (Chung & Horoupian, 1996; Cisse et al.,1gg3; Wegiel

& Wisniewski, 1994). Thus an overloading of the ubiquitin system may be the

trigger for hsp formation (Cisse et al., 1993).

The role of c.a. is not certain. Some evidence suggests that they are

important in sequestering harmful or non-degradable materials present in the

brain as a result of oxidation or aging (review: Cavanagh, l ggg).
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2.4.5 Hippocampus
In AD, the hippocampus is one of the earliest and most severely

compromised regions within the brain. For this reason, nearly all of the tissue

studied in this worked was from the hippocampus.

Observations of animals and humans with hippocampal damage indicate

this region is associated with memory (Gluck & Myers, 2001). In particular, it is

an important region for the transfer of short-term memory to long-term memory.

As a result, memory is severely afbcted in patients suffering ftom AD.

The hippocampus has two intertwined curved bands, the Cornu Ammonis

(CA) and the dentate fascia (Figure 2.15) (Esiri & Monis, 1997). The CA band is

composed of three layers, the middle of which contains large pyramidal neurons.

This band is subdivided into four regions, cA1, 2, 3 and 4, based on the

characteristics of these neurons. In the CA1, the neurons are triangular in shape,

and well-spaced. At the CA2, the neurons are rounder and more tightly-packed.

The neurons become less dense at the CA3, where they curve into the CA4

within the dentate curve. These regions are affected by AD at different rates

(Braak & Braak, 1991). The CA1 is the first region affected, with tangles

appearing in the early stages of the disease. During later stages, the remaining

regions are also affected.
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3. Experimental

3.1 Tissue Sample Acquisition
Samples of hippocampus were acquired prospectively from autopsies at

Health Sciences Centre (HSC, Winnipeg) in accordance with the Canadian

Autopsy Act, by the neuropathologist (Dr. Marc Del Bigio, Department of

Pathology, HSC).

Originally, sample sections were obtained ftom entire brain hemispheres

that had been frozen intact, with the hippocampus later removed as needed. The

tissue was thus subjected to slow freezing which resulted in the formation of ice

crystals. This severely compromised the tissue as the ice crystals created holes

and tears throughout the slices (Figure 3.1 (a)). Tissue acquired in this manner

was unusable, particularly for lR mapping. The improved protocol involves initial

removal of the hippocampus at autopsy. This small piece is sealed in a plastic

vial, flash frozen by immersion in isopentane cooled in liquid nitrogen and then

stored at -70"C- The tissue is warmed to about -2s"C prior to slicing. The

resulting slices are found to be free from freezing artifacts (Figure 3.1 (b)).
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The neuropathologist examined stained slices of each sample to

determine their suitability for this study, and to classify as normal or diseased.

For each sample chosen to be included in this study, the frozen hippocampus

was sliced into 6 to 8 ¡rm thick sections and placed on an appropriate substrate

for the FTIR experiment. Generally, I pm slices were required to get sufficient

signal when analysing neurons and neuropil while the thinner 6 pm slices were

necessary for analysing corpora amylacea. The c.a. are dense bodies and it was

found that in the I ¡rm thick tissue, not enough source light was transmitted to get

a reasonable spectrum. The prepared samptes were stored in a microscope

slide case under ambient conditions, not desiccation. The tissue is not expected

to be entirely dry, but minimally hydrated-

Serial slices were also collected and mounted on glass slides and stained

in order to give an appreciation for the general morphology of a particular

sample- This was deemed a reasonable protocot after examination of a number

of stained serial slices indicated tissue morphology was very similar for adjacent

slices. The similarities included not only general morphology, but also specific

features, such as blood vessels, that could be seen in approximately the same

location and with the same shape in a number of consecutive slices (Figure 3.2).

Since neurons are only about 20 pm in diameter, only a general location of high

density of NFTs could be determined.
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Samples were typically put on mid-lR reflective substrates to be analysed

in the reflectance mode. These substrates included gold-coated silicon wafers

and MirrlR slides (Kevley Technologies). The MinlR slides are glass slides

coated on one side with layers of silver and tín, so that the coated side is >gg%

refiective in the infrared region, but almost completely transparent to visible light.

Tissue mounted on MirrlR slides could be stained following spectral analysis.

Some slices were also put on ZnSe slides, which are transparent throughout the

mid-lR, and were analysed in transmission mode. While samples mounted on

either substrate could be stained following lR data acquisition, a major advantage

of using the MirrlR slides over the ZnSe slides was the relative cost of the

substrates (only 93 for each MinlR slide as opposed to more than $100 for a

ZnSe slide). Ease of use, storage and transport were also factors. Since the

MinlR slides are the same size and shape as conventional glass microscope

slides while the ZnSe slides are circular slides, 13 mm in diameter, mounting and

staining samples on the MinlR slides was simpler, as was storage and transport

in a mícroscope slide case.

3.2 Tissue Sample Information
The work presented in this thesis ís based on data collected from 11

samples ranging from normal to severe AD. The background information for

each sample is given in Table 3.1. The samples have been arranged in order of

increasing severity of AD as determined from standard histochemical stain

analysis combined with minimal clinical information.
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able 3.1 nformation

Sample Age Gender Hourc
Post-Mortem

Med. Conditions
fotherthan AD)

Dementia?

1 36 F 30 minutes* epilepsy No

2 64 F 19 No

3 51 F 13 cardíovascular No

4 60 F 19 sepsis, confusion No

5 70 M 27 No

6 77 M 24-28 No

7 74 M 21 alcoholism No

I 69 F 27 ?

I 85 F 36 post-op. confusion 2

10 83 F 48 Yes

11 84 M 19 Binswanger Yes
*Note: this is a surgical sample, not autopsy

All samples, except for sampre 1, were acquired at autopsy. sample 1 is

a surgical sample. This patient had epilepsy, and surgery was being performed

to remove a portion of the hippocampus in order to reduce epileptic seizures.

3.3 Pre-spectral Sample Analysis
Prior to data acquisition, samples were carefully examined to get an

overall view of the tissue morphology. Serial slices on glass slides were stained

with the modified Bielschowsky silver stain or hematorylin and eosin (H&E). The

H&E stain is a general stain which allows for better visualization of normal cells

as well as NFTs and plaques. The Bielschowsky stain is more specific and is

better for distinguishing the NFTs and plaques. Because the locations of

features in serial slices are generally very consistent from slice to slice,

examination of these stained slices gave information about the best locations for
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spectral analys¡s. Low-magnification photographs, ranging from 100x to 160x

overall, were taken of these stained slices and the unstained slices on which

spectral data would be collected. In addition, higher-magnification photographs,

ranging from 400x to 1600x overalf, were taken of the specific regíons where

spectra were required. These photos simplified the task of determining exact

locations of spectral data.

Supplementary histopathological information was obtained for each

sample (with the exception of sample 1) from other staining procedures.

Paraffin-embedded tissue from the other hemisphere, including the frontal lobe,

temporal lobe and hippocampus, was sectioned and stained with Bielschowsky

silver stain and several immunostains specific for ubiquitin, tau, App and Apa2.

To reduce subjectivity, these slices were examined independenfly by the

neuropathorogist, a summer student (Alison Holriday) and myself. For the

evaluations, the sample slices were re-coded by the neuropathologist to prevent

bias based on previous knowredge of disease assessment.

Tangle (NFT) content was recorded as the estimated percentage of

neurons within each region (CA1 , CAZ and CA3 + CA4) that stained positive for

tangles' ln the case of Bielschowsky silver stain, these are the neurons that stain

dark brown to black- In the case of the tau immunostain, which r.ecognizes tau

protein, tangles stain dark blue. Hippocampus sections from most samples were

also stained with immunostains for APP, ubiquitin and AF+2. However, the results

were highly variable, so they are not included here.
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The semiquantitative plaque score is a number that represents the highest

density of plaques within a given region (frontal lobe, temporal lobe, CA1, CA2

and CA3 + CA4) (based on CERAD, the Consortium to Establish a Registry for

Alzheimer's Disease, criteria; Mirra et al., 1993). This test involved assigning a

number (0 for no plaques to 3 for high density of plaques) based on the greatest

number of plaques visible within the field of view at 100x magnification. Table

3.2 displays the results of this analysis. Although sample 1 was not included in

this evaluation, there were no plaques or tangles, and all values (Tangle o/o ãtld

Plaque Score) were 0.
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Tissue

Region

Frontal Lobe

Temporal Lobe

Table 3.2 Histochemicar and pathological features of each sampte

Hippocampus CAl

cA2

cA3

cA1

cA2

cA3

cA1

cA2

cA3

Stain

Sample

Feature

Biels.

Biels

Plq. Sc.

Biels.

2

Plq. Sc.

3

Plq. Sc.

0

ot
N

Biels

0

4

0

0

Tangle %

0

0

5

0

0

Tau

0

0

0

6

0

1

0

Tangle %

0

0

1

0

7

ötets. = tstels(

0

0

1

0

0

0

0

1

0

<5

I

0

I

0

0

0

<5

0

2

0

1

I

0

0

0

0

1

<10

1

k

0

0

y stain; Plq. Sc. = Plaque Score
0

10

1

<5

0

1

<5

2

<25

1

<5

n

1

0

11

2

<5

<5

2

<5

2

0

<5

<5

3

<5

1

<5

<10

3

<5

25-50

2

0

<5

50-75

3

<5

2

<5

50-75

0

2

1

<5

25-50

<5

2

50-75

<5

50-75

50-75

0

<5

<5

25-50

<5

50-75

25-50

<5

50-75

<5

<25

<5

50-75
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3.4 Glycogen Sample preparation
Since corpora amylacea are reported to be composed primarily of

glycogen, lR spectra of a standard sample of glycogen were acquired under the

same conditions as spectra of the corpora- The sample of glycogen suitable for

spectral analysis was prepared by first dissolving glycogen (type ll glycogen from

oyster, Sigma Chemical Company) in water. A drop of the solution was applied

to a MirrlR slide and allowed to dry. Subsequent drops were applied one at a

time on top of the initial dried film and again allowed to dry between drops. A

number of different samples were prepared, each with different numbers of

drops, in order to ensure at least one sample of suitable thickness for data

collection.

3.5 Data Acquisition

3.5.1 FTIR Data
Synchrotron source FTIR data were acquired at either the Synchrotron

Radiation Center (SRC), University of Wisconsin-Madison or at the National

synchrotron Light source (NSLS), Brookhaven National Laboratory, upton, Ny.

All individual neuron spectra were acquired at SRC. The combined map data

from SRC and NSLS generally included maps taken within the CA1, CA2 and

CA3 of each sample. Some maps were also taken of the closely-packed dentate

neurons' Since spectral data for only a small amount (<1o/o) of any sample could

be acquired, careful consideration had to be made as to which areas to analyze.

Examination of stained serial slices helped determine areas with higher
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probability of NFTs and plaques. These were the areas selected for spectral

examination in AD samples- Corresponding areas in normal samples were also

mapped' ln order to ensure that any spectral differences observed were not due

to variations in post-mortem delay, maps were taken in the white matter of most

samples- lf differences are observed in the white matter, they could be attributed

to the variation in post-mortem delay since AD affects only grey matter regions.

3.5.1.1 sRc
At SRC, the data were collected using the synchrotron as an lR source for

a Nicolet Magna s00 FTIR equipped with a Nic-plan lR mícroscope. This

microscope had a manually-controlled aperture and a motorized stage which

could be moved in one ¡rm increments. The microscope also housed the liquíd

nitrogen cooled mercury/cadmium telluride (McT) detector. with this

microscope, the sample was first inspected visually, with eithe r a 10X or 32X

objective, in order to determine the location where lR spectra would be acquired.

Following this visual inspection, the microscope was switched to lR acquisition

mode with the 32X lR objective. While the spectrzr were being co¡ected,

simultaneous viewing by the operator was not possible. Nicolet OMNIC software

was used for both data collection (version 4.1) and analysis (either version 4.1 or

5'1)' Most of the spectra were collecled in reflectance mode off either the gold-

coated substrates or the MinlR slides. A few spectra were collected in

transmission mode using ZnSe slides.
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ln nearly all cases, the manually controlled aperture was set at about 20

pm x 20 pm in order to obtain sufficient S/N. Spectral resolution was 4 cm-1 and

dependíng on beam and instrument conditions, between 64 and 102g scans

were co-added for each spectrum. Typically, fewer scans were required

immediately following a beam injection, with increasing number of scans being

necessary as the beam current decreased. ln addition to this factor, the extent to

which the beam and instrument were properly aligned altered the signal

throughput, and affected the number of scans required to get sufficient S/N. The

spectra were all ratioed to a background spectrum taken on an area of clean

substrate near the sample. Although the sample compartment was boxed and

purged with dry N2 during data acquisition, it was impossible to keep the levels

absolutely constant and small fluctuations in COz and water vapour levels were

experienced. Thus, new backgrounds also had to be acquired to conect for

these fluctuations.

All point spectra, including individual neuron spectra and corpora

amylacea spectra, were taken at sRC. For these spectra, the aperture was

centred over a neuron or c.a. within the CA1 , 2 or 3 region of the hippocampus.

The aperture size was such that most of the neuron and a small amount of

surrounding neuropilwere sampled. A minimum of 100 neurons in the CA1 were

anafyzed for most samples (except sample 6). In addition to this, CA2 and CA3

neurons were analyzed for eight of the samples. In these samples, the combined

number of cA2 and cA3 neurons analyzed was generally 20 - 4s. New
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background spectra had to be collected at regular intervals since the decrease in

beam current over time reduced the source signal.

A number of smaller maps, generally in the range of G40 ¡rm2 to 32 000

pm2, were also taken. The maps were acquired one point at a time, with the

motorized stage automatically moving to each point. The maps were paused

between each point to allow for re-focusing if necessary. Again, due to the loss

of signal over time, new background spectra were acquired prior to each map.

More than 300 corpora amylacea spectra were recorded. These generally

required more scans as the bodies are very dense. In addition spectra of the

glycogen sample were recorded for comparison.

3.5.1.2 NSLS

At NSLS, the spectra were collected on a Nicolet Magna S60 FTIR

interferometer equipped with a Spectra Tech Continuum lR microscope. This

interferometer and microscope are among the most recent hardware available.

The microscope had a computer-controlled aperture and a motorized stage,

again with the capability to move in one pm increments. lt allowed for

simultaneous sample viewing and lR data collection, with a A2X lR objective.

The microscope also housed the liquid nitrogen cooled MCT detector. The

sample compartment area of the microscope was enclosed in a plastic bag to

achieve an acceptable purge. Figure 3.3 is a photo of the beamline, including

the interferometer and bagged microscope. Nicolet OMNIC software, version

5.1, was used for both data acquisition and analysis. All spectra were collected

in reflectance mode off either gold-coated substrates or MirrlR slides.
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Because of higher current levels at NSLS and better beam{o-instrument

alignment, the lR source is brighter, hence good S/N could be obtained with

smaller aperture settings than possible at SRC. ft was generally set between 10

pm x 10 pm and 15 pm x 15 pm. Spectra were acquired at 4 cm-1 resolution.

For each pixel, between 16 and 512 scans were co-added and ratioed to a

background collected from a clean area of the substrate near the sample.

Some of the smaller maps and all of the larger maps in this study were

acquired at NSLS. The maps ranged in size from 3 000 pmz to 300 000 pm2.

These maps were again acquired one point at a time with the motorized stage

automatically moving to each point. Because of the simultaneous visible viewing

and spectral acquisition, the maps were only paused when re-focussing was

necessary. New background spectra were acquired prior to each map.

3.5,2 Raman Data
The Raman data presented were acquired over a three-day period at the

Photonics Research Ontario/University of Toronto on a Dilor confocal Raman

microscope equipped with a motorized stage. For all data presented in this

thesis, the 780 nm line of a titanium-sapphire laser was used. The power at the

laser was 100 - 200 mw; the power at the sample was reduced to <10 mw by

use of neutral density filters to prevent burníng the sample. Use of a 100X

objective gave a laser spot size slightly larger than the diffraction limit of 0.S pm.

The spectra were generally the sum of l0 scans, with 20 - 30 seconds per scan.

Labspec 2.0 software was used for both data acquisition and analysis.
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Individual spectra of a small number of corpora amylacea were acquird,

as well as a number of maps, on one of the samples previously used for FTIR

study (sample 11) mounted on a MinlR slide. For the individual spectra, the light

was focused within one c.a. For mapping, spectra were acquired one point at a

time. The points in each map were not necessarily connected to one another.

Typically, there was some sample area between each point for which spectral

information was not collected.

For comparison, a glycogen spectrum was arso obtained. For this, a

sample of powdered glycogen was sent to Toronto. A technÍcian obtained the

spectrum directly from a small amount of this powdered glycogen, with no

sample preparation.

3.6 Infrared Spectral Data Processing

3.6.1 Ðerivative specfra and Fourier self-Deconvorution
In current literature, various methods of data processing are commonly

used, including analysis of frrst- or second-derivative spectra and analysis of self-

deconvolved spectra (Cameron & Moffatt, 1gs4). The purpose of second

derivative spectra is- to betiei'identify the tor:ations of band maxima (in partictlar";

iraird maxima of unresolved shoulders). l-lowever; as explained in the

introduction (section 2.3.1\ these bands are actually comprised of numerous

nearly degenerate absorptions. The bands revealed by the second derivative are

still composites; and interpretation based on such band positions must be used

cautiously. This procedure aiso eiiminates alí'intensity information (Figure 3.4).
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Figure 3.4 Second derivative spectra. The top spectrum is the original, unpr.ocessed spectrum. Below is the
second derivative spectrum. Note the loss of the broad band near 3150 cm-' in the derivative spectrum. ln
addition to this, the band near 1150 cm-1 is lost or hidden in the noise of the derivative spectrum.
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ln addition to the above considerations, smoothing of the derivative

spectra is required to reduce the noise inherent in these spectra. Care must also

be taken to choose an appropriate spectral range for derivatization because the

regions near the ends are unreliable as a result of the mathematical procedure.

Another common mathematical process is a resolution-enhancement

technique called Fourier self-deconvolution (FSD). Self-deconvolution of spectra

requires certain assumptions, including the number of overlapping bands that

make up the overall spectral profile and the width and shape of such bands. All

bands predicted to make up the profile are assumed to have the same width and

shape, which is not always the case. Figure 3.5 depicts two possible results of

Fourier self-deconvolving a spectrum. By changing the bandwidth and

enhancement parameters, very different results can be seen. This process is

subject to the same limitations on interpretation as the second derivative spectra.
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Figure 3.5 Fourier self-deconvolutlon. Tlre upper s@tra cover the entire spec,tral
fnge. The region of most interest, l800cm'r to 800 cm-t, is enlarged in the lower panel.
The top spec{rum in both images is the original, unproeæssed spectrum. The tr¡lo other
spectra have been Fourier selfdeconvolved using different banciwiOtn and enhancement
parameters. In the middle spectrum, a bandwidth of 80 and enhancement of 2.3 were
used' A bandwidth of 40 and enhancement of 2.7 resulted in the bottom spectrum.

72



3.6.2 Analysis Protocol used in this Study
For this study, an improved protocol was developed for use with raw data

rather than self-deconvolved or derivatized spectra. Analyses were performed

on the raw data following baseline correction, but without any other processing of

the data. The initial baseline correction involved subtraction of a straight line

from the entire spectrum. Since a number of factors including beam current (and

the resulting signal) and tissue thickness were not identical for each spectrum

collected, the minimum absorption value in areas lacking real absorption bands

varied. In addition to this variation, some spectra had sloping baselines.

Baseline correction was used to minimize these variations so all spectra would

be comparable. The baseline corrections for individual neuron spectra were

determined for each spectrum individually. For spectral maps,. this was not

possible because the software automatically processes all spectra within a map

in the same manner and individual spectra c€¡n not be extracted, processed and

then put back into the map. For maps, the baseline was chosen to best

represent all spectra in the map.

Following baseline correction, various peak area ratios were calculated.

Peak areas were chosen in preference to peak heights since this allowed for

slight variations in peak position and produced more reliable results (see Figure

3.6).
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Analysis of ratios as opposed to absolute peak areas also produced more

reliable results. For example, in analyzing for abnormal protein content, use of

peak area ratios allows for variation in the total protein content of the sampled

tissue. Instead of obtaining a value for the totaf abnormal protein content,

calculations involving ratios results in a value representative of the amount of

abnormal protein relative to thè amount of normal protein.

3.7 Post€pectral Sample Analysis
Following data aquisition, most samples on MirrlR slides were fixed in

10% formalin solution and stained with the modified Bielschowsky silver stain to

reveal NFTs and plaques. Spectral data were compared with the stains for

corroboration wherever possible. Exceptions to this protocol occurred when the

staining procedure was unsuccessful.
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4. Results
This section has been separated into topics based on the technique used,

the information that was sought and the data analysis protocols required. The

FTIR results are presented first, beginning with lipid content and followed by a

section on abnormal protein content in neurons and in maps. In the process of

collecting a large body of data, unusual spectra were occasionally recorded that

were later found to correspond to microcrystals in the tissue. A brief section on

these microcrystals is included. The corpora amylacea warant a separate

section due to their specific qualities and because Raman data were collected in

addition to FTIR data. At the end of the results is a brief discussion of the impact

various experimental factors might have on the results presented, including the

time between death and autopsy as well as sample stability following slicing.

4.1 Lipid Gontent
To calculate the relative amounts of lipid, peak area ratios were calculated

for the CHz:CHg asymmetric stretch bands. These ratios were calculated as the

area between -2916 cm-1 and -2931 cm-1 relative to the area between -2gS0

cm-r and -2965 cm-t. These bands occur on the low energy side of the OH and

NH stretch region; as a result, the baseline is not flat. In estimating the CHz:CHg

band area ratio, the baseline endpoints at -2g2s cm-r and -3000 cm-r were

adjusted slightly for each map to accommodate variations in the OH/NH bands.

Figure 4-1 depicts examples of spectra with high and low lipid content.
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The band ranges are reported as approximates because the soflyvare

imposes an automatic placement that is nearly, but not precisely, the same

wavenumber in each spectralfile.

ln the examination of lipid content in brain tissue, it was found that two

important distinctions could be made. Brain tissue is composed of white and

grey matter- In white matter, the axons are surrounded by myelin, thus white

matter has a much higher lipid content than grey matter. Typical cHz/cHg peak

area ratios for white matter a¡e 2.0 to 3.0 based on over 500 spectra. For grey

matter, typical ratios are 1.s to 2.0 based on thousands of spectra. This

difference can be seen in Figure 4.2.
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The lipid content also varies across the neuron and neuropil in the grey

matter to a lesser degree. The neuropil, which is composed of densely packed,

small diameter dendrites and axons, has higher lipid concentrations relative to

that within the neuron body. While typical CHz/CHs peak area ratios for the

neuropil in grey matter are 1.5 to 2.0 (based on thousands of spectra), the ratios

are generally 1.0 to 1.5 within neurons (based on hundreds of spectra). The

neuron cell body is typically about 20 pm in diameter. lf spectra are acquired at a

high enough spatial resolution (<15 ¡rm aperture) and some pixels in a map fall

within the neurons, this variation can be used to image the neurons as shown in

Figure 4.3. Apertures from 8 pm to 13 ¡rm werê regularly achievable at NSLS.
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4.2 FTIR Detection of Abnormal proteins
The main pathological changes associated with Alzheimer disease are

alterations in the protein content and structure within the brain. These alterations

include the formation of paired helical filaments (PHFs) of hyperphosphorylated

tau protein and the aggregation of the PHFs into neurofibrillary tangles. They

also include the formation and aggregation of Ap proteins into plaques. A more

detailed description of these lesions has been given in the introductíon.

4.2,1 lndividual Neuron Specúra
In each of the samples studied, a minimum of 100 individuat spectra of

neurons in the CA1 region were obtained. Spectra of about 30 neurons in the

CA2 and CA3 regions were also taken for most samples. In nearly all spectra,

the amide I peak maximum fell within the a-helical region as described in the

introduction. In many spectra, the amide I band had a substantial shoulder to the

lower ftequency side. This shoulder typically fell within the p-sheet or

aggregated protein region.

For each spectrum, the abnormal protein content was determined as a

function of the relative magnitude of the low frequency shoulder to the amide I

maximum. This was calculated as the area between 1620 and 163g cm-1 relative

to the area between 1639 and 1660 cm-1; baselines were individually chosen.

Examples spanning the range of ratios calculated are presented in Figure 4.4.
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Figure 4.4 Amide | rcgion of sample neuron ryectra. (a)
high (ratio = 0.871), (b) medíum (ratio = 0.69.4) and (c) torv (ratio
= 0.496) abnormal protein content. Dashed lines indicate
boundaries of areas used to calculate ratios, with baseline
individually determined for each spectrum.
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The ratios were then averaged for each sample; the results are shown in

Table 4.1 . The data presented in Table 4.1 is also displayed in a graph in Figure

4.5. There are inconsistencies between the average neuron abnormal protein

content and the overall lR mapping data and histochemical data (Table 3.2),

especially for sample #3. These inconsistencies are discussed in section 6.3.2.3,

and lead to some important hypotheses concerning both the samples and the lR

evaluation of AD tissue.
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Table 4.1 Average relative abnormal protein content for each sample

A,vlg

CA1 S.D.

N

0.566

0.058

100

2

CAz At¡g

+ cA3 S.D.

N
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4.2.2 [ttlaps
The images beginning on page 88 (Figure 4.6) were obtained by

comparing the area between 1621.31 cm-1 and 1640.58 cm-1 to the area between

1640.58 cm-l and 1659.85 cm-1 lwith a flat baseline through 1769.72 cmr). The

results are displayed as false-colour images with the colours representing

different ratios as shown on the first page of this series of images.
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The frequency ranges measured for the map data are not precisely

identical to those used for the individual neurons, due to limitations in the

capabilities of the software. For map data, the ranges used were 1621.91cm-l to

1640.5s cm-1 and 1640.58 cm-1 to 1659.85 cm-1. For individual neuron data, the

ranges used were 1619.939 cm-i to 163g.223 cm-1 and 163g.233 cm-1 to

1660-436 cm-1. Because of this, the absolute ratio values are not transferable

between individual neurons and map data. The relative differences between

samples should not be affected by this slight variation.

Points in some of the maps are invatid because either the corresponding

spectra are noisy (often the result of poor beam conditions) or the amide I bands

are distorted due to the presence of small, unidentified crystals (see section 4.3).

Rows of colour usually indicate that the spectra were taken during a beamfill

duríng which there is no light source. The software does not allow for the

removal of individual points within a map prior to spectra analysis. Rather, the

maps have also been analyzed in such a way as to reveal the invalid areas. This

analysis is discussed in section 4.3.
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A more quantitative analysis of the maps was carried out to examine the

progress in a more reliable fashion than by visual inspection of the false-colour

images. lt is possible to export the information in the processed map in the form

of an (x,y,z) csv file. In this file, x and y represent the coordinates of the pÍxels in

the map and the z value is the abnormal protein content ratio for that pixel. This

file is opened in Excel for processing. The first step in the processing was to

eliminate all pixels whose spectra indicated the presence of microcrystals (see

section 4.3) or excessive noise. All remaining pixels, whether of neurons or

neuropil, were included in the following calculations. For each sample, all the

maps acquired were combined into one file.

In the first calculation, the abnormal protein content ratio averaged over all

pixels in all maps was calculated for each sample. These averages are

presented in Table 4.2 and Figure 4.7.

Table 4.2 Average abnormal protein content ratio in maps

Sanple# Aver4e Rdio

1 0.696

2 o.7Æ

3 0.755

4 0.750

5 0.791

6 0.&t6

7 o.777

I 0.805

I o.817

10 o.792

11 0.866
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For the second calculation, the Excel data for each sample was sorted

according to the value of the abnormal protein content ratio. This ratio was then

considered in intervals of 0.025 over the range of 0.6 to 0.g. The number of

pixels in each intervaf was converted into a percentage of the total number of

pixels. The result is reported for all samples in Table 4.3. To compress the

results into a more easily understood form, the percent areas were averaged for

each classification (normal, EAD and AD; see section 6.1) and the results are

shown numericalfy ín Table 4.4 and graphícally in Figure 4.g.
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Table 4.3 Percentage of total area mapped in each sample with given abnormal protein content ratios

Sample # 1

i'i,nH eB

Ratro Rarqel
<0.6

0.6-0.625

0.625-0.65

0.65-0.675

2

0.00%

355

0.675-0.7

0.00%

0.7-0.725

8.160/o

3

0.00%

0.725-0.75

13.27o/o

8At

0.00%

0.75-0.775

30.61%

0.28o/o

4

1.85o/o

0.775-0.8

35.71o/o

8538

4.51o/o

3.01o/o

0.8-0.825

12.24o/o

10.14o/o

0.825-0.85

1.160/o

5

1.54o/o

0.00%

16.620/o

290

2.31o/o

0.85-0.875

1.680/o

0.00%

19.440/o

3.24o/o

0.875-0.9

7.10o/o

6

0.00%

19.15o/o

0.00%

6.60%

Jo
C'

894

14.79o/o

0.00%

0.69%

18.030/o

25.350/o

9.85%

0.00%

2.07o/o

7

7.32o/o

0.00%

20.95o/o

8.11o/o

0.00%

366

2.07o/o

3.38o/o

0.00%

15.970/o

8.79o/o

1.720/o

1.13o/o

0.00%

12.27o/o

I

0.00%

7.80o/o

7.24o/o

0.00%

1 180

0.00%

4.860/o

0.00%

8.010/o

8.97o/o

0.11o/o

1.50o/o

2.73o/o

I

9.25o/o

0.00%

9.660/o

1.Af/o

0.58%

125a

7.38o/o

9.65%

11.38o/o

0.00%

1.A[o/o

7.92o/o

6.60%

25.52o/o

10

1.02o/o

0.00%

4.25o/o

9.02o/o

1179

3.66%

22.41o/o

2.37o/o

14.770/o

0.00%

7.82o/o

4.07o/o

6.55%

20.02o/o

11

3.20o/o

0.00%

8.74o/o

4.07o/o

1352

1.38o/o

25.39o/o

4.80o/o

12.30o/o

1.360/o

6.44o/o

4.80o/o

10.07o/o

16.94o/o

3.22o/o

0.07o/o

9.24o/o

6.40o/o

7.Vlolo

11.75o/o

4.50o/o

10.08o/o

0.15o/o

7.20%

10.11o/o

5.60%

14.41o/o

0.07o/o

8.00%

6.79o/o

2.73o/o

28.üo/o

0.07o/o

5.60%

8.31o/o

13.73o/o

0.07o/o

6.40o/o

10.19o/o

0.15o/o

4.24o/o

12.00o/o

11.37o/o

0.15o/o

10.40o/o

10.860/o

0.89%

14.40o/o

12.38o/o

4.22o/o

10.60%

13.17olo

7.38o/o

21.300/o

21.890/o

16.27o/o



Table 4.4 Average percentage of total area mapped with given abnormal
protein content ratios for each of the diseased state categories

Ratio Range Gontrol EAD AD
<0.6 0.620/0 0.39% 0.02%

0.6-0.625 1.00o/o 0.59% 0.38%
0.625-0.65 3.20o/o 2.98% 1.88o/o

0.65-0 .67 5 6.70% 6.06% 2.94o/o

0.675-0.7 14 .660/o 4.90% 3.640/o

0.7-0.725 19.640/o 6.43% 4.35o/o

0.725-0.7 5 19.01o/o 6.73o/o 5.53o/o

0.75-0 .77 5 13.37% 7.61% 7.08o/o

0.775-0.8 11 .33o/o 11 .62% 7 .82o/o

0.8-0 .825 6.53o/o 17.93o/o 11.21o/o

0.825-0.85 2.75% 17 .30o/o 18.58%
0.85-0.875 0.88% 8.33% 14.160/o

0.875-0.9 0.19% 3.93o/o 10.57o/o

>0.9 0.12% 5.18% 11 .87o/o
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4.3 Microcrystals
In the process of obtaining large quantities of data, spectra with unusual

features were occasionally observed. These spectra were first noted during

acquisition of individual neuron data. Later, they were also observed in many

maps. A typical spectrum with these features, as shown in Figure 4.9, has an

unusuat amide I profite, generally with a maximum in the a-helical region and

large shoulders to either side. The spectra also have sharp bands at 130S cm-r

and 1393 cm-1. These spectra have been found in all samples except numbers

5,7andL
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Figure 4.9 Typical spectrum of a microcrystal. The unusual features are
indicated with anows. The amíde I and ll band maxima are indicative of the
usualø-helix, occuning at 1655 cm-1 and 1545 cm'1 respectively.
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Upon closer examination, these spectra were found to be due to smatl

crystals present in the samples (Figure 4.10). The image in Figure 4.10 was

acquired by illuminating the tissue from above. When the samples were tit from

below, the crystals appeared only as small dark imperfections in the sample.

These microcrystals were not identifiable in stained tissue sections as they were

probably washed off during the staining process.

It has been determined that these crystals are not Ap fibrils, phosphate,

carbonate or sulfate. As yet, these crystals are unidentified. In order to identify

them, further work, including Raman spectroscopy, is being carried out in the lab.
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The characteristic features of these crystal spectra interfere with the

analysis for abnormal protein content since they contribute a low wavenumber

shoulder to the amide I band. As a result, the abnormal protein content

determined in the previous analysis is invalid in regions where crystals are

present. To reveal the presence of crystals, the area of the 130S cm-r peak was

imaged as the area between 1 297.58 cm-r and 1311.07 cm-1 with a baseline from

1289.87 cm-r to 1318.78 cm-r. The resulting images revealed not only the

presence of crystals, but also areas in the maps where the corresponding

spectra were noisy. The map images on the following pages include all those

which were affected by these anomalies (noise, microcrystals) (Figu re 4.11).
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The first step in examining the spectral maps is to consider the abnormal

protein content images together with the microcrystal images. An example of this

comparison is presented in Figure 4.12. The original abnormal protein content

map 2-A (sample 2) as found in Figure 4.6 is reproduced in Figure 4.12 (a).

Figure 4.12 (b) is the corresponding microcrystal map from Figure 4.11. In this

ffiap, the coloured areas represent regions whose spectra contain bands

characteristic of the microcrystals. These are the regions that must be omitted

from the abnormal protein content map. The result of these omissions can be

seen in Figure 4.12 (c) in which the black regions correspond to the coloured

regions in the microcrystal map and are ignored in the analysis of the abnormal

protein content map. Omitting these four regions from the abnormal protein

content images removes four of the blue to green regions (ratios ranging from

0.748 to 0.919), leaving the majority of the image red to yellow with only

occasional small areas of green. This process was done for all maps prior to

final abnormal protein content analysis.
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4.4 Corpora Amylacea
Infrared spectra of the corpora amylacea were generally noisy and

variable (Figure 4.13). Most of the diffïculties in acquiring good quality spectra

arose from the high density and spherical shape of these bodies (see Figure

1.14).

The scattering and transmission characteristics of small particles,

particularly spherical particles, are not easily modelled and produce spectral

artifacts (personal communication, Tim May, CLS & Robert Julian, sRc). The

spectral bandshape near large absorbances takes on the appearance of a first-

derivative superimposed on the normal profile of the absorbance band. This was

the case regardless of how the data were collected, either in reflectance or in

transmission mode. Because of this, the location of the band maxima were

somewhat variabte. In addition, the density of the c.a. was often so great that it

led to nearly complete absorption of incident lR light, especially for tissue

thickness 16 pm.
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Figurc 4.13 Typical corpora amylacea tR spectra. These three spectra are
soTg.gJ the many corporc¡ amytacea spectra collected and índicatè the high
variability in the spectra as r¡ræll as the derivativelike features in the fingerprint
region (some indicated with anows).
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Given that literature indicates the c.a. are composed primarily of glycogen, a

logical step is to compare the c.a. spectra with that of a standard sample of

glycogen. In addition to the difficulties with obtaining c.a. spectra, the standard

glycogen spectra were also found to be variable (Figure 4.14'). In this case, the

band locations are consistent, but the relative intensities of the bands vary

depending on which area of the dried film was examined. This variability

probably arises due to differences in hydration that have resulted in structural

variations.
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Figurc 4.14 Dried glycogen spectra. Spectra taken from different regions
within a dried glycogen film.
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Despite the problems with the FTIR spectra of c.a., some information can

be obtained. Comparison with a standard glycogen sample reveals the similarity

between the spectra of c.a. and that of glycogen, particularly in the strong bands

between 12OO cm-l and 900 cm-r. Unfortunately, this is also the region most

affected by the spherical anomalies. The spectra of c.a. have significant bands in

the amide I and ll regions not present in the glycogen, suggesting the presence

of protein. The band maxima for the amide I and tl are typically around 1655 crn'

r and 1548 cm-1 respectively, indicative of normal c¿-helical protein.

Raman spectroscopy proved to be a better technique for analyzing these

dense bodies; the difficulties common to the lR spectra were absent in the

Raman spectra. In addition, the higher spatial resolution possible in Raman

spectroscopy allowed for the mapping of individual corpora. Figqre 4.1S shows

the spectra of a c.a. (both original spectrum, and after subtraction of the

fluorescence background) and, for comparison, glycogen. In Figure 4.16, a map

containing three corpora amylacea has been imaged for peak area of the large

peak at -480 cm-l. When imaged for other glycogen peaks (as determined from

the comparison in Figure 4.1s (b)), very similar results are obtained.
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A number of uncontrollable variables exist in the experimental protocol,

including time between death and autopsy, time between sample acquisition and

data collection and difficulties with sample purging during data coilection. The

effects these variables might have on the results had to be determined before the

results were deemed relevant.

5.1 Post-Mortem Delay
The elapsed time between death and autopsy ranged from 13 hours to 48

hours. The surgical sample (sample 1) was acquired and frozen in <30 minutes.

To ensure these post-mortem delays did not affect the results, lR maps ì,vere

taken in white matter regions of each sample and analysed for abnormal p-sheet

and/or aggregated protein content in a similar fashion to the various grey matter

maps. These maps indicated no significant difference in proteins in white matter

due to either post-mortem delay differences or diseased state (Figure S.1). Since

the completion of the research for this thesís, lR data has been collected on

additional samples and the results confirm the conclusions presented here.

These samples include normals with long post-mortem times to match the longer

delay of the original AD samples.
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5.2 Sample Stability
Following sample slicing, the dessicated thin sections were kept in closed

slide holder boxes at room temperature. To address the issue of sample stability

over time under these conditions, fifty-nine lR spectra of 20 pm x 2O pm areas

encompassing individual neurons in sample 11 were collected at the SRG

approximately seven months apart. The spectra were examined for changes,

particularly in the amide I region (as this was the region of most interest for this

study). lt was determined that the spectra showed negligible differences that do

not change the classifications.

To determine the extent of the differences as it would affect the abnormal

protein content results, the same ratio was calculated (1620 cm-1 to 1639 cm-1 /

1639 cm-l to 1640 cm-r). The variation in the ratios for each neuron was

calculated as the difference between the two ratios relative to the average of the

two ratios:

where Rr" is the first ratio for neuron 1 and R16 is the second ratio for the same

neuron]. For example, if the ratio from the earlier spectrum was calculated as

0.70 and the ratio of the later spectrum was calculated as 0.75, the oÁ variation

was calculated to be (0.05/0.725)X10oo/o = 6.9%. Of the Sg neurons, this

calculation indicated a difference of less than 5o/o tor 44 of the neurons, with the

average difference for all neurons being 4%. An example of two spectra with a

% variation near the average of 4% is given in Figure S.2.

(5.1)
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Figure 5.2 spectra for determination of sample stability. Example of neuron
spectra taken seven months apart with difference in abnormat protein ratios of
3.go/o. upper panel is entire spectral range acquired. Lower panel is an
expanded view of the amide I region (between vertical black lines in smaller
image). The dashed lines in the lower panel outline the wavelength regions used
to calculate the relative abnormal protein content.
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It should be noted that while the spectra represent the same neuron seven

months apart, it is possible that the two spectra were collected from tissue

locations differing by a few microns. Minor differences in the spectra due to this

variation, as well as variations in beam conditions were expected.

Changes that might have occurred in the sampte over time could have

arisen as a result of oxidation. Expected oxidation changes woutd have included

a decrease in the C=C-H stretching band at 3015 cm-1 (LeVine & Wetzel, 1gg4).

Neither this change, nor any others attributable to oxidation were found in the

spectra taken seven months later. These results indicate the samples remain the

same over time, so differences in spectra are not due to tissue degradation over

time.
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5.3 Sample Compartment Purging
In lR spectroscopy, it is necessary to purge the sample compartment with

dry Nz in order to remove as much COz and HzO vapour as possible since they

absorb strongly in the mid-lR. Water vapour is of particular concern as its

absorption bands occur in the same region as the amide I and ll bands. Every

attempt is made to keep the levels constant so that signal from these sourcss is

removed when an appropriate background spectrum is taken. However, it was

not possible to achieve this in every instance. Problems with the purging can

arise due to either design flaws in the enclosure or fluctuations in the quality and

flow of the dry Nz. In general, a spectrum of Coz and Hzo vapour can be

acquired and easily subtracted from a tissue spectrum if necessary. However,

this task is not always possible. In spectral maps, the software'processes all

spectra in a map identically and simultaneously. Since the COz and HzO vapour

levels can fluctuate during a single map, the proportion of their spectrum that

should be subtracted varies from point to point. Fortunately, small variations in

these levels do not affect the outcome of the data processing, as can be seen in

Figure 5.3.
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Fþure 5.3 subtraction of water yapour frcm a spectrum. (a) The amide t
and ll region of the originat spectrum. (b) The spectrum followinþ subtracilon of
the water vapour spectrum in (c) scaled by an appropriate factoddetermined to
be the factor that eliminated the sharp water vapour peaks and resulted in a
smooth spectrum). The abnormal protein content calculation as described forthe
individual neuron spectra had values of 0.761 for the original spectrum and 0.76g
for the processed spectrum.
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5.4 Spectral Anomalies
Interference fringes are common when thin layer samples are examined

with light for which the wavelength is approximately the same as the sample

thickness. The cause lies in reflection off the surface of the sample and off the

substrate (Figure 5.4).
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The spectra collected for this work are in the mid-lR, with wavelengths

ranging from 2.5 ¡rm to 15 ¡rm. Since the sample sections were on the order of 6

to I pm, the sample thickness is of the same order of magnitude as the

wavelengths in the mid-lR region and some spectra had underlying interference

fringes (Figure 5.5). These interference fringes appear as a sinusoidal wave in

the spectral region between 1800 cm-r and 27OQ sr[1. This region does not

contain any real absorptions with the exception of COz bands present when the

purge is not adequate. In spectra containing interference fringes, data analysis is

unreliable. These spectra were not included in the analysis of individual neurons.
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6. Discussion

ldentification of abnormal protein content is the principle issue in all

spectra, whether of individual neurons or from maps. An analysis of the

histochemical data that was presented in Table 3.2 is required prior to discussion

of the spectroscopic data since the interpretation of the spectra depends on

proper classification of all samples. The abnormal protein content revealed in the

neuron and map spectra are then considered with regard to the sensitivity of the

technique, the distribution and localization of the abnormal protein and the

potential of this technique for studying pre-plaque pathogenesis. A discussion of

the corpora amylacea results follows in a separate section.

6.1 Histochemical Analysis
The protein maps must be evaluated in conjunction with an analysis of the

detailed histochemical data that was presented in Table 3.2. All of the protein

analysis and interpretation that is presented below rests on the assumption that

this detailed stain analysis permits accurate classification of all samples. In

addition to Bielschowsky silver stain, a number of the samples were stained with

a variety of immunostains, including stains specific for App, Aþqz, tau and

ubiquitin. These stains were generally found to be highty variable and dependent

on such things as the concentration of the immunostain and the amount of time

the sample was exposed to the stain. Therefore, with the exception of the

Ímmunostain for tau, the results of these stains were not included in the analysis

below.
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Based on the histochemical data, the samples can be classified into three

general groups. The first group (hereafter referred to as normal) consists of

samples 1,2 and 3. There is a comptete absence of characteristic AD lesions in

these samples. The last group (hereafter referred to as AD) includes samples g

through 11. Samples in this group have significant AD features in most regions

examined. Classification of the remaining intermediate group, comprised of

sampfes 4 to 7, is more ambiguous. These samples have onty a few plaques

and NFTs in some regions. This group will hereafter be referred to as possible

early AD (EAD).

The classifications given above were determined solely from the staining

data, without any consideration of the very minimal clinical data available. No

clinical history on the severity of dementia, if any, was provided so there was no

indication of the suspected level of AD prior to death. Both the plaque score and

percentage of neurons containing NFTs were considered since the question of

greater importance of one over the other has not been resolved.

Whether the samples referred to as EAD were from patients who would

have eventually developed clinical symptoms of AD can not be determined

because the only data point for each patient is at autopsy. Braak and Braak

classified six stages of AD based on the density and location of NFTs (Braak &

Braak, 1991 & 1996). Delacourte et al. also identified stages of AD based on

NFTs (Delacourte et a\.,1999). While the number of stages determined by these

studies differed, both studies found the location and density of NFTs were

hierarchical and sequential while the presence of plaques was random. NFTs
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appear in the hippocampus during the early stages, which can still be preelinical.

It is quite possible that the EAD samples in this study fall into these stages.

6.2 Abnormal Protein Gontent in Maps
The progression from "normal' to "AD' in the histochemical analysis is

paralleled by progression from low to high abnormal protein content in the

processed lR maps.

Abnormal protein content has been quantifïed as the ratio of the band area

between 1620 - 1640 cm-r lassociated with p-sheet protein conformation) to the

band area between 1640 - 1660 cm-1 (associated with cr-helix protein

conformation). These values have been averaged across all map pixels for each

sample (Table 4.2), where it is seen that the averages are: normal > EAD > AD.

The distribution of ratios within each group is more informative (Tablä 4.4). The

ratio for the normal samples is typically in the range between 0.675 to 0.775.

Both EAD and AD are higher than this: EAD at 0.775 to 0.85 and AD at 0.8 to

0.875. At the upper end, only the advanced AD samptes have a significant

abnormal protein ratio above 0.9.

The highest abnormal protein content ratios (>0.85) provides the best

differentiation between the categories (Figure 6.1). In the normal samples, the

abnormal protein content ratio is above 0.85 for only slightly more than 1% of the

total area mapped. In sharp contrast, more than 35% of the area mapped in the

AD samples has ratios greater than 0.85. on average, the EAD samples are

almost exactly halñvay between the normal and AD samples with ratios being

greater than 0.85 for about 17o/o of the total area mapped.
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6.3 Post-Staining of Samples
Following lR mapping, most samples on MirrlR

Bielschowsky stain to proviie further corroboration of the

important results were deduced from this comparison.

explained in detail below, with examples where possible.

slides undenrvent

lR analysis. Four

Each of these is

6.3.1 Sfarns corroborate IR anatysis
In some cases, the lR mapping results were found to correspond well to

the staining results. This is demonstrated here by map 11-C in Figure 6.2. The

top portion of the map is almost entirely blue (ratios greater than 0.g0, indicative

of a very high concentration of abnormal protein). On the Bielschowsky-stained

tissue, the same area has a high density of plaques as shown by the dark

staining. The bottom portion of the map has a greater proportion of green (ratios

from 0.80 to 0.90, indicative of an intermediate concentration of abnormal

proteln) with a few small areas of yellow to orange (ratíos from 0.65 to 0.g0;

indicative of a low concentration of abnormal protein). This is confirmed by the

lack of dark staining in that area of the tissue. This example also demonstrates

the presence of abnormal protein in both the neurons and neuropil.
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6,3.2 IR analysis is more sensifiye than súams
An important conclusion that can be made based on this study is that

infrared spectroscopic analysis is more sensitive than staining. In some Gases,

the distribution and extent of abnormal protein content was found to be greater

according to the lR analysis than would have been expected based on the stain

analysis alone. Three examples are described below.

6.3.2.1 High abnormal protein content found in tissue near well-defined
plaques

One example of this is a map taken near the dentate of sample 1 1. The

location for this map was chosen because serial slices indicated the presence of

numerous plaques in this region, so the probability of mapping across a plaque in

this region was high. The lR analysis of this region showed increased abnormal

protein content as seen in Figure 6.3. However, comparison of the stained

sample with the lR map data revealed that the region mapped was near, but did

not contain plaques.
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6.3.2.2 variations in abnormal protein content in dentate region
A second example of this increased sensitivity is seen from the dentate

maps. Bielschowsky stains of normal, EAD and AD sample did not indicate any

differences in abnormal protein content in the dentate region. However, based

on the few dentate lR maps that were acquired for this thesis, the abnormal

protein content in this region also seems to increase as a function of diseased

state (Figure 6.4). The abnormal protein content in the dentate map from sampte

3 (a normal sample) shows low levels of abnormal protein. A similar map from

sample 11 (an AD sample) shows very high levels of abnormal protein. The

dentate maps from the EAD samples are more variable, like the maps taken in

the CA1 ,2 and 3 regions. The map from sample 5 shows low levels of abnormal

protein while the map from sample 6 shows much higher Ievels. Th.e map from

sample 7 shows intermediate levels of abnormal protein. To show the location of

the dentate neurons, lipid content was also calculated for each map and is shown

next to the abnormal protein content maps in Figure 6.4. In these lipid content

maps the tightly packed dentate neurons appear in red. tn more recent work

done in the lab, dentate of every sample has been mapped and this trend has

been confirmed.
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6.3.2.3 High abnormal protein content found in neurons in sampte 3
A final example of the increased sensitivity of the lR analysis is the finding

that the neurons in sample 3 had higher abnormal protein content than expected.

This was found in both the individual neuron spectra (see Table 4.1 and Figure

4.5) as well as in maps, despite the lack of positive staining of any neurons in this

sample.

In the individual neuron spectral analysis, sample 3 was the only sample

of those without histochemical signs of AD to have a high ratio (0.699 as

compared to 0.566 and 0.567 for samples 1 and 2 respectively). samples

showing at least some signs of AD all had higher abnormal protein content to

varying extent (ratios ranging from 0.616 to 0.741).

In the maps, comparison of the abnormal protein content images with lipid

images shows that the areas of slightly elevated abnormal protein content always

correspond to the interior of neuron bodies. lt was noted in section 4.1 that it is

possible to visualize the locations of the neurons based on an analysis of tipid

content. In maps processed for lipid content, neurons can be identified as

regions coloured red to yellow, since the amount of lipid within a neuron is lower

than that outside the neuron. ldentification of neurons by this method can be

more accurate than by photographic comparison since it was not always possible

to distinguish the neurons from the neuropil in the video images acquired with

each map. When abnormal protein content maps from sample 3 are compared

with the lipid content maps as in Figure 6.5, the high abnormal protein content

(regions of yellow to green and blue) are found within the neurons.
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For the abnormal protein content, two important conclusions can be made

because of this increased sensitivity of the lR analysis.

o When map and individual neuron data are taken together, the results

suggest the possibility that the 'abnormal' protein content increases

first within the neurons.

o As the disease progresses, the abnormal protein content then

increases in the neuropi!.

Most studies of Ap are concerned with the presence of the protein in the

neuropil. The presence of Ap within neuron cell bodies is now receiving more

attention (review: Rosenblum, 1999). There is evidence that Ap can be formed

by processing of APP before the APP arrives at its final transmembrane location.

The result is intraneuronal Ap in a nonfibrillar form. Our results èupport this

theory since higher abnormal protein content was found within the neurons but

not within the neuropil of sample 3. In contrast, when higher abnormal protein

content was found in the neuropil (such as for the AD samples), it was also found

within the neurons. While it is not possible to draw a definitive conclusion, this

does suggest that sample 3 came from a patient at the very earliest stages of

AD.
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6.3,3 lR analysis does not give fatse negatives
While it was possible for the stain results to be negative, even though the

lR analysis indicated the presence of abnormal protein, the reverse is not true.

There were no cases wherein the stain results were positive but the lR analysis

indicated the presence of only normal a-helical protein. tn general, this can be

seen from the average ratios for each sample. For all samples in which the

histochemical analysis indicated the presence of large numbers of ptaques and

NFTs, the lR analysis indicated significantly increased abnormal protein content.

6.3.4 Staining procedure can fail
In some cases, the stains failed completely (Figure 6.6). On occasion,

there was a lack of staining of any features (Figure 6.6 (a) and (b)) or very dark

staining of an entire tissue section (Figure 6.6 (c)). These types of iailed stains

occur because the stain procedure is not an exact science. There is no precise

timing for immersion of samples in each of the various solution in the staining

process. Tissue condition, thickness variation and artifacts produced in the

freeze/thaw process can affect the outcome.

In some instances, the stain failed as a result of an unusual reaction

between the stain and the MirrlR slide ín which the coating on the slide, and thus

the sample on the slide, was ruined (Figure G.6 (d)).
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6.4 what does the abnormal protein content represent?
The identity of the "abnormal' protein cannot be explicitly determined

solely from the data collected for this thesis. The spectral region between 1620 -

1640 cm-r is used here as a measure of increased abnormal protein, according

to the limited empirical evidence of p-sheet conformation (Kubelka & Keiderling,

2001 ; Torii & Tasumi, 1996). However there are exceptions to these

generalizations. For example, the lR spectrum of myoglobin has significant

intensity below 1640 cm-1, the region associated with p-sheet conformation in

proteins. This finding contradicts the x-ray analysis which shows that myoglobin

does not have any p-sheet (Torii & Tasumi, 1992). In addition, it can not be

determined whether the change in abnormal protein content is due to the

presence of new proteins or if it is due to a change in the conformation of

proteins that are normally present. These uncertainties require further

investigation.

6.4,1 Abnormal protein does not correspond fo IVFIs
Increased abnormal protein content within neurons does not correspond to

the presence of NFTs. A comparison between spectra of neurons that later

stained positive for NFTs and spectra of neurons that did not contain NFTs did

not indicate a higher abnormal protein content ratio for the NFT-bearing neurons.

The spectra of six positively identified NFTs in sample 11 had an average

abnormal protein content ratio of Q.75 +l- 0.06. This is not significanfly different

from the average ratio of 0.741for all neurons in that sample. ln Figure 6.7, two

regions in a stained section of sample 11 are shown in order to compare the
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abnormal protein content ratios of NFT-bearing neurons with nearby healthy

neurons. In region (a), the NFT-bearing neurons have an average ratio of 0.72g

and the healthy neurons have an average ratio of 0.794. In region (b), the NFT-

bearing neuron has a ratio of 0.639 while the healthy neurons have an average

ratio of 0.710. The proximity to a plaque in region (a) may account for the overall

elevation of abnormal protein content. Finally, no other anomalous bands were

observed in the spectra of NFT-bearing neurons (Figure 6.9).
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6.4.2 Abnormal protein content might correspond to Ap
Spectra of Ap (both Apa and AÊ¿z) were recentty acquired in our lab to

determine whether or not the abnormal protein could be Ap. Preliminary spectra

showed the same amide I profile in the aggregated Ap as was found in the lR

maps. The assumption that the abnormal protein is Ap is in agreement with

other recent literature. lt has been suggested that an early stage of AD includes

the production of Ap intraneuronally (Rosenblum, 199g) as seen in sample 3.

According to the review by Rosenblum, the Ap within neurons is not necessarily

in the fibrillar form. A combination of this initial intraneuronal production of Ap

and possibly a low concentration or little localization of the Ap might be the

reason neurons in sample 3 d¡d not stain dark brown with Bielschowsky silver

stain.

Another factor that must be considered is the possibile influence of other

neurological diseases. Sample 1, which was from an epileptic patient, was the

only sample in this set known to have another neurological disease and this

sample was clearly normal with respect to cr-helical protein content. Since

sample 3 was from a patient with no clinical or histochemical signs of AD, and

presumably no signs of any other neurodegenerative disease, there is no clinical

basis for assuming the increased abnormal protein is due to early AD. Support

for the theory that this is a case of the very earliest stages of AD arises chiefly

because the brain tissue mapped is from the hippocampus. This very specific

region of the brain is affected quite early in the progress of AD, often prior to the
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appearance of clinical symptoms (Braak & Braak, 1991 & 1996, Delacourte et al.,

lsee).

Since the completion of the work presented in this thesis, additional data

have been collected and analyzed. In particular, additional normal samples with

longer post-mortem delays to match the delays for the EAD and AD samples

have been analyzed. The results from the work on these additional samples

adds to the evidence that post-mortem delay does not influence the abnormal

protein content results.

Future work to corroborate these conclusions must include additional

normal samples as well as samples at various stages of AD in order to determine

whether these results are typical of a broader sampte base. lt would also be

useful to examine samples from brains known to exhibit other neurological

diseases, such as Parkinson's disease, in order to determine if these might have

any influence on the results presented in this work. The scope of such an

investigation is clearly well beyond the present work.
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6.5 Corpora Amylacea
The imaging of corpora-amylacea was achieved through evatuation of the

glycogen content, readily apparent in the lR spectra (see results, Figures 4.13

and 4.14). Numerous studies had previously reported the significant glycogen

content of the c.a. and so this determination is not new, however this is the first

example of the analysis of untreated c.a., in situ, for glycogen. previous

analyses on untreated, ín sdu, c.a. consisted of x-ray analysis for the presence of

various elements. Previous studies on the glycogen content of c.a. were

biochemical analyses involving separation and/or staining (review: Cavanagh,

l eee).

The characteristic glycogen signal present in all c.a. spectra can be

accurately assigned to the c.a. This assignment is seen from the infrared spectra

by comparison of the c.a. spectra and spectra of surrounding tissue. Although it

is difficult to assign individual peaks, there are two regions of increased intensity

in the c.a. spectra. These regions, 1000 to 1200 cm-1 and 12so to 14s0 cm-1,

also have increased intensity in the glycogen spectra, but not in any surrounding

tissue spectra. The assigninent of glycogen to the c.a. is seen even more easily

from the Raman mapping, which was based on the strongest glycogen peak at

480 cm-1.

Protein signal is found in the spectra of all corpora amylacea but it is not

clear that the protein is located within the c.a. During acquisition of lR spectra of

c.â., it was necessary to maintain the square aperture larger than the c.a.

because of their size, spherical shape and density. As a result, their spectra
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inevitably contain some signal from surrounding tissue. This surrounding tissue

contributes to at least some of the protein signal in the spectra. ldeally, a

surrounding tissue spectrum could be subtracted from a c.a. spectrum to

determine the protein content, if any, within the c.a. Unfortunatety, with the other

spectral anomalies associated with the c.a. (described in section 4.4) and the

lack of a suitable reference spectrum, it was not possible to determine how much

of the protein was due to surrounding tissue, or to fînd a reliable way to subtract

¡t.

Plans for future work on c.a. include lR spectroscopy using a diamond

anvil cell. This technique would involve compression of the c.a., producing a thin

sample of fairly uniform density. The spectral anomalies due to scattering from

the c.a. might thus be eliminated. Future work also involves collaboration with

Dr. Gelsomina di Stasio (Professor of Physics, University of Wisconsin-Madison

and expert in XPEEM). This includes a study of bulk tissue from samples with

high numbers of c.a. by inductively coupled plasma-mass spectrometry (lCp-MS)

as well as microanalysis of c.a. the same samples by XPEEM. Both techniques

will be focussed on determination of B, Si, Al and Fe content. The first three

elements are the most common elements in the earth's crust that are not typically

found in tÍssue. lt is postulated that if the biological role of the c.a. is to contain

substances that are toxic or not useful to the brain and if the above elements are

present in brain tissue for any reason, these elements might be sequestered

within the c.a.
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7. Summary

The abnormal protein measured by the analysis protocol in this work could

be Ap associated with AD. Areas where the relative amount of this protein was

increased but standard histochemical stains did not reveal plaques are possibly

the result of levels of diffuse or soluble Ap protein that are too low for the stain to

reveal. Three major conclusions can be reached based on this work:

. lnfrared microspectroscopy is more sensitive than staining.

o Overall increase in abnormal protein content in neurons and neuropil

follows the progressíon of AD. Through lR microspectroscopii analysis, a

significant increase in this abnormal protein content was identified, even in

the earliest stages of the disease. The clearest distinction between

normal, EAD and AD categories was found to be the amount of tissue

exhibiting the highest abnormal protein content.

. The results of this work indicate the abnormal protein content might first

increase within the neurons. A subsequent increase of the abnormal

protein content in the neuropil occurs as the disease progresses.
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