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ABSTRACT

The application of infra¡ed (lR) spectroscopy to the investigation of biological

molecules has, to date, primarily focused upon the analysis of isolated biomolecules as a

result of the general consensus that the infrared spectra of whole tissue systems would be

too complicated to decipher. Herein, I present evidence of the novel biomedical

application ofIR spectroscopy for the analysis of complex tissue assemblies. Based upon

the premise that IR spectroscopy is k¡rou'n to be a sensitive biophysical technique capable

of yielding molecular information concerning the structure 
.and 

composition of isolated

biomolecules, we have used this technique for the characterization ofcontrol and diseased

human central nervous system tissue (CNS). We propose that the biochemical changes

occurring within cells and tissues in disease should be detectable by alterations in the

infrared spectra.

Our infra¡ed spectroscopic analysis of autopsy human CNS tissue revealed that

the spectra ofcontrol grey matter and control white matter can be readily distinguished by

marked differences in spectral absorptions arising from lipids components. White matter

spectra are dominated by lipid absorptions whereas grey matter spectra demonstrate

reduced lipid absorptions compared to white matter. We next investigated diseased CNS

tissue for spectral signatures characteristic of neurodegeneration and demyelination.

Using FTIR synchrotron microspectroscopy, we have spectroscopically mapped regions

of Alzheimer's diseased (AD) tissue, and determined the presence and protein secondary

structure of extracellular amyloid deposition and amyloid angiopathy in the AD brain.

Sy'e observe that in-situ, protetns ofgrey matter exist predominantly in an cr-helical and/or
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unordered conformation, whereas within amyloid deposits, a B-sheet structure

predominates. The hydrogen bonding strength of B-structure fot¡nd in-situ is different

from that reported in the literatu¡e for isolated/chemically synthesized B-amyloid peptide.

Our spectral analysis of multiple sclerosis (MS) plaque tissue revealed

characteristic decreases in lipid absorptions compared to spectra of control white matter.

These changes are the result of lipid loss in demyelination. Furthermore, we observed

evidence of the underlying biochemical differences between ch¡onic and acute MS

plaques. Spectra of acute demyelinating plaques exhibit infrared absorptions indicative

of protein b¡eakdown products and the increased presence of cholesteryl esters. In

contrast, spectra of chronic MS plaques displayed absorptions which are attributed to the

accumulation of glial fibrillary acidic protein in CNS scar tissue. Lastly, near-infrared

spectroscopy coupled with fibre optic probes was used to assess demyelination and

remyelination in an animal model, and to demonstrate the potential of using this

technique for the non-invasive characterization of disease changes in the brain.

This thesis research has involved a novel multidisciplinary approach to tissue

cha¡acterization, drawing on the wealth of knowledge in the fields of neuropathology,

biochemistry and IR spectroscopy. We have demonstrated that the infrared spectroscopic

investigation of complex tissue assemblies enhances our understanding of the molecula¡

alterations occuning in disease processes. It is hoped that these studies will lay the

foundation for future studies aimed at developing non-invasive IR diagnostic methods for

disease detection.
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" 14¡hat an enormous revolution would be made in biolog, if
physics or chemistry could supply the physiologist with a means

of making out the molecular structures of living tissues

comparable to thdt which spectroscopy affords to the inquirer
into lhe nature of the heavenly bodies."

Thomas Huxley (1 825-1 895)

I: INTRODUCTION

Over a century ago, the English biologist Thomas Huxley made the above remark

as he watched astronomers begin to unravel the mysteries ofthe universe through the use

of spectroscopic techniques. One of these techniques, infrared (IR) spectroscopy, was

discovered in the early 1800s by astronomer Sir William Herschel. Using a thermometer

to measure the thermal energy of sunlight radiation dispersed by a glass prism, Herschel

noticed that the highest temperature was beyond the red portion of the visible specûum,

i.e. the infrared region. From its beginnings in the astronomy field where it was used to

measure the radiant energy from distant stellar objects, the applications of infrared

spectroscopy has since broadened into the fìelds of chemistry for the identification of

organic and inorganic molecules, and in biochemistry for probing the composition and

structue of biological molecules. However, many of the biological applications to date

have focused upon isolated and/or synthetic biomolecules such as peptides, proteins,

lipids. carbohydrates and nucleic acids. As many of these studies are performed in-vitro

on extracted or synthetic material, there always exists the concem of whether the reported
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findings would persist in the presence of the biomolecule's naturally surrounding

medium.

Although the infrared spectra of complex biologìcal assemblies are more difficult

to decipher compared to the spectra of individual biomolecules, there are characteristic

absorptions which can be att¡ibuted to the various components making up the mixture.

Therefore, biological applications of infrared spectroscopy need not be limited to the

study of isolated,/synthetic biological systems. Rather, the sensitivity of this technique

makes it possible to probe the biochemistry of more complex arra¡gements such as whole

tissues. In particular, the underlying biochemical changes associated with a diseased state

should be apparent through changes in the infrared spectrum.

The objective of my thesis research has been to investigate control and diseased

central nervous system (CNS) tissue for ìnfrared spectroscopic features characteristic of

the biological components in-situ as well as for spectral signatures indicative of

pathological markers of Alzheimer's disease (AD) and multiple sclerosis (MS).

The relatively homogeneous natule ol b;ain tissue with only two rnajor tissue

types of grey matter and white matter is a good place to begin the application of infrared

spectroscopy for the characterization of cornplex biological tissues. The availability of

various autopsy samples (control. Alzheimer's disease and multiple sclerosis) from local

research hospitals ald research specimen banks facilitated our investigation. Alzheimer's

disease and multiple sclerosis were selected as representative diseases of the two major

CNS tissue types: grey matter (Alzheirner's disease) and white matter (multiple

sclerosis), each with well defineci pathological markers. In addition, human tissue was
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studied as opposed to tissue from laboratory animals since we a¡e interested in

investigating the changes occurring in diseased huma¡r CNS tissue, and in the case of AD,

no suitable animal model was available at the time these studies began.

it is hoped that my thesis research involving the novel biomedical application of

IR spectroscopy will provide insights to the molecular basis of these two diseases and in

addition, lay the foundation for the future development of non-invasive IR methods for

the early diagnosis of disease states.
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II: FUNDAMENTALS OF INFRARED SPECTROSCOPY AND THE

COMPARISON OF INFRARED WITH OTIIER BIOPHYSICAL

TECHNIQUES

A. Basic Principles of IR Spectroscopy

Infra¡ed (IR) radiation is that part of the electromagnetic spectrum found between

the visible and microwave regions (i.e. 0.75-1000 ¡rm or 10-13300 cm-r) 
*. 

Spectroscopy

involves the study of the interaction of electromagnetic radiation with matter. Hence

infrared spectroscopy is the study ofthe interaction oflight of wavelengths 0.75-1000 pm

(10-13300 .--'; *ith matter. An infrared spectrum arises from the absorption of lR

radiation and corresponds to transitions among the vibrational energy levels of a

molecule, therefore, it is a form of molecular spectroscopy. In order to absorb IR energy,

the¡e must be a change in the dipole moment of the molecule during the vibration. The

dipole moment is defined as a measure of the poi:.. n, of the molecule and arises when the

centres of gravity of positive and negative charges within a molecule do not coincide

(McMunay, 1988). As such, homonuclear diatomic molecules such as H2, 02 and N2

which have a zero dipole moment for any chemical bond length, fail to interact with

* 
The rvavenumber, given the syrnbol u ¿ud units of cm'l is defined as the number of waves per

centimetre. Wavenumbers a¡e related to the 1ìequency (u ) and wavelength of light À by the

equation v = co = cf where c = velocity of radiation (=2.gg| x 1010 cm/second in

vacuum) (Skoog, 1985). Since wavenumbers are ciirectly propofional to frequency, these terms
will be used interchangeably throughout the text of this thesis although technìcally, wavenumber
values are not equal to frequency values.
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infrared radiation and are said to be infra¡ed inactive. On the other hand, strongly polar

groups such as N-H, O-H and C:O groups tend to dominate an IR spectrum.

The infra¡ed region of the electromagnetic spectrum is commonly divided into

three sub-regions; characterized by absorptions from distinct types of vibrational

transitions.

Table I: Common divisions of the infrared region.

Region Wavenumber (cm-') Wavelength (pm)

FarJR t0-400 25-1000

') <')<

o.75-2.5NearjR 4000- 13 3 00

The far infrared region predominantly contains the vib¡ations of bonds between

atoms other than those involving hydrogen and of bonds between metal atoms and both

inorganic and organic ligands. These low frequency molecular vibrations are particularly

sensitive to changes in the overall structure ofthe molecules (Skoog, 1985) as well as the

lattice vibrations of crystalline molecules (Schrader, 1995).

Early spectroscopist William W. Coblentz (ca. 1900) observed after measuring

several hundred compounds in the mid-lR region, that no two compolmds had the same

spectrum, despite some being composed of the same kinds a¡d number of atoms.

However, he noticed that different compounds that have similar chemical groupings have

similar absorption band pattems, known as characteristic frequencies (Craver, 1986).

Henceforth, the mid-IR spectrum is regarded as a unique "fingerprint" of a compound

with the IR vibrational lrequencies and intensities being sensitive to the structure and

Mid-rR 400-4000
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Iocal envi¡onment of the molecules involved in the vibrations. The mid-IR region is

usually the most useful for understanding the composition a¡d structure of molecules.

Vibrations in this region arise from tra¡sitions from the ground state to the first

vibrational energy level and a¡e known as fundamental vibrations. This region can be

further divided into two sub-regions. The first is the fingerprint region (400-1300 cm-r),

and as its name implies, absorptions in this region are highly cha¡acteristic of a

compound. Absorptions from torsional motions of molecules a¡e also found in this sub-

region. The other sub-region is the group frequency region (1300-4000 cm-l), in which

the principal absorption bands predominantly arise from functional groups (groups of

atoms whose bonds have a characteristic chemical behaviour, for example, O-H, C=O,

C:C, etc.). An exception is the phosphate P-O functional group which absorbs between

1000-i300 ..'t. Th" chemical composition of a molecule and the motions of its atoms

give rise to characteristic "group frequency" vibrations which are strongly influenced by

the molecular environment surrounding the speci.'. Together, these two sub-regions of

the midJR spectrum provide chemical and cnvironmental information about the

molecules.

The near-IR region is closest to the red portion of the visible spectrum. So far this

region has been explored by relatively ferv spectroscopists; it is an apparent no-man s

land with no sharp peaks, an abundance ol overlapping peaks and a loss of sensitivity

(two to three orders of magnìtude relative to the mid-lR region). This appaÌent reduction

in the information content is due to the tàct that the region is populated by the overtone

and combination vibrational frequencies. Overtone vib¡ations have frequencies which are
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approximately integral multiples of the fundamental frequencies and a¡ise from

transitions between the ground state and the second or higher vibrational energy states. A

combination vibration is the sum of the frequencies of two or more fundamental

frequencies (Schrader, 1995). Absorptions in the near infrared region usually arise from

X-H vibrations (e.g. C-H, N-H, O-H). Despite the "low information content" of the near-

IR region, (compared to the high information content of the mid-IR region), this region

has been instrumental in studies aimed at non-invasive measurement of biomolecules

(Camey et al., 1993). We have also used the greater depth penetration oftissues by near-

IR radiation to examine CNS tissue in-vivo as will be shown in chapter VIIL

In the various infrared regions described above, the IR active molecules exhibit a

variety of vibrational modes such as stretching and bending motions. Stretching

vibrations involve a linear displacement along the bond lengths between two atoms. It is

said to be symmetrical if all the displacements are in the same general direction relative

to the central atom and asymmetrical if they are in opposing directions relative to the

central atom (Fig. 1A,B). Bending vibrations on the other hand, result in a change in the

angle between two bonds and can be sub-divided into rocking, scissoring, wagging and

twisting vibrations (see Fig. 1C-F) (Skoog, 1985). Bending vibrations may be either

symmetrical or asynmetrical in nature, and occur in-plane or out-of-plane. Typically, the

most prominent IR absorptions arise from stretching vibrations rather than bending

vibrations. In addition, asymmetric vibrations require more energy and therefore absorb

at higher wavenumbers than symmetric vibrations-
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Fig. I : Types of molecular vibrations including the shetching vibrations (A,B) and

bending vibrations (C-F). The arrows indicate the di¡ection of motion in the plane of the

page; + indicates motion from the page toward the reader; - indicates motion away from

the reader (Adapted from Skoog, 1985).
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B, Instrumentation for Infrared Spectroscopy

Great adva¡ces in the applications of infrared spectroscopy took place with the

evolution from dispersive to interferometric spectrometers. The conventional dispersive

apparatus (Fig. 2) consists of an infrared source whose radiation is focused onto the

sample and the tra¡smitted energy is dispersed by some optical mechanism, usually a

prism, grating o¡ monoch¡omator. The beam then falls onto a slit which blocks all but a

nanow range of frequencies from reaching the detector. Hence, the resolution ìs

dependent on the degree to which the slit is able to discriminate between closely spaced

frequencies of light. The narrower the slit, the higher the resolution. In order to obtain a

complete spectrum, the angle of the grating has to be continuously changed with respect

to the incident infrared beam, with only a narrow range of ftequencies sampled at a time.

This gives rise to low-energy spectra since only a ftaction of the infrared beam derived

from the source reaches the detector, a large part being blocked by the narrow slit. In

addition, spectral acquisition is very slow and tÌe¡endent on several mechanical devices

making sample stability a problem and reducin!. accuracy. These factors prevented the

routine use of dispersive instruments ir.r studies involving biological samples (Schrader,

199s).

The problems arising from conventional dispersive spectrometers were overcotrte

by the use of interferometric methods in which the Michelson interferometer (Fig. 3)

replaced the conventional monochromator/grating. A comprehensive description of the

tech¡ical details of interferometric based IR spectroscopy can be found in the text by

Griffiths and de Haseth, 1986.
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Fig. 2: Schematic diagram ofa dispersive infrared instrument and the resulting spectrum
(Adapted from Schrader, 1995)

X
Detector lnterferogram FT

cm'

Spectrum

Fig. 3: Schematic diagram of a Fourier transform infrared apparatus displaying the
Michelson interferometer, detector, resulting interferogram and Fourier transformation by
a computer (PC) to yield the resulting spectrum (Adapted from Schrader, 1995).

Spectrum
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The Michelson interferometer consists of two mirrors: one stationary (fixed minor, FM)

and a second moving mirror (MM) placed at 90o to the first. Between the minors is a

beam-splitter (BS) mounted at a 45o angle. The beam-splitter reflects 50% of the incident

IR beam to the f,rxed mirror and 50% is tra¡smitted to the moving mirror. Following

reflection at these two mirrors, the beams recombine and pass through the sample before

being focused onto the detector.

The moving mirror is translated at constant velocity by a linear motor under

computer control. The motion of the moving mirror continuously changes the pathlength

of radiation such that the two beams travel different distances before recombining.

Therefore, the recombining beams will interfere constructively and destructively

depending on the position of the moving mirror. This produces an interferogram, the

superimposed intensity of the various light frequencies as a function of the pathlength

difference (also termed optical retardation) between the two mirrors (see Fig. 3). Each

frequency of light will have its own interference pattem. The monochromatic light of a

lrelium-neon (HeNe) laser (wavelength of 632.8 nm) generates a sinusoidal reference

signal which is used as an intemal clock to measu¡e the retardation distance. This enables

the spectrometer electronics to sample the interferogram at precise intervals, generating a

digital signal compatible with the computer (Grifniths and de Haseth, 1986).

With conventional IR spectroscopy, a frequency domain spectrum is acquired

since the radiant power is recorded as a function of frequency (which is ínversely related

to the wavelength). With interferometric based instruments, a time domain spectrum is

acquired which measures the change in radiant power with time. This function, the
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interferogram in the time domain, is then Fourier transformed into the frequency domain.

The¡efore, interferometric based IR spectroscopy is commonly termed Fourier transform

infrared (FTIR) speckoscopy. The Fourier transform is calculated using the fast Fourier

algorithm developed by Cooley and Tukey in 1965. The output is a single beam

spectrum ofthe sample which when ratioed against a background spectrum gives rise to

the intensíty versus frequency sample spectrum. A background spectrum is one collected

without a sample present. Ratioing the sample spectrum against the background

spectrum serves to remove factors dependent on the instrument function such as the

output ofthe source, the efficiency ofthe beam-splitter, the reflective losses ofthe mirror

optics, the atmospheric absorbances in the beam path and the response of the detector.

Since for a stable instrument such factors are constant in both spectra, the resultant

spectrum is characteristic ofthe sample alone.

There are numerous advantages of FTIR spectroscopy over dispersive IR

spectroscopy. Firstly, in dispersive spectromercis. the spectrum is measured directly by

recording the intensity at different monochror.nlLolgrating settings, one frequency after

the other. With interferometric írstruments, all frequencies emanating f¡om the IR source

impinge simultaneously on the detector'. The measuring time in FTIR spectroscopy hence

depends mainly on the time needed to move the movable mirror over a distance

proportional to the desired resolution. Since the mirror can be moved very fast, complete

spectra can be measured in fractions of a second. This decrease in acquisition tirne

thereby allows for increasing number of scans to be co-added (averaged) in a given

period of time thus improving tire signal-to-noise ratio. The reduction in time
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measurement is known as the multiplex or Felgett advantage (Griffiths and de Haseth,

1986).

The Jacquinot (or throughpuf) advantage arises f¡om the large amount of IR

energy able to reach the detector as opposed to being blocked by narrow enbance and exit

slits present in dispersive instruments. This high thoughput of radiation results in a

spectrum with high signal-to-noise ratio, and has made it possible to measure with great

accuracy, spectra of samples with low absorbances. The Felgett and Jacquinot

advantages have permitted the construction of interferometers having much higher

resolving power than dispersive instruments. Furthermore, the use of an intemal

precision HeNe laser reference allows highly accurate data digitization and wavenumber

calibration. This high wavenumber accuracy is known as the Connes advantage. Hence,

the advantages of interferometric instruments have greatly facilitated the expansion of IR

applications to biological systems.

C. Why Not Use Other Biophysical Techniques?

The elucidation of the structure ard structure-function relationships of biological

macromolecules are of interest in biochemistry. There are several biophysical methods

capable ofproviding clues which enhance our understanding of the structure and roles of

biological molecules. Each of these techniques has its advantages and limitations. For

example, with x-ray diffraction methods, high quality single crystals need to be obtained

prior to any measurement and crystal growth often requires the addition of ammonium

sulfate to a concentrated solution of the molecule of interest. The ammonium sulfate
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itself may interfere with the native structure of the biomolecule. While many soluble

þeripheral) proteins have been successfully examined, membrane proteins carrnot be

easily characterized by this technique. With available 2-dimensional crystals of high

quality, cryoelectron microscopy can provide 3-dimensional structural details. However

the resolution is limited and information derived fiom other techniques has to be

incorporated in the overall understanding of the molecular structure (Siebert, 1995).

Nuclear magnetic resonance QIIMR) speetroscopy is an established technique for

structure determination ofsoluble proteins. Yet, there still exists the limitation of protein

size and the technique at present is not feasible for studying membrane proteins. Circular

dichroism (CD) methods provide good estimates of the cr-helical content of a protein, but

there exists a large uncertainty with regard to the B-sheet content. This spectroscopìc

method is also affected by light scattering problems, thereby limiting studies to aqueous

solutions. Raman spectroscopy, another vibrational spectroscopic technique, has also

been applied to the investigation of biological sr,stems. However, this method has the

disadvantage ofobtaining spectra with lorv sigll',i-to-noise ratio due to weak scattering of

various biological samples as well as tlle strong interfering background fluorescence from

impure systems upon excitation with an intense laser source (Mathies, 1995; Siebert,

1995). In fluorescence and electron spin resonance spectroscopic techniques, an extemal

reporter probe is chemically bour.rd to the biomolecule when there are no fluorescent

groups present. These reporter probes rna.v interact in an unpredictable manner with the

biomolecules of interest thereby producing artefactual results.
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D. Advantages and Limitations of IR Spectroscopy

IR spectroscopy is a non-destructive and non-perturbing biophysical technique

which does not suffer from many of the limitations described above. High quality spectra

with good signal-to-noise ratio can be obtained relatively rapidly (of the order of minutes)

and frequently with little or no sample preparation. Sample measurements require

relatively small amounts of material (10-100 pg range) and spectra can be obtained in a

variety of environments: aqueous solution,.solid crystals, dried films, organic solvents,

membrane suspensions and even in the presence of other biomolecules. Infra¡ed

spectroscopy is both sensitive and specific in detecting subtle changes in the molecular

environment, such as hydrogen bonding a¡d conformational changes. Thus this

technique is capable of yielding information about the composition and structure of

complex biomolecules. Furthermore, it does not suffer from interfering background

fluorescence as does Raman spectroscopy and unlike CD, does not have light scattering

problems when investigating lipid or memb¡ane suspensions. The size of the

biomolecule is not a limiting issue as it is with NMR spectroscopy and larger proteins.

With IR spectroscopy, it is possible to monitor absorptions from biomolecules without

relying on the use of additional probe molecules necessary in several other spectroscopic

techniques.

There are advantages of using infrared spectroscopy as well as limitations of this

technique. The limitations include the fact that IR absorptions are typically less intense

than those of electronic spectra (e.g. ultraviolet spectroscopy) and thus higher

concentrations are required. IR detectors are often less sensitive tha¡ those found in
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visible or ultraviolet instruments. FTIR instruments can initialiy be costly, although the

maintenance cost is minimal. In addition, the strong absorption from water used to be a

limiting facto¡ in using IR spectroscopy for investigating biological molecules. This was

especially so in the study ofproteins since the O-H bending vib¡ation of water appears at

the same general frequency as the protein carbonyl amide I band. With the intense

absorption of HrO, it is generally necessary to work with biological samples that have

¡educed H1O content, achieved either through partial dehydration or by exchanging the

water with deuterated water (2HrO or D2O). in DrO, the strong O-D absorption is shifted

to a lowe¡ wavenumber, unmasking the absorptions normally under the O-H band

(Mathies, 1995). These problems associated with the presence of water have since been

resolved to some extent with the use of mathematical routines for the interactive

subtraction of water, thus allowing routine studies of hydrated systems. Another

limitation of IR spectroscopy is the complex number of chemical groups which abso¡b at

similar frequencies and often results in ou..¡¿¡ríng spectral bands. This limitation has

been partly overcome by the developmer.rt of i-rrethematical procedures, such as Fourier

self-deconvolution, which allow the separation of individual subcomponents that strongly

overlap in the spectra of biomolecules (Mantsch et al., 1986).

We have therefore chosen to use infrared spectroscopy (in particular FTIR

spectroscopy) for the investigation of cornplex tissue systems due to the sensitivity and

flexibility of the technique, and the lelatively small number of limitations compared to

other biophysical methods.



III: INFRARED SPECTROSCOPIC INVESTIGATION OF

BIOMOLECULES: HISTORICAL PERSPECTIVE

The investigation of biological molecules by infrared spectroscopy grew rapidly

with the introduction of interferometric FTIR instrumentation which facilitated the

acquisition of high signal-to-noise ratio spectra with great reproducibility. Infrared

spectroscopy is a powerful tool for studying biological systems because the absorptions

reveal information about the structure of individual atomic groups with high specihcity.

The time scale is essentially instantaneous, 10-12-10-la seconds. Therefore there is no

bluning of information as a result of rapid structural dynamics (Mathies, 1995).

Unlike simple organic molecules, the complex vibrational pattems of proteins,

lipids, carbohydrates, nucleic acids and biological membranes have made it more difficult

to interpret their IR spectra due to the large numbe¡ of possible vibrational modes.

Luckily however, biological molecules exhibit a¡ intrinsic order of repeating units such

as the amino acids comprising proteins, the sequences ofnucleotides in nucleic acids and

the limited number of molecules arranged in a 2-dimensional array in lipid membranes.

These "partially ordered" structures give rise to simpler IR spectra and detailed band

analysis is able to provide information on the struchue and interactions among the

various biomolecules.

It is due to the formidable complexity of biological molecules that many

biological IR studies have mainly concentrated on isolated and./or synthetic biomolecules.

These studies have provided valuable informafion for understanding the structure and

function of many of these biomolecules in-vitro. A comprehensive suwey of the IR
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spectroscopic analysis of biological compounds is found in the recently published

reviews by Siebert (1995) and the series of review chapters in the text "Infrared

Spectroscopy of Biomolecules" (Mantsch and Chapman, 1996). In addition, recent

advances in the field are continually being reported in the se¡ies of volumes titled

"Spectroscopy ofBiological Molecules" arising from the lectures and posters presented at

the biennial European Conference on the Spectroscopy of Biological Molecules (1985-

1995). IR analysis of biological compounds have provided insights into protein

secondary sÍucture (Byler and Susi, 1986; Surewicz and Mantsch, 1988; Jackson et al.,

1989; Jackson and Mantsch, 1993); lipid-protein interactions (Mendelsohn and Mantsch,

1986); Iipid order (Casal and McElhaney, 1990; Mendelsohn and Senak, 1993) and their

phase behaviour (Casal and Mantsch, 1984; Lewis and McElhaney, 1996); membrane-

sugar interactions (Crowe, 1988); the polymorphism of deoxyribonucleic acids (for

example A, B, Z forms) (Liquier and Taillandier, 1996) and their interactions with small

intercalating ions and drugs (Fritzsche et al., i993). Several methods such as isotopic

substitutions (Blume et al., 1988; Fabian er rl.. 1996), difference IR spectroscopy

(Mäntele, 1993; Nabedryk, 1996), and site-specific mutagenesis Qllabedryk, 1996) have

allowed the identification of the critical groups participating in various reaction

mechanisms. Furthermore, sophisticated approaches involving time resolved IR

difference techniques have been instrunental in obtaining kinetic information, especially

for enzyme-substrate systems (Engelhard et al., 1985; Siebert, 1995). The flexibility of

the IR spectroscopic technique l.ras thus resulted in a diverse a¡ray of IR studies on

isolated o¡ synthetic biomolecules.
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Several recent studies have reported the application of IR spectroscopy in the

study of cultured cell lines (Wong et al., 199Ia; Rigas and Wong, 1992; Fabian et al.,

1995) and isolated cells such as er¡4hrocytes (Moore and Mendelsohr, 1994), or bacterial

cells (Schultz et al., I 991 ; Zerotal eT al., 1994; Leslie et al., 1995). However, it is only in

recent years that infrared spectroscopy is beginning to be applied to the study of complex

biological systems of whole tissues. Some of these have include the examination of

human colorectal cancer (Rigas et al., 1990), mouse liver tumour (Wong et al., 1991b),

human breast tumours (Fabian et al., 1995), infarcted rat heart tissue (Liu et al., 1996) and

arthritic synovial fluid (Eysel et al., 1993). Infrared studies of rodent brain tissue have

recently been reported by LeVine and Wetzel, (1993,1994) and LeVine et al. (1994) in

which they have examined normal mouse grey and white matter, rat white matter exposed

to extravasated blood and a twitcher mouse model of globoid cell leukodystrophy. To the

best of my knowledge, this thesis describes the first infrared studies of human central

nervous system tissue involving control, Alzheìmer's disease and multiple sclerosis

tissues.
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TISSUE

COMPONENTS BY IR SPECTROSCOPY

In o¡der to characterize the complex mixture of CNS tissue by infrared

spectroscopy, knowledge of the anatomical, histological and biochemical composition of

the tissue is first required. Once the composition is known, the spectral features arising

from the individual components can be examined, as it is expected that the IR spectra of

complex tissue should approximate a superposition of the spectra of the individual

biomolecules, thus providing a spectral characterìzation of complex tissue assemblies.

A. Basic Aspects of Neurohistology

The human central nervous system is composed of the brain and spinal co¡d. The

outer surface of the CNS is covered by the triple membrane system of the menìnges,

composed of the dura mater, the arachnoid membrane and the pia mater. The sub-

arachnoid space between the membranous la¡ cr', of the arach¡oid membrane and pia

mater is fluid filled, and plays an impodaut role in cushioning and protecting the

underlying brain tissue from excessive impact. A coronal section of the cerebral

hemisphere reveals an outer convoluted rim of grey matter overlying the white matter,

with several distinct areas of grey matter within the white matter regions. The grey

matter consists mainly of nerve cell bodies and glia which lack any significant amount of

myelin. On the other hand, the nerve axons tvhich compose the white matter are wrapped

in lipid-rich myelin rnembranes and are responsible for the whiteness observed in white

matter. CNS tissue is made up of neurons and their afferent (dendrites) and efferent
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(axons) extensions which are enveloped by macroglial cells (astrocltes and

oligodendrocytes). Microglial cells and blood vessels a¡e also found in the CNS.

The neu¡on consists of a cell body (soma) which is the trophic centre for the nerve

cell, elongated dendritic processes capable of receiving inputs of multiple origin and an

axon specialized in generating or conducting nerve impulses terminating at the synaptic

end bulb (Junqueira ef al., 1992). Neurons can be excitatory, inhibitory or modulatory in

their effect, with motor, sensory or secretory funcfions. They can be influenced by a

large repertoire of neurotransmitters and hormones. Unlike the dendrite and soma, the

nerve axon is frequently myelinated, increasing its efficiency as a conducting unit.

Myelin is a spirally wrapped membrane laid down in segments (intemodes) by

specialized cells: the oligodendrocytes in the CNS and Schwan¡ cells in the peripheral

nervous system (PNS). The naked regions of axon between adjacent myelin intemodes

are known as nodes of Ranvier and are the sites of saltatory conduction which facilitate

the very rapid conduction ofelectrical impulses (Morell et aI., 1994).

The glial cells include macroglial cells (astrocytes and oligodendrocytes),

microglial cells and ependymal cells. Astrocytes, the largest of the glial cells, possess

numerous long processes. These cells function as the connective tissue of the central

nervous system, providing a supporting matrix for other CNS components. Furthermore,

astrocytes play an important role in repair processes: subsequent to trauma, they have

been observed to proliferate. swell, accumulate glycogen and undergo gliosis. If the state

of gliosis is severe, a glial scar is formed with the accumulation of intermediate filament

proteins such as glial fibrillary acidic protein and vimentin. Other i.rnctions of the
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astrocltes include a role in the blood-brain barrier system and in the regulation of Ìocal

pH and local ionic bala¡ces (Raine, 1994).

Oligodendrocytes are much smaller than astroc]'tes with processes which are less

numerous and shorter than other glial cells. There are th¡ee classes of oligodendrocl'tes.

The satellite oligodendrocytes are restricted to grey matter and are closely related to the

su¡face of the neuron. These oligodendrocytes are believed to play a role in the

maintenance ofthe neuron. Interfasicular oligodendrocytes are important in myelination

ofthe white matter. Thirdly, the intermediate oligodendrocy'tes are regarded as potential

myelinating cells. In the central neryous system, oligodendrocytes can wrap several

axons concurrently and are able to produce many intemodes of myelin simultaneously.

They are also known to possess a slow mitotic rate and have poor regenerative ability.

These properties indicate that any damage to a few oligodendrocytes can produce an

appreciable area of demyelination. In CNS diseases such as multiple sclerosis, the

myelin sheath is the primary target of damagc. riith the oligodendrocy'tes being among

the most vulnerable and first to degenerate.

In the event of damage to the CNS. the microglial cells migrate to the site of

damage, proliferate and are activelv phagocytic, engulfing cell remnants and tissue

breakdown products. These phagocvtic cells have short processes covered by numerous

small expansions, giving them a thorn¡r appearaÌrce (Junqueira, et al., 1992). Ependymal

cells are derived f¡om the intemal lining of the neural tube and retain their epithelial

arangement. They line the cavities of the brain (e.g. the ventricles) and the central canal

of the spinal cord. Their function is to assist in the circulafion of the cerebrospinal fluid
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within the cavities of the brain and the spinal cord through the action of cilia and

microvilli locafed on the cell surfaces. These cells are also important in the production

and secretion ofthe cerebrospinal fluid.

B. InfraredNeurochemistry

The major biomolecules ofcells and tissues are proteins, lipìds, carbohydrates and

nucleic acids. The biological composition of human CNS grey matter, white matter and

myelin is given in Table II (adapted from Agranoff and Hajra, 1994; Morell et al., 1994).

These values are shown as percentage fresh weight and percentage dry weight since in

ceftain cases, expressing the values as percentage dry weight alone tends to minimize the

actual differences between grey and white matter and does not provide a¡ informative

description of the concentrations in the original tissue or fractions. The composition of

the various lipids, expressed as a percentage ofthe total lipid, are also shown.

As with most biological tissues, the major constituent of CNS tissue is water

accounting for 82%o of grey matter and 72?'o of white matter. Proteins and lipids form the

next major constituents of brain tissue. White matter contains approximately 2.6-fold (%

fresh weight) more total lipid material than grey matter, largely due to its high myelin

content. Both tissues contain approximately equal proportions (Vo fresh weight) of

protein. A mo¡e detailed description of the va¡ious lipids in brain tissue will be discussed

when the IR spectra ofthese molecules a¡e examined.

Table III, adapted from Parker (1983), lists many of the characteristic infrared

frequency values in the midJR region arising from various functional groups and

vibrational modes commonly found in organic and biological molecules. These values



Table II: Composition of human CNS grey matter, white matter and myelin.

Constituenl ffi@(.trr*tJ
*u, rf¡ 

- 

-
Protein
Lipid

Cholesterol
Total phospholipid

Phosphatidylethano lamine
Phosphatidylcholine
Phosphatidylserine
Phosphatidylinositol
Sphingomyelin
Plasmalogens

Total galactolipid
Galactocerebroside
Sulfatide

Total gangliosides

Grey matter (7o)

10.0
5.9
1.3

4.1

1.7
1.9

0.5
0.16

0.4
0.5
0.4
0.3

0.1

0.3

+ Except for protein and total lipid fìgures, all other myelin lipid figures are in percent total lipid weight
Adapted from Agranoff etal., 1994 and Morell et a1.,1994.

55.3

32.7

7.2
22.7

9.2
10.7
2.8

0.9
2.3

5.4
0.6
1.7

100

22.0
69.5
27.t
30.1

8.7
2_7

6.9
8.8

White matter (7")

ll.l
15.6
4.3
1.2

3.7
2.4
1.2

0.14

1.2
1.2

39.0
54.9
15.1

25.2
13.2

8.4,

4.3
0.5
4.2
tt.z
14.5

10.9

3.0

0.18

7.3
5.4
1.7

Myelin*
(%)

4.1
3.1

0.9

0.005

100
27 .5

45.9
23.9
15.0

7.9
0.9
7.7

20.4
76.4
19.8
5.4

30.0
70.0
21 .1

43. r

15.6

tt.2
4.8
0.6
7.9
|.2.3
27.5
22.7
J.õ

¡.J
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Table III: Cha¡acteristic mid-infra¡ed absorptions between 4000-1000 cm-r of various
chemical groups.

Range (cm-') Intensity Group Type of Comments
vibration

3640-3623 m (sh) O-H str Free OH, alcohols
3600-3100 m O-H str Water of crystallization
3590-3425 var (sh) O-H str Intramolec. bonded OH
3500-3500 m O-H str Free OH, carboxylic acid (very

dilute solution)
3550-3450 var (sh) O-H str Intermolec .bonded OH
-3520 s N-H str Primary amide (free)

-3500 m N-H str (asym) P¡imary amide, free NH (dilute
solution)

3500-3300 m N-H str Secondary amine, fiee NH
3500-3060 m N-H str Associated NH, amine or amide

-3400 s N-H str Primary amide (free)

-3400 m N-H str (sym) Primary amide, free NH (dilute
solution)

3400-3225 s (br) O-H str Intermolec. bonded OH

-3380 m G{Hr)* str Amine salt (soln.)
3355-3145 m Q{Hr)n str Amine salt (solid); several bands
3300-2500 w (vbr) O-H str H-bonded carboxylic acid
*3280 m OJH¡)* str Amine salt (soln.)

-3175 m N-H str Primary amide (bonded)
3155-3050 w C-H s1r -CH=C-O- and -C=CH-O-
3095-3075 m C-H sÌ. RCH=CHz, olefin
3075-3030 w-m C-H srr C-H of aromatic ring
3040-3010 s, m C-H str RCH:CH2, RCHR'=CHR" (cis

or trans), RCR': CHR". olefin
-2960 s C-H str (asym) Methyl
-2925 s str (as"vm) str (asym) - CH2 -, methylene, Ar-CH3
2900-2880 w C-H str C-H, methyne
2900-2705 w C-H str -C(:O)-H
(two)
^2875 s C-H str (sym) Methyl
-2850 s C-H str (sym) -CH2-, methylene
1780-1710 s C-O str -O-(C:O)-O-, ca¡bonate
1745-1735 s C:O str Saturated esters

1740-1720 s C:O str -C(=O)H, aldehyde
Continued
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1662-1652 C:C
t658-1648 m C:C

Table III continued:

Range (cm-r) Intensity Group Type of Comments
vibration

1725-1705 s C:O str Ketone
1720-1'700 s C:O str -C.OOH, aliphatic carboxylic

acid
1700-16'70 s C:O str -CONHR, secondary amide, free

(dil. soln.): Amide I
1690-1670 s C:O str -CONHr, primary amide (free

(di1. soln.): Amide I
1680-1620 var C=C str Nonconjugated C:C, trans

olefin; RHC:CHR'
1670-1620 s C:O str Primary amide (solid), H-

bonded: Amide I
cis Olefin; RHC=CHR'
Terminal olefin; RR'C=CHt

1650-1620 s N-H def Primary amide (solid): Amide II
band

1650-1580 m-s N-H def NH2; primary amine
1650-1550 var C:C str Terminal olefin; RHC:CH2
-162s s C:C str Ph-Conjugated C=C
1620-1590 s N-H def Primary amide (dil. soln.)
1620-1560 m-s NHr' def
1610-1540 vs C-O asym str -COO-, carboxylate

-15 85 m (Ì.{Hr)* asym def Amine salt
1580-1520 n C:N þlus int eff Pyrimidines

C__C)

1570-1515 s N-H def Secondary amide (solid); Amide
II band

1550-1510 s N-H def Secondary amide (dilute soln.)

-1500 var C:C sk, i-p A¡omatic C:C
1500- I 300 m (1.{Hr)* sym def Amine salt

-1468
-1460

s C-H sc Alkane -CH2-
m C-H bend -CH:

(asym)
1460-1400 s C-O sym str -COO-, carboxylate

-1455 s C-H sc Alicyclic -CH2-
1400-1395 w C-O str þlus Carboxylic acid

OH def)
1420-1406 w C-H i-p bend C= CHr

Continued
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Table III continued:

Range (cm-r) Intensity Group Type of Comments
vibration

1418-1400 m C-N str Primary amide

-1410 w C-N str Aliphatic amine
1385-1375 m C-H bend - CH3

(sv-)
-1340 w C-H bend Alkane C-H
1320-1210 s C-O str Carboxylic acid
1305-1200 m N-H def Secondary amide, Amide III

band

1300-1200 s P=O str Phosphoric ester, free P=O
1270-1150 s C-O str -(O=)C-O-R in esters

1256-1232 s C-O str CH3COOR, acetic ester

-1250 C-O str Methylene acetal

1250-1150 vs P:O str Phosphoric ester, H-bonded P:O
1220-1020 m C-N str Aliphatic amine

1200-1170 s C-O str Propionic and higher esters

1200-1000 s C-OH str Alcohols
1175-1165 s C-H sk (CH3)2C-, isopropyl
1175-1125 w C-H i-p bend Unsubstituted phenyl
1110-1170
1070- 1000

1150-1070 s C-O-C as\'r.n str Aliphatic ether

1090-1030 vs P-O-C Phosphoric ester

-1040 C-O srr Methylene acetal

Adapted from Parker, 1983.
br, broad; m, medium; s, strong; sh. sharp: v! very; var, variable; w, weak
asym, asynmetrical; def, deforrnation: i-p, in-plane; int eff, interaction effects; sc,

scissoring; sk, skeletal; str, stretching: syrn. symmetrical
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have been compiled from empirical IR studies on simple organic molecules as well as

f¡om studies on isolated/synthetic biological molecules. Tables such as these have been

extremely valuable in the assignment of IR spectral features. The complexity of this table

demonstrates the specificity with which infrared spectroscopy is able to characterize

different molecules, while at the same time, it illust¡ates the potential difficulty in spectral

assignments for more complex systems. To an u¡trained eye, IR spectra from different

biological molecules can appear remarkably similar. However, closer investigation of

absorption frequencies, relative band intensities and ba¡d shapes usually reveal unique

characteristics in each spectrum.

In order to understand the infrared absorption bands arising from complex central

nervous system tissue, the IR spectra of several of the major isolated/synthetic biological

components of b¡ain tissue were first examined. This series of studies facilitated the

identification and familiarization of the key spectral features arising from biological

molecules of the brain as well as the spectral characterization of control and diseased

CNS tissue which will be discussed in chapters V-VIIL

i. Isolated Biomolecules of the CNS: Technical Details

The following biochemicals were obtained from Sigma Chemical Company (St.

Louis, MO): myoglobin extracted from horse heaf; type IV concanavalin A from

Canavalia ensiþrmîs (Jack bean); type I L-a-phosphatidylethanolamine from bovine

brain; type III-B L-cr.-phosphatidylcholine from bovine brain; sphingomyelin from bovine

brain; mixed galactocerebrosides from bovine brain; cholesterol; and type I

deoxyribonucleic acid (DNA) (sodium salt, highly polymerized) from calf thymus.
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Human myelin basic protein was a gift fiom Dr. Mario Mosca¡ello's laboratory

(Hospital for Sick Children, Toronto, ON) and prepared according to the method

described by Oshiro and Eyler (1970).

Sample preparation for IR analysis involved dissolution or suspending the

biological material in distilled H2O to a final concentration of 10 mglml. For the lipid

samples, it was necessa¡y to sonnicate the sample for several minutes to enable the

mixing of the lipid material with wate¡ and to ensure the formation of liposomes, micelles

and/or vesicles. In the case of the proteins, samples were prepared in H2O as well as in

'HrO lDrO¡ (MSD Isotopes, Montreal, QC) to a final concentration of 10 mg/ml in both

cases.

Before spectral acquisition, a 10 pl drop of solution/suspension was placed on a

BaF, window (Wilmad Glass Co. Inc., Buena, N.J.) and allowed to dry as a fìlm under

low vacuum. BaF2 windows were utilized in preference to other optical substrates such

as AgCl, ZnSe, CdTe since it is not light sensitive (AgCl) and does not have a high

refractive index (ZnSe and CdTe), which can resuit in spectral fringes. It was preferred

over CaF, since it has a lower wavenumber cut offthan CaF2 (700 versus 900 crn-'1 in th"

mid-infrared region. In addition, BaFr is harder than ZnSe, CdTe and AgCl and hence is

suitable for repetitive sampling of biological tissue. A minor disadvantage of using BaF,

windows is that it is slightly more water soluble than CaF2. Each sample was prepared in

triplicate. Once dried, the windows were mounted on a multi-sampling wheel accessory

built inåouse which then was mounled into the spectrometer sample compartment.

Infrared spectra were recorded on a Digilab FTS-404 FTIR spectrometer (Bio-Rad,
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Cambridge, MA) equipped with a mercury-cadmium-telluride detector and continuously

purged with dry air. For each spectrum, 256 interferograms were collected, signal

averaged and Fourier transformed to generate a speotrum with a resolution of 2 cm-l. A

clean BaF2 window was used for the acquisition of the background spectrum so that

absorptions f¡om the window were corrected for in the sample spectral acquisition.

For the proteins prepared in D2O solution, 10 pl aliquots were placed between a

pair of BaF2 windows, one of which was specially machined to contain a fixed 6 pm deep

þathlength) by 5 mm diameter well. The windows we¡e then mounted in a Harrick

demountable cell (Harrick Scientific Corp., Ossining, N.Y.) and spectra were recorded as

described above. Spectra of DrO and BaF2 were reco¡ded under identical conditions and

interactively subtracted to yield spectra of sample alone. In all the spectra acquired,

residual atmospheric water vapour was inte¡actively subtracted. It should be noted that

for mid-IR measurements of hydrated systems, pathlengths less than 10 ¡rm are usually

required due to the intense O-H absorptions fiom water which distort the spectrum when

the pathlength is too thick. In D2O, pathlengths up 50 pm can be used before the O-D

vibrations begin to distort the IR spectrum, allowing the use of lower concent¡ations.

l. Infrared Analysß of Isoløted CNS Components

a. Proteins

A significant number of different proteins are found in grey and white CNS tissue.

These proteins not only play important struch¡ral and enzymatic roles, but they are key

factors in synaptic transmission, in receptor and signal tra¡rsduction pathways. In
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addition, many peptides are important neurotransmitters. In order to understand the

typical spectral features arising from protein nolecules, myoglobin, concanavalin A and

myelin basic protein were examined. l\,f-voglobin and concanavalin A are not found in

human CNS tissue but were chosen for studv as their structures have been extensivelv

characterized by various biophysical tecl.uriques including IR spectroscopy and will serve

as comparisons in determining the structural conformation of myelin basic protein

(MBP), which does exist in CNS tissue. Comprehensive reviews of the use of lR

spectroscopy for the investigation of ploteins have recently been published by Jackson

and Mantsch (1995), Alben (1996) and Siebert (1995).

A representative mid-iR protein spectrum is shown in Fig. 4. We observe that

NH t C:O

1000 1500 2000 2500
Wovenumbe r

J000
cm

J500 4000

Fig. 4: Representatìve mid-IR spectrum of a dried protein film.
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there are no detectable IR absorptions from biological molecules in the region between

1800-2800 cm-1, therefore this region will not usually be shown in subsequent spectra. In

the region between 2800-3000 cm-r, the infrared absorptions arise from the C-H

symmetric and asymmetric stretching vibrations of CH2 and CH3 groups. In protein

spectra, these ba¡ds are attributed to CH. and CH, functional groups found within the

side chains of amino acid residues that compose proteins. Between 3050-3200 ".-' *"

observe absorptions from the amide A band which are believed to be the first overtone

vibration of the amide II band at 1550 cm-r (see below).. In spectrum of hydrated

material, this vibrations is often hidden under the broad O-H stretching absorption from

water molecules, which lies between 3300-3600 ".-t. Th" absorption centred around

3280-3320 cm-l arises from the N-H stretching vibration (known as the amide B

vibration) of the amide linkages between amino acids residues and also within the side

chain moieties.

The shongest absorptions between 1400-1800 cm-r arise from the amide I and

amide II bands. The amide I band found between 1600-1700 cm-r is attributed

predominantly (80%) to the carbonyl (C=O) stretching vibration of the amide groups of

the polypeptide backbone and is a good diagnostic indicator of the protein secondary

structure (Byler and Susi, 1986; Jackson and Mantsch, 1995). Each secondary structure

is associated with a distinct hydrogen bonding pattem, resulting in a characteristic

electron density in the amide C:O bonds which in turn gives rise to a characteristic amide

I frequency. In many studies, techniques of ¡esolution enhancement such as Fou¡ier self-

deconvolution (Mantsch et al., 1986) have been successfully used to extract information
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on protein structures from the broad envelope ofthe amide I band. In addition, recent lR

studies have used the methods of partial least squares (Dousseau and Pezolet, 1990) and

factor analysis (Lee et al., 1990) to predicl and understand the conelation between protein

structures and the amide i band. In order to evaluate the secondary structure of proteins,

infrared spectra are usually acquired from proteins dissolved in D2O since it is difficult to

distinguish unordered structures flom a-hclical structures in protein spectra recorded

from dried films or in H2O. Amide I frequencies between 1610-1640 ".'' u..

characteristic ofthe presence of p-sheet conformations while absorptions centred at 1640-

1648 cm-l suggest a proteir uìtÌr litrle or no repetitive secondary structure (i.e.

unordered/random conformatiou). Amide I peaks at 1650-1660 cm'l indicate proteins

predominantly in an o-helical conformation (Jackson and Mantsch, 1995).

Figure 5 shows the spectra of myoglobin, concanavalin A and myelin basic

protein recorded from D2O solution. We observe that myoglobin has an amide I

absorption at 1650 cm-l, indicative of an cr.-helical conformation, in agreement with x-ray

diffiaction studies (Kuriyan et al., 1986). Just as myoglobin is a classic example of a

protein with a-helical structue, concanavalin A is a classic example of B-sheet

conformation, as demonstrated by x-ray diffraction (Becker et al, 1975). Thus, the amide

I frequency of 1636 cm-l for concanavalin A indicates that an absorption at this frequency

is indicative of the presence of p-sheet structure. Lastly, myelin basic protein exhibits an

amide I absorption at 1645 crrr-'. As its name states, myelin basic protein has a basic

character due to the large number ofpositively charged amino acid residues (12 lysyl and

19 arginyl residues ofa total 170 residues) in its sequence (Moscarello, 1990). The large
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proportion of the positively charged groups results in charge repulsion, preventing the

formation of any ordered conformation. Thus, an amide I absorption at 1645 cm-r is

characteristic of unordered proteins. This observation is in agreement with previous IR

studies of myelin basic protein in solution reported by Surewicz et al., 1987 and Jackson

et al., 1993).

The other major band in the 1400-1800 cm-r region is the amide II band, with a

peak maximum between 1523-1550 cm-r. This band arises from the N-H bending

vibration (60%) coupled to the C-N stretching vibration (40%) of the amide linkage.

Fig. 5: Representative mid-IR spectra in the amide region of myoglobin (A),
conca¡avalin A (B) ald myelin basic protein (C) in D2O solution (10 mgiml).

1500 1550 1600 t6 50 17 00 17 50

Wqvenumber, cm -'
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Due to the complex nature of the amide ll vibration, it is less useful in the assignment of

protein secondary structure. The amide III vibration, centred at 1308 cm-l (see Fig. 4),

arises from a complex vibration, predominantly C-N stretching. Once again, the impure

nature of this vibration and its relativelv rveak nature (compared to the amide I band)

makes it less useful in protein secondar-v structure determination.

The assignment of the remaining ir.rfrared absorptions of proteins (Fig. 4) include

the CH3 asymmetric and symmetric bending vibrations at 1458 cm-l and 1381 cm-l

respectively. Absorptions around 1400 cm-l arises from COO' symmetric stretching

vibrations. Lastly, absorptions bctr.r,een I 000- 1050 cm-l arise predominantly from C-O

stretching vibrations of C-OFI groups such as those found within serine and th¡eonine

amino acids.

b. Lipids

Lipids are the next major component of human CNS tissue. Phospholipids,

galactolipids and cholesterol are the dominant lipid constituents (Fig. 6). Lipids serve

two principal functions: as repositories of chemical energy (storage fat, primarily

triglycerides) and as structural coniponents of cell membranes. Since brain tissue

contains virtually no triglycerides, CNS lipids are predominantly membrane components.

Other recently discovered roles of lipids include the biomessenger function of non-

membra¡e lipids (e.g. steroid hormones) and for species such as inositides and

phosphatidylcholines, iniportant functions in signal transduction processes across

biological membranes (Voet and Voet, 1995).
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In huma¡ CNS tissue, phospholipids are the major lipid in grey matter, white

matter and myelin. Of the various phospholipids, the zwitterionic lipids

phosphatidylethanolamine (PE) and phosphatidylcholine (PC) are the most abLrndant. PE

comprises approximately 3.7% (fresh weight) of white matter and l.1Vo (fresh weight) of

grey matter. PC accounts for 2.4o/o (fresh weight) of white matter and 1.9% (fresh

weight) of grey matter (see Table II). Other glycerophospholipids present, although to a

smaller degree, are phosphatidylserine (PS) (0.5-1,-2% of brain tissue f¡esh weight) and

phosphatidlyinositol (Pf (0.14- 0.16% of brain tissue fresh weight). Phosphatidic acid is

not particularly abundant in CNS tissue, and phosphatidylglycerol is predominantly

present in mitochondrial membranes of cells. The IR spectra (as dried films) of PE and

PC extracted from bovine brain are shown in Fig. 7. We observe that these spectra are

markedly different from spectra arising from proteins (compare with Figs. 4,5). We

observe that these spectra resemble those reported by Fookson and Wallach (1975) ofPE

and PC. As with proteins, isolated and synthetic lipids have been extensively

characterized by IR spectroscopy. Our assignment ofthe absorptions found in the spectra

of lipids are based on the recent review by Lewis and McElhaney on the application of

FTIR spectroscopy in the study of hydrated lipids and lipid bilayer membranes (1996).

Several intense absorptions are observed between 2800-3000 cm-l ard 1400-1470

cm-larising from CH2 and CH3 groups. Specifically, these are the CH2 symmetric and

asymmetric stretching vib¡ations (2855 cm-l and,2926 cm-I, respectively), the CH.

symmetric and asymmetric stretching vibrations (-2872 cm-t and 2959 cm-l

respectively), the CH, scissoring vibration (1465-1469 
"rn-t) 

und the CH, asymmetric

bending vibration (-1458 cm-t). In the hydrated state, the flequency ofthese absorptions
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is sensitive to phase transitions involving melting of lipid hydrocarbon chains as well as

the packing of the membrane (Lewis and McBlhaney, 1996). The intensity of the

observed absorptions is attributed to the large number ofthese functional groups found in

the fatty acyl chains of phospholipids. ln addition, signìficant contribution from the C-H

I

1000 1200 1400 1600 1800 2600 3000 J400 3800
Wovenumber, cm -'

Fig. 7: Representative mid-IR spectra of dried films of phosphatidylethanolamine (A)
and phosphatidylcholine (B) isolated ftom bovine b¡ain.

olelrnic stretching vibrations of unsaturated fatty acid acyl chains (usually at the C-2

position) is observed at 3008 cm-r.
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In the spectrum ofPE, there is a broad absorption band around 3256 cm-r arising

from the asymmetric stretching vibration of [rlH3)* ethanolamine headgroups (see Fig.

6). In contrast, PC does not have a significant absorption at this frequency.

In the region, 1000-1800.--'. 
" 

u".u prominent band is observed at 1737 cm'r for

both lipids. This band was not apparent in spectra of proteins and is a characteristic

ma¡ker of lipids. It arises from the C-O stretch of the ester bonds (R-COOR') found

between the glycerol backbone and the 1àtty acid acyl chains (Lewis and McElhaney,

1996). In hydrated model phospholipid systems, it is a broad feature which can be

readily resolved into two comn..rìeÌlts using band narrowing techniques such as Fourier

self-deconvolution (Casal and \'lantsch, 1984). One component is a high frequency

vibration due to non-hydrogen bonded C=O groups and the other, a low frequency

component due to hydrogen bonded C:O groups. This difference in hydrogen bonding is

related to the hydration state of the molecule and provides important info¡mation

concerning bilayer hydration and the packing ofthe bilayer (Jackson and Mantsch, i993).

The spectrum of PE displays absorptions af 1666 and 1558 cm-r which are due to

the (NH3)* asymmetric and symmetric vibrations (respectively) of the headgroup. These

absorption values are both approximat ely 40-45 "--' high.. than the values of 1620 and

1520 cm-r found in summary table of the review by Lewis and McElhaney (1996). This

discrepancy in wavenumber values likely arise f¡om differences in the state of the lipid

upon spectral acquisition. The values in the literature were reported from hydrated films

of PE, whereas in our case, the values reflect PE as a dried film. Our higher wavenumber

values suggest the ethanolamine headgroups are f¡ee from hydrogen bonding whereas
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those reported in the hydrated state indicate involvement of hydrogen bonding, shifting

the absorptions down by about 40 cm'l.

Choline headgroups give rise to a characteristic absorption at 1487 cm'1 assigned

to the asymmetric methyl bending vibration of [N(CH,)r]* groups. Acyl chain CH3

asymmetric and symmetric vibrations are observed at -1458 and 1379 cm-I, respectively.

The CH, scissoring vibrations are observe between 1465-1469 cm-'. Two othe¡

characteristic absorptions in the spectra of phospholipids are the asymmetric (1229-1258

cm-l¡ and symmetric (-1075 cm-l) POr- stretching vibrations from the phosphodiester

bonds between the glycerol backbone and the alcohol headgroups.

The other phospholipids in brain are phosphatidylserine (PS) and

phosphatidylinositol (Pf. Spectra of these lipids resemble those of PC and PE, especially

with respect to the acyl CH, and CH3 stretching and bending vib¡ations, the ester C=O

stretch ard the PO2- absorptions (spectra not shown). The spectrum ofPS however, also

exhibits strong N-H stretching and bending absorptions from the serine headgroup, and

the PI spectrum displays characteristic absorptions between 1000-1150 cm-rand 3400-

3600 cm-r arising fiom C-OH ard O-H groups of the inositol ring.

Sphingophospholipids such as sphingomyelin a¡e the last major group of

phospholipids found in human CNS tissue. Sphingomyelin is an important structural

component of neuronal membranes, particularly the myelin sheath. The IR spectrum of

sphingomyelin is shown in Fig. 8. The major absorptions are similar to those we have

desc¡ibed for phospholipids. In particular, the spectrum resembles PE in that there is a

strong N-H stretching absorption (3282 cm-l) from the N-acyl fatty acid chains and

resembles PC exhibiting the asymmetric bending vibration (t487 cm'l) from choline
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headgroups. The spectrum of sphingom.velin is unique in exhibiting amide I (1644 cm r)

and amide II (1544 cm-l ) absorptions from the amide (see Fig. 6) group and the absence

ofthe ester C:O stretching vibration.

RË

!l
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Fig. 8: Representative mid-IR spectra of dried films of sphingomyelin (A) and mixed
galactocerebrosides (B) extracted from bovine brain.

In addition to phospholipids, galactolipids are important constituents of CNS

tissue, with galactocereobrosides (containing B-D-galactose as the headgroup) being the

most prevalent cereb¡oside in neuronal cell membra¡es of the b¡ain (see Fig. 6).
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Galactocerebrosides account for between 5.4% fo 19.\yo of the total lipids in human brain

tissue (Table II, Agranoff and Hajra, 1994). A spectrum of mixed galactocerebrosides is

presented in Fig. 8. As with the other lipids discussed thus far, the spectrum of mixed

galactocerebrosides displays the typical pattem of CH2 and CH3 stretching absorptions

(2800-3000 "--r;. There are strong N-H stretching vibrations (3298 cm-r) from the N-

acyl group and a broad O-H stretching vib¡ations (3441 cm-l) from the galactose moiety.

As in the spectrum of sphingomyelin, there are no absorptions from ester C:O stretching

vibrations but strong amide I absorptions at 1648 anð, 1626 cm'I, suggesting the existence

of mixed populations of intermolecular and intramolecular hydrogen bonding to the

amide group. Similar observations of mixed hydrogen bond interactions were reported

by Mueller a¡rd Blume (1993) upon recording IR spectra of glucocerebrosides. The band

at 1544 cm't again arises from the amide II N-H bending vibration. However, unlike

sphingomyelin, there is no choline headgroup absorption af 1487 cm-1 and no phosphate

absorptions (1000-1100 
"--', 1200-1300 cm-r). Rather, there are a number of strong C-

O-C and C-OH stretching absorptions between 1000-1200 cm-1 arising from the galactose

residue (Parker, 1983; Lee et al., 1986, Brandenburg and Seydel, 1996).

Cholesterol is the last major.lipid type found in appreciable quantities in CNS

tissue. It is a major component of all plasma membra¡es and occurs in smaller amounts

in the membranes of subcellular organelles. The polar OH group gives it a weak

amphiphilic character whereas its fused ring system suggests that it is a more rigid

molecule than other membrane lipids (see Fig. 6). Cholesterol is an important

determinant of membra¡e properties such as fluidity. The IR spectrum of cholesterol is

shown in Fig. 9. In the spectral range 27 00-4000 cm-r, a broad absorption band with a
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maximum intensity at 3375 cm-l is observed. This band arises from the strong O-H

stretching absorption of the hydroxyl group in cholesterol. A series of absorptions

between 2800-3000 
"--t 

*" attributed to the CH., and CH3 stretching absorptions. These

frequencies are shifted slightly from those observed for phospholipids due to the aryl

origin of these groups. Furthermore. there is an extra peak a,.2887 cm-l assigned to the

tertiary aryl C-H st¡etch (Parker, 1983). Tlie broad nature of these absorptions indicates

that the C'H groups found in cholesterol have a significantly greater degree of motional

Fig. 9: Representative mid-IR spectrum of cholesterol (dried film)

freedom compared to those found in the acyl chains of phospholipids and galactolipids.

The na¡row CH2 and CH3 stretching bands observed in spectra of phospholipids and

I
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galactolipids suggest that the acyl chains of these lipids are in a packed./ordered

conformation with little degree of freedom. The bulkiness of the cholesterol structure

does not favour tight packing and this is reflected in the broad and motionally

u¡restricted C-H absorptions. This membrane perturbing property of cholesterol is

essential for the maintenance of a fluid biological membrane.

In the 1000-1800 cm-l region of the cholesterol spectrum, a minor absorption

band is observed, aÎ 1673 cm-r arising from the stretching vibration of the C=C group

found within the ring structure. Other absorptions arise from CH3 asymmetric (1465 cm'

r) 
and symmetric (1376 cm-r) bending vibrations, the terminal methyl symmetric bending

vibration of the branched chain [i.e. CH-(CH3)2] at 1386 and 1365 cm-r (Lewis and

McElhaney, 1996) as well at the C-O stretching vibration at 1057 cm'r.

c. Nucleic acids

Another major class of biological molecules are the nucleic acids. The IR

spectroscopic characteristics of deoxyribonucleic acid (DNA) have been summarized by

Liquier and Thaillandier (1996). The spectrum of calf thymus DNA is shown in Fig. 10.

We observe that DNA infrared spectrum displays reduced CH2 and CH3 stretching

intensities compared to spectra of lipids (compare with Figs. 7-9)- However, there are

very strong absorptions from the numerous N-H groups (3000-3200 cm'I.¡ in the

nucleotide bases adenine, thymine, guanine and cytosine. This absorption frequency is

relatively low for N-H stretching vibrations, indicative of hydrogen bonding (i.e. base

pair formation) between the DNA st¡ands. The absorption between 3300-3400 cm-l
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arises from the terminal O-H stretching vibration and also some contribution from non-

hydrogen bonded N-H groups (Parker. 1983).

There are several strong absorptions ir.r the region between 1000-1800 cm-ì, which

include the vibration at 1708 cm-r (C=O stretch), assigned to the characteristic base

Fig. 10: Representative mid-IR spectrum of DNA (dried hlm).

pairing of adenine-thymine and guanine-cytosine (Pilet and Brahms, 1973), the C:C

stretch (1601 cm-l) predominantly from purine bases, and the secondary amide C=O

stretching absorption (1662 cm-t). We tentatively assign the intense i397 cm-r band to

the C-N stretching vibrations. This frequency is lower than the expected 1400-1420 cm-',
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possibly due to hydrogen bonding involving the N-H group. The other prominent

absorptions in the spectrum of DNA are observed at 1247 and 1100 cm-], and are

assigned to the asymmetric and symmetric stretching vibrations arising from PO2- groups

of nucleotide phosphodiester bonds, respectively. The weak feature at 1057 cm-r is

assigned to the C-O stretching absorption ofthe deoxyribose group.

In this chapter, infrared spectra arising from individual components found in the

human CNS were spectroscopically analyzed. We observe that despite the complexity of

chemical groups comprising these biological molecules, there are characteristic

absorptions observed in these simple systems. Now that we unde¡stand the spectra of

these biomolecules, we can begin to transfer this knowledge to the spectral

characterization of complex tissue assemblies of the CNS.
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INVESTIGATION OF

CONTROL CNS TISSUE

Using the information obtained from the studies of isolated biomolecules (chapter

IV), we began the IR spectroscopic characterization of CNS tissue by examining control

brain tissue. In control specimens, the grey and white matter can be clearly distinguish

by the naked eye. Therefore, we expect that the sensitive molecular spectroscopic

technique of IR spectroscopy should reveal marked differences in spectra derived from

these two types oftissue. Once these differences are known, we can then progress to the

characterization of diseased tissue (chapters VI-VIID whe¡e the changes between control

and diseased tissue may be more subtle and difficult to discriminate.

i. Tissue Oriqin and Sampling Details

Histopathologically conf,rrmed control human central nervous system tissue was

obtained by autopsy at the Health Sciences Centre (Winnipeg, MB) and f¡om the National

Neurological Research Specimen Bank (Los Angeles, CA). Autopsy material was taken

as soon as possible after death (post-mortem interval ranged from 3-25 hours) and the

tissue was kept frozen at -70oC until time of sample preparation. A brief patient

summary of the tissue specimens used in these studies is listed in Table IV.

Patients had no clinical history of cognitive decline or central nervous system

disease and no sign of head trauma. Upon autopsy investigation, the tissue displayed no

abnormalities with respect to cortical atrophy, no signs of demyelination and microscopic
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investigation revealed little presence of neuritic plaque and the absence of neurofibrillary

tangles.

Table IV: Patient summary of control CNS tissue.

Subjecl Age (years) Sex

C1

C2

c3

C4

25

30s

39

43

M

M

M

F

M

M

M

F

l

80

97

C5

C6

C7

C8

C : control, M: male, F : femaÌe

Grey matter and white matter samples (approximately 8 mm3) were excised from

various regions of previously frozen, unfixed control brain tissue. Samples were taken

from the frontal, temporal, parietal and occipital cortices, deep cortical white matte¡ as

well as the cerebellar, periventricular and spinal cord regions. These regions are believed

to be areas of involvement in Alzheimer's disease or multiple sclerosis. As the number of

specimens at each age decade was relatively small (due to limited availability), each brain

was sampled extensively (approximately 25-30 samples per specimen) to provide a large

sample number from each subject. Excised samples were stored af -70oC until time for

spectloscopic measurement.
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ii. Spectral Acquisition Details

For our analysis of control brain tissue, two different measurement techniques

were used, (the difference in the pathological nature of Alzheimer's disease and multiple

sclerosis required different techniques for each disease). Unfixed, freshly thawed brain

tissue was placed either in: 1) a demountable diamond anvil cell containing type IIa

diamonds transparent to infrared radiation in the regions 200-1800 cm-l and 2800-4000

"--' lHigh Pressure Diamond Optics, Tucson, AZ), or 2) between a pair of BaF,

windows, one of which was specially machined to contain a fixed pathlength of 6 pm,

followed by placing the windows in a Hanick demountable cell holder.

Mid-infra¡ed spectra were recorded using various Digilab (Bio-Rad, Cambridge,

MA) FT-IR spectrometers (FTS-60/404) equipped with mercury cadmium telluride

detectors and continuously purged with dry air. We observed no differences in spectra

derived from different instruments. For each spectn¡m, 100 interferograms were

recorded, signal averaged and Fou¡ier transformed to generate a spectrum with a nominal

resolution of 4 cm-l. The spectrum of a single diamond anvil or a BaFl window, and a

water vapour spectrum were recorded under identical conditions and interactively

subtracted. Fourier self-deconvolution was performed as previously described

(Kauppinen et al., 1981) using a halfividth of 18 cm-l and resolution enhancement factor

k= 1.s.

Ä. Infrared Analysis of Control Tissue

In Fig. i1, we show ¡epresentative mid-infrared spectra of control white matter

measu¡ed using the BaF, windows and the diamond anvil cell. Aside Íìom subtle
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variations in the degree of tissue hydration demonstrated by the broad absorption band

between 3000-3600 cm-I, the spectra acquirecl from these two sampling accessories are

essenfially identical, with no introduction of artefacts from the sampling accessory.

Fig. il: Representative mid-lR spectra of control white matter measured using BaF,
windows (A) and a diamond anvil cell (B).

Figure 12 shows representative infrared spectra of human control white (CW) and

grey (CG) matter in the spectral regions 1000-1800 cm-r and 2600-4000 cm-r. We

observe that in these tissue spectra, there are significant broad absorptions in the region

3000-3600 cm-l arising f¡om the O-H stretching vibration of water. Interestingly, in spite

of the complexity ofthe tissues sampled, only four main absorptions are seen in the range
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A. mentioned earlier in the discussion of isolated CNS lipids (chapter

IV), these are the characteristic CH2 (2855 and 2926 cm-l) and CH3 eB7 6 utd 2959 cm'')

Fig. 12: Rep¡esentative mid-IR spectra of control grey (CG) matter and control white
(CW) matter measu¡ed with BaF2 windows.

symmetric and asymmetric shetching vibrations. The high frequency position of these

absorptions indicate that the tissue lipids are in a liquid crystalline phase, in a fluid

memb¡ane anangement (as opposed to tight membrane packing) (Lewis and McElhaney,

19e6).
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The spectra of control white and control grey matter show significant diffe¡ences

in the C-H stretching region with the inter.rsities ofthese vibrations greatly reduced in the

grey matter spectrum. As this difference is consistently observed, it is not due to a

reduction in the amount oftissue sampled, since such variation due to sampling problems

would be random. This intensity differer.rce can be explained with reference to the

composition of the two tissues. In gre-v natter, tlie lipid content is much reduced

compared to white matter (see Table lI) due to absence of the myelin sheath. Thus the

intensity of bands arising from lipid acyl chains would be expected to be reduced.

Furthermore, the ratio of the Cll-:CII" stretching bands is also reduced in grey matter

compared to that in white matter. Again, this is related to the composition of the tissues.

The reduced lipid:protein ratio in grey matter compared to white matter suggests that the

methylene and methyl groups of protein amino acid side chains should contribute

relatively more intensity in this region of the grey matter spectrum. As the ¡atio of

CH,:CH, groups is much lower in proteins than in lipids, the ratio of the CH,:CH,

stretching intensity is therefore reduced in grey matter. The increased contribution of

protein CH, and CH, groups to the spectrum also results in some broadening of these

vibrational band in grey matter. This broadening occurs because the CH, and CH, groups

in amino acid side chains are expected to have a greater degree of motional freedom as

compared to those in the lipid acyl chains. In addition, the range of environments is

somewhat restricted for the CH, and CH, groups in lipids, whereas a much greater range

of environments would be expected in proteins, again causing band broadening.

Deconvolved spectra of control white matter and grey matter in the region 1000-

1800 cm-r are shown in Fig. i3. The broad shoulde¡ absorption aI 1700-1750 cm-r in the
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spectrum of control white matter is assigned to C:O stretching vibrations ofthe carbonyl

ester bonds in phospholipids. We observe that there are two components present which

1000 1100 1200 1300 1400 1500 1600 1700 1800

wcvenumber, cm -'

Fig. 13: Deconvolved mid-IR spectra between the region 1000-1800 cm-r, of control
grey (CG) and control white (CW) matter. Deconvolution was performed using a half-
width of 18 cm-l and a resolution enhancement factor of 1.5.

indicate hydrogen bonding (hydration) of the carbonyl group, as discussed earlier in

chapter IV for model phospholipid systems. It is not surprising that the control grey

matter spectrum shows a dec¡ease in the intensity of this complex absorption due to a
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reduction in the lipid content ol the tissue. We also note that the lower frequency

carbonyl absorption contains contributions fi'om such groups found within DNA.

The amide I band is centered betrveen 1651-1653 ".-' fo. both tissues studied.

Due to the complex mixture of proteins present in human CNS tissue, it is not sensible in

most cases to attempt to assign the an.ride I to discrete secondary structures within

specifìc proteins. However, based upon a comparison between the observed amide I

frequency and the amide I frequencies obsen'ed in empirical studies of proteins (chapter

IV), we can infer that the proteins present in the tissues are predominantly in an a-helical

and-/or unordered conformation.

A comparison of the inrensity ratio of the amide I:amide II vibrations (i.e.

1652:1551cm-r; is informative. For isolated proteins this ratio is approximately 1.4:l as

observed in Fig. 4. However, in each of the spectra presented here this ratio approaches

1.8:1, with grey matter possessing a greater ratio than white matter. This suggests that

either the molar absorptivities ofprotein C:O and N-H groups are different in brain tissue

compared to isolated proteins, or that the amide I region of the spectrum contains

significant contributions from non-protein components. At least three possible sources

exist for the non-protein contributions to the amide I region. Firstly, DNA exhibits

absorptions in the amide I and II regions of the spectrum, with the absorption in the

amide I region being much stronger (see Fig. 10). This could result in distortions of the

amide l:amide II ratio typically seen for proteins. Since the nucleus of the neuron is

found in the nerve cell body located in the grey matter region, DNA spectral absorptions

should be higher in grey matter tha¡ in white matter. Anothe¡ possible explanation is that
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myelin contains a high proportion of sphingolipids (for example, sphingomyelin,

galactocerebrosides and gangliosides) which contain amide groups. However, as

observed ea¡lier in Fig. 8, the amide I:amide Ii ratio of these lipids is similar to that seen

for proteins. Furthermore, fo¡ each C=O group in the amide moiety, there is a

corresponding N-H group such that the proportions of these bands would change at the

same rate in white matter thereby maintaining the same amide l:amide II ratio. In

addition, there are no signifrcant amounts of sphingolipids in grey matter which also

exhibits an increased amide I band. Thus, sphingolipids are. unlikely to be the cause of

the discrepancy we observe. Lastly, water exhibits a strong absorption (O-H bending

vibration at 1648 cm-l) in the amide I region of the spectrum. From Table II, we note that

CNS tissue contain a large amount of water with a greater percentage in grey matter

(82%) than in white matfer (72%o). Therefore, it is most likely that water accounts for the

distortion of the amide i:amide II ratio; the greater ratio in grey matter compared to white

matter is due to va¡iation in water content. A significant contribution from water to the

absorption aI 1651-1653.rn-' -uy be inferred from the b¡oad O-H stretching vib¡ation

centred at 3400 cm-r(Fig. 12). Evidence in support of this hypothesis is presented larer

in Fig. 21 (see page 95) in which we observed that the amide l:amide II band ratios are

equal in grey and white matter spectra when acquired from dried (dehydrated) films of

b¡ain tissue.

Other significant differences between control white and grey matter are apparent

upon examination of the spectral region between 1000-1500 cm-' lFig. 13). A major

leature in this region of control white matter spectrum is the band at 1467 cm-t, att¡ibuted



57

to the scissoring vibration of CFI, Broups. predominantly from lipid acyl chains. The

adjacent absorption band at 1456 cm-r arises from the asymmetric bending vibration of

CH. groups. Compared to the spectrum of while matter, the intensity of the CH,

scissoring ba¡d is reduced in the grey matter spectrum, such that the CH, scissoring and

CH, asymmetric bending vibrations are about equal in intensity. This observation is

again consistent with a decrease in lipid conterit. where removal of one lipid acyl chain

CH3 group is accompanied by the removal of 12 to 18 acyl chain CH, Broups.

Furthermore, the absolute intensity of both these bands are.reduced when compared to

those in white matter. Several o-iller spectral absorptions support the observed reduction

in lipid composition of grey matrcr. For example, the band at 1381 cm'l assigned to CH,

symmetric bending vibrations, the 1487 cm'r band assigned to [N(CHr)3]* asymmetric

bending vibration of phosphatidylcholine headgroups as well as the symmetric and

asymmetric PO2- stretching absorptions at 1082 cm'r and 1226 cm-j, respectively, all

exhibit diminished intensities in grey matter spectrum.

From these spectral analyses, we observe that there are several characteristic

features in the spectra of control grey and control white matter which allow spectroscopic

discrimination between the two tissuê types (Choo et al., 1993). These changes can be

correlated to underlying biochemical compositional differences between the tissues.

White matter contains several prominent marker bands largely arising from the

significant number of acyl chains and carbonyl ester headgroups found in this lipid rich

tissue. Grey matter mid-IR spectrum, on the other hand, is cha¡acterized by the absence
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or reduction of many of these lipid bands as well as the slightly greater amide I:amide II

ratio due to the interfering contribution from water.

The infrared spectra ofcontrol CNS tissue from various regions of the same brain,

from different brains as well as from different age groups (spectra not shown) were

remarkably similar, with a high degree of reproducibility among the spectra. No

significant spectroscopic changes were observed that could be attributed to intra-person

and inter-person variability. Furthermore, it was not possible to specfoscopically

distinguish brain tissue derived from a younger brain (for example subject C1 at 25 years

ofage) from that ofan older brain (for example subject C8 at 97 years of age).

Having characterized control brain tissue, the next challenge was to examine

diseased tissue to determine whether biochemical ma¡kers of disease processes ate

detectable spectroscopically.
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ANALYSIS OF ALZHEIMER'S

DISEASED TISSUE

Alzheimer's disease (AD) is the most common form of dementia, with the clinical

symptoms of memory loss, disorientation in person, time and place, and cognitive decline

(McKhann ef al., 1984; Katzman and Jackson, 1991). In 1994, fhe Canadian Study of

Health and Aging repofed that of the estimated 252 600 Canadians (65 years of age and

older) with dementia, about 161 000 of them are believed to have Alzheimer's disease

(Can. Study of Health and Aging Working Group, 1994). Furthermore, it was estimated

that the annual net economic cost of dementia in Canada is at least $3.9 billion (Østbye

and Crosse, 1994). These figures indicate that AD has a significant economic impact,

especially with the increasingly aged population.

Autopsy investigation ofthe AD brain reveals gross cortical atrophy, narrow gyri,

widened sulci and enlarged ventricles (compare Fig. 14, A vs. B) (Khachaturian, 1985;

Mirra et al., 1993). At the cellular level, microscopic analysis reveals neuronal loss,

synaptic loss, reactive gliosis, amyloid angiopathy and the formation of neurofibrillary

tangles (NFT) and neudtic piaques (NP) in the cortical regions (i.e. grey matter) of the

brain 1Fig. l4C) (K¡achaturian, 1985; Mirra er al.. I 993).

Neurofibrillary tangles are bundles of abnormal filaments found intracellularly

within neu¡ons in the Alzheime¡ brain. Studies on Down's syndrome brains (which

develop Alzheimer's disease pathologies after the age of 40), have shown that NFT

formation occurs several years to a decade later than B-amyloid fo¡mation (Oyama et al.,
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Fig. l4: Photographs ofa coronal section ofcontrol (A) and Alzheimer's
disease (B) brain displaying the white (w) and grey (g) matter, the
ventricles (v), Cyri (Cy) and sulci (su). A photomicrograph (C) ofa
section ofAD tissue stained with Bielschowsþ silver stain revealing
neuritic plaque (np) and neurofibrillary tangle (nft) formation.
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1993; Mann, 1989). These filaments consist ofhelical chains of hyperphosphorylated tau

protein (a microtubule-associated protein), interhvined to form paired helical hlaments

(PHF). Unlike native, monomeric tau protein, PHF are unable to stimulate microtubule

assembly. Interestingly, biochemical studies have shown that the addition of

phosphatases which dephosphorylate the tau protein can stimulate normal levels of tau-

induced microtubule assembly in the presence ofPHF. Thus it has been suggested that

this excessive phosphorylation directly interferes with the normal assembly of

microtubule associated proteins, leading to neuronal degeneration (Gong et al., 1993).

Other recent studies have shown that tau in paired helical filaments (PHF-I) and fetal tau

share several phosphorylated epitopes (Yoshida and Ihara, 1993). However, while PHF-t

is assembly incompetent, fetal tau is still assembly competent, although with low activity.

As fetal tau is found in the developing brain and PHF-I in the degenerating brain, it has

been suggested that perhaps PHF are the consequence of an unsuccessful regenerative

attempt of the AD brain.

The other pathological hallmark of AD is neuritic plaques Q"lP), which develop

extracellularly in the cortex of the AD brain and contain a core of insoluble amyloid

(accumulated aggregated proteins and peptides) deposit sunounded by abnormal neuronal

and glial processes (Mina et al., 1993). It has been suggested that amyloid deposition is

important (although not necessarily the only key event) in the pathogenesis of AD

(Selkoe, 1994 a,b; Sisodia a¡d Price, 1995).

Intensive research into the genetic clues of AD has thus far tumed up: a) three

possible genes accounting for the autosomal dominant forms of AD (familìal Alzheimer's
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disease) which result in the relatively early onset of AD (as early as age 40) and b) one

other gene associated with late onset AD. In 1991, the first of the genes possibly

responsible for familial AD was found (Goate et al., 1991). It encodes for the B-amyloid

precrusor protein (BAPP) and is located on chromosome 21 and several point mutations

within or close to the Ap region are believed to be associated with familial AD. Such

mutations in the gene for BAPP in AD patients have led to the suggestion that AB is

somehow involved in the etiology of AD. However, this gene accounts for only a small

percentage of cases with the early onset form of AD. It appears that the maj ority of early

onset AD cases result from mutations on two other ch¡omosomes: chromosome 14

(encodes the protein 5182) and ch¡omosome 1 (encoding for the protein STM2)

(Shenington et al., 1995; Lery-Lahad, E., 1995). Lastly, the e4 alleie of the ApoE gene

on ch¡omosome 19 is believed to be associated with late onset AD (Strittmatter et al.,

1993). The role (if any) of amyloid deposition in the aetiology of AD still remains to be

determined. However, its characteristic presence in the AD suggests that it is worthwhile

examining the amyloid protein in more detail.

The amyloid of AD brains is composed primarily of amyloid B-peptide (AB, also

known as BA4) which is a 4 kDa, 39-43 amino acid peptide de¡ived fiom the larger

membrane spanning protein, the B-amyloid precurso¡ protein (Mawy, 1995)' BAPP is

expressed throughout the central nervous system although its role(s) ¡emains to be

defined. Its ubiquitous presence and the high degree of sequence conservation between

species suggest that pAPP plays important role(s) in the biology of neu¡al cells.

Abnormal cleavage of BAPP is believed to result in the accumulation of AB in the AD
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brain. AB's role in any part of the development of AD clinical phenotypes, or in the

generation of neuritic plaques, neurofibrillary tangles and neuronal death is not yet fully

understood. However, in-vilro studies have demonstrated Ap to be neurotoxic (Yankner

et al., 1989) and AB has been shown to nucleate rapidly into amyloid fibrils, possibly

serving as a seed for the aggregation and subsequent deposition of amyloid extracellularly

(Janett et al., 1993). In addition, AB may interact with surrounding proteins such as

apolipoprotein E to enhance the formation of amyloid hbrils (Strittmatter et al., 1993).

There has been some speculation that the severity of AD dementia may be conelated with

the abundance and neurotoxicity of this peptide. However, a direct causal relationship

between pA4 deposition and the onset and severity of AD remains to be demonstrated

(Fraser et al., 1993).

In view ofthe potential role ofAB in AD pathology, there has been much focus on

determining the structure of AB to elucidate the structural properties that may dictate the

seeding event of fibril formation (Jarrett et al., 1993). An understanding of the structure-

function relationship of this peptide as it relates fo AD pathology may provide insights

for developing new methods of early diagnosis and treatment. Circular dich¡oism,

nuclear magnetic resonance spectroscopy, x-ray diffraction and Fourier transform infrared

spectroscopy have been used extensively to study the structure of AB (Banow and

Zagorski, 1991; Fraser et al., 1991; Fraser et a1., 1992; Zagorski and Barrow, 1992;

Fabian et al., 1993; Inouye et al., 1993; Ötvös et al., 1993; Fabian et al., 1994; Fraser et

al., 1994). In all of these studies, either fragments or the whole Ap peptide have been

isolated or chemically synthesized for investigation under a variety of conditions
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(extremes of pH, in organic solvents. etc.). Depending on the solution conditions,

synthetic AB peptides can adopt mixtures of p-sheet, a-helix and unordered structures.

Studies on the 1-42 amino acid B-amyloid peptide in aqueous solution have found that the

peptide adopts a p-aggregated conformation involving intermolecular hydrogen bonding

(Barrow and Zagorski, 1991;Fabian et al.. 1993). It has also been demonstrated tllat the

hydrophobic carboxyl terminal sequence. Aþ 29-42, adopts an oligomeric p-strand

structure in solution regardless of differences in solvent, pH and temperature (Barrow and

Zagorski,1991). On the other hand. the structure of the N{erminal domain and residues

1-28 varies with the solution conditions; at pH 1-4 and above pH 7, a monomeric c-

lrelical structure predominates uùereas, between pH 4-7 , The fragment adopts a p-strand

conformation (Banow and Zagorski, 1991; Fraser et al., 1991; Zagorski and Banow,

1992). However, as many of these studies are performed on synthetic AB and/or

fragments of Ap in solution, often using non-physiological conditions (extremes of pH

and temperature, trifluoroethanol solution to solubilize the protein aggregate), one is

uncertain whether the structures reported truly reflect the conformation of AB as it exists

in the AD brain, particularly given the apparent sensitivity of the peptide to its

environmenl.

We are inferested in using infrared spectroscopy to probe AD tissue for

characteristic signatures of the formation of amyloid in neuritic plaques and the

hyperphosphorylated cl.toskeletal proteins forming NFT as well as to assess the structure

of þÃ4 in-situ. This molecula¡ information should add to our cur¡ent understanding of

the structure of these pathological hallmarks in-silu. For these studies, we utilized a
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macroscopic approach (section A) involving multivariate classification analyses (section

B) and a microscopic approach (section C) to AD tissue characterization.

i. AD Tissue Sources

AD tissue was derived from individuals with established long-term dementia q'ho

had been in chronic care. All AD brains exhibited severe cortical atrophy of the cerebral

hemisphere with narrowed gyri, widened sulci and ventricular enlargement.

Histopathological analysis revealed innumerable neuritic plaques, neurofibrillary tangles

and cerebral amyloid angiopathy. The magnitude of these pathological changes led to the

diagnosis of definite AD according to the accepted Khachaturian criteria (1985) and

revised criteria by Mina et al. (1993). A brief patient summary of the tissue specimens

used in these studies is listed in Table V.

Table V: Patient summary of Alzheimer's disease CNS tissue.

Subject Age (years) Sex

AD1 72 F

ADz 74 F

AD3 80's M

AD4 80's M

AD5 90's M

AD = Alzheimer's disease, M = male, F : female
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A. IR Characterization of AD Tissue Involving A Macroscopic Approach

i. Soectral Measurements Using Conventior.ral Infrared Spectroscopy

Frozen unfixed grey and white matter lrom histopathologically confirmed Al)

tissue were sampled as previously descrìbed (see page 49). For infrared analysis of AD

material, tissue was placed between a pair of BaF2 windows. We found that it was not

feasible to use the diamond cell to acquire reproducible spectra from AD lissue. The

tissue tended to slide out of the sampling area or tended to dry out too quickly. These

sampling problems were likely due to the gel-like nature o1 some of the AD samples,

possibly associated with thc :ìssue degeneration accompanying AD. Spectra were

recorded as previously described (see page 50). Due to the possible complexity of tissue

characterization arising from the variability in case-to-case pathology and the different

phases of the disease process, correlation of spectral observations were made with

histopathological assessment of the various specimens sampled.

l. Comparßon of control ønd Alzheimer's diseased tissue by convenliottøl infrared

specÍroscopy

Infrared spectra of age-matched control and Alzheimer's diseased grey and white

matter are shown in Fig. 15. The spectra of control white and control grey matter and of

AD affected white (ADW) matter were found to be highly reproducible. AD grey (ADG)

matter on the othe¡ hand yielded spectra with va¡iable spectroscopic features. This is

likely due to a number of factors, including the varying stage of the diseased b¡ains and

the degenerative natu¡e of the disease. Importantly, such va¡iable spectroscopic features
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were not observed in spectra of cont¡ol grey or control white matter or in AD white

matter, suggesting that the variability is related to the disease process.

Fig. 15: Representative deconvolved mid-IR spectra of control grey (CG) matter, control
white (CW) matter, Alzheimer's grey (ADG) matter and Alzheimer's white (ADW)
matter measu¡ed by conventional IR methods.

As was observed earlier with control tissue, grey and white matter from

Alzheimer diseased brain tissue exhibited markedly different intensities in the series of

absorptions in the ranges 2800-3000 "--', 1400-i500 cm'l ,1226 cm'r and 1082 cm-r.

These differences are again attributed to the composition of the tissues; white matter

ADW

ADG
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possessing lipid-rich myelin membranes as opposed to the low lipid content of grey

matter.

However, distinguishing between grey and white matter and their IR spectra is

relatively simple. The challenge lies in being able to discriminate between control tissue

and diseased tissue. A comparison of control and AD white matter spectra indicate that

little difference is apparent. This may be expected since AD is predominantly a disease

of the grey matter. In a small number of AD grey matter spectra, we observed a subtle

shoulder absorption at 1615 cm'r on the amide I vibration which might suggest the

presence of aggregated protein. sirch as that from the p-amyloid aggregation (Fabian et

al., 1993). This feature appeared [o be more prominent in tissue obtained from the frontal

cortex ofAD brains and was found to progressively decrease in intensity passing from the

frontal to the occipital cortex. A similar trend is observed in histological sections ofAD

brains upon staining for neuritic plaques (Pearson et al., 1985), suggesting that the

enhanced amide I vibration observed in iR spectra of grey matter from AD brains

represents aggregation of the BA4-amyloid peptide. This interpretation is supported by

IR spectroscopic studies of protein aggregation. An amide I absorption between 1610

and 1625 cm-r, attributed to the fo¡mation of very strong C:O---H-N hydrogen bonds

between suitably aligned polypeptide chains, is a characteristic marker of protein

aggregation induced by solvent, temperature, ionic strength or pressure manipulations

(Fabian et al., 1993). However, this shoulder was not observed in all AD grey matter

examined. This inconsistency was most likely due to the varying density of amyloid

deposits between patients and within tissue sampled from different regions of the same
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brain. Furthermore, these microscopic plaques may account for only a small proportion

of the tissue sample, in which case, the characte¡istic spectroscopic features of the plaque

would be masked by absorptions from the surrounding grey matter. Moreover, with this

sampling methodology, it is difficult to determine the exact nature ofthe sample because

the morphology of the tissue is disrupted after pressing between windows, making further

histological analysis impossible. The difhculty in discriminating between Alzheimer's

grey and control grey matter spectra using this macroscopic approach indicates that it is

not surprising that spectra ofgrey matter from "young" and "old" control tissue, in which

one might expect to find neuritic plaque and neurofibrillary tangle formation consistent

with aging, could not be spectrally distinguished.

B. Classification of Infrared Spectra of CNS Tissue by Multivariate Statistical

Methods

The analyses of IR spectra of CNS tissue described thus far has involved the

assignment of spectral absorption bands based on theoretical considerations and empirical

studies of biological molecules (Clark and Hester, 1986). An altemative to this "group

frequency approachrr is the pathological discrimination between control and diseased

young and old tissue by non-subjective multivariate analyses of our IR spectroscopic

data.

Univariate statistical methods are usually concerned with analyzing the variation

in a single variable (Manly, 1986). Even with multiple regression techniques, the

methods try to accourit for variation in one dependent variable as a function of other
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va¡iables (Manly, 1986). Multivariate statistical methods, on the other hand, involve

considering related variables simultaneously. r.l ith cach one being considered equally

important at the start of an analysis. The ailns of such analyses are: l) to achieve a

description of the relationships and associations among the va¡iables and 2) to reduce the

number of variables while still preserving as much as the original information as possible

(Everitt, 1994). Multivariate data usually consist of a numbe¡ cases under investigation

with a series of variables observed for each case, with a specific value for each variable.

Infrared spectral data are an example of multivariate data since each spectrum (a case) has

associated with it a set of variables (rvavenumber values). Each wavenumber in tum is

associated rlirh an absorbance iurcrsitr.

1. Data Re¡Iuction via Principøl Component Analysis

In order to reduce the number ofavailable variables in a multivariate data set, one

method would be to choose a subset of the original variables. This method may not be

straight forward if all variables at first seem equally important to the problem and there is

the danger that a useful variable is left out of the analysis. Principal component analysis

(PCA) is a cornmon and more useful teclrnique for reducing fhe volume of multivariate

data. This method ofdata reduction aims to produce a small number of derived variables

known as principal components, which can be used in place of the larger number of

original variables in subsequent analyses of the data. More detailed descriptions of this

topic can be found in the texfs by Manly (1986), Everitt and Dunn (1992), and Everitt

(1993,1994).
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PCA involves transforming the original variables into a set of new variables

which are uncorrelated with each other and accounting for decreasing proportions of the

variance of the odginal variables (Everitt, 1993). Usually the first few derived variables

account for a large proportion of the variance in the original variables (i.e. retaining most

of the information of the original variables) and are thus used as a low-dimensional

sunmary ofthe original data. The new variables a¡e defined by the linear combination of

the original va¡iables: !=atxt+a2x2+.,.+Qexp

where ¡ : variable, p : number of variables, ¿ : set of coefficients chosen so that the

derived variable, y, has particular propefies. The first principal component, y7, is defined

as that linear function of the original variables which accounts for the maximum amount

of the variance of the original data among all possible linear functions. The second

principal component, ,y2, is defrned as that linear function of the original variables which

accounts for the maximum variance of the remaining variance not accounted by y,

(Everitt, 1994). The remaining principal components are defined in the same way, each

being linear combinations ofthe original variable and subject to being uncorrelated with

the preceding components. The coefficients, a, aÍe rßT randomly determined since the

variance of each y variable would then fluctuate as well. Rather, it has been defined that

that the sum-of-squares of the coefficients defining each component equals a value of I

(Everiu, 1994):

I' ai =l for all iL¿J=l tJ

where I andj helps denote the identity of the coefficientj corresponding to case I of the

variables x and y. Fufhermore, the total variance of the derived variables should equal
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the total variance ofthe original variables. Typically. the number of components required

to give an adequate summary of the data. is dehned as the number of components which

account for 80% of the variance, and those components whose variance are less than the

value of 1 a¡e excluded (Everitt, 1994). Including those variables which account for

100% of the variance may result in a significant number of components and negate the

original purpose of principal component analysis.

In our analysis we have used PCA as a first method of data reduction. However

while data reduction is achieved with this method, once the original variables are re-

defined into a new set ofvariables. it is difficult to determine the exact identity ofthe new

variables aside from being a measure of the variance, and it not simple to extract

spectroscopic information tom the principal components. Some sort of back-

transformation routine, currently not available, would be required to obtain information

about which of the original variables were relevant to the analysis.

2. Multivariale Classification Metltods

Once the data set is reduced to a manageable size, several multivariate

classification methods may be used to group the various spectra. These included

hiera¡chical clustering (HC) analysis, linear discriminant function analysis (LDA) and

artificial neural network (ANN) analysis. A good treatment of these various methods

have been described in texts by Everitt ( 1993, 1994), Manly (1986) and Dayhoff ( 1993).
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a. Cluster Analysis

Cluster analysis involves classifuing material into its constituent groups or

clusters without prior knowledge of the number and composition of the classes at the

beginning of the investigation. This is known as ari unsupervised classihcation method,

attempting to discem the intrinsic group stnrcture of the data set (Everitt, 1993). No class

label and no training versus test set partitioning of the data is needed. Data separation

involves constructing trees or dendrograms in which each variable is represented by a

branch of the tree whose structure is determined by applying a hierarchical clustering

algorithm. In hierarchical clustering analysis, the data are not partitioned into a particular

number of classes or clusters at a single step. Rather, the classification consists of a

series ofpartitions involving one of two methods. The agglomerative method proceeds by

a series of successive fusions of the individuals into groups. Conversely, the divisive

method separates the individuals successively into finer groupings. The common method

is the agglomerative method. The result of a hierarchical clustering analysis is usually

represented by a two-dimensional diagram known as a dendrogram which illustrates the

fusions or divisions made at each stage of the analysis. For example, the agglomerative

hierarchical clustering procedure produces a series of partitions of the data with the first

partition consisting ofn single-member clusters (where n = number ofcases) and the last

partition consists of a single group containing all n individuals (see Fig. 16 for an

example of a dendrogram). At each particular stage, the nearest or most similar pair of

distinct clusters are merged together. The dista¡ce or similarity between different groups

is determine by a distance measure; the Euclidean measute, which is the geometric
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distance between 2 points in multi-dimensional space, is usually used. An example of the

Euclidean distance in two dimensions is shown in Fig. 17 and is defrned by the equation:

f pr Jll
ou=lÈ,þ,0-.¡o) )'

where d: Euclidean distance, i,j = the two points, Àhelps denote the specific variable of

interest and p : number of va¡iables.

There a¡e va¡ious hiera¡chical clustering methods which differ in the way in

which the clusters are linked. A widely used a¡rd successful method is Ward's

hierarchical clustering method. This procedure seeks to form the partitions in a man¡er

that minimizes the loss associated with each grouping and quantifies that loss in a form

that is readily interpretable (Everitt, 1993). At each step in the analysis, the union of

every possible pair of clusters is considered and those two clusters which result in the

minimum increase in "information loss" are combined. The amount of information loss

is defined in terms ofthe error sum-of-squares crite¡ion, ESS.

û2
øss = l(x, _;)

i=l

where r¡: number of terms, x: value of x,th term a¡d x: mean value of all í terms. The

purpose of organizing multiva¡iate data into subgroups or cluste¡ is to aid in the

dete¡mination of any structure or pattern present within a group of cases.
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Fig. 16: AJl example ofdendrogram. (Adapted from Everitt, 1994).

Fig. 17: The Euciidean distance between point i andj in two dimensions. (Adapted from
Evel:fi,1994).
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t:. Linear Discriminanl Function Artalysis

Linear discriminant function analysis (or simply linear discriminant analysis) is an

assignment method which involves knorving the identity of groups a priori and thus is

known as a supervised approach. Unlike cluster analysis u'hich explores a set of

multivariate data for evidence of featules ri.ith which to sepalate groups of individuals, a

LDA classification method uses the assigr.red class label to derive rules for optìmally

allocating new cases to one of a seI ol a priori defined classes or diagnostic groups. The

underlying basis of LDA is to determine u'hether groups differ with regard to the mean of

a variable, and then that va¡iablc ìs used to predict group membership ofnew cases. This

method therefore seeks the lineai transformation of the variables such that the partition

between the group means would bc maximized relative to the within-group variation on

the transformed scale (Everitt, 1994). Determination ofthe linear discriminant function is

achieve by calculating the means of each variable, followed by the pooled within-group

covariance matrix. Lastly, the discrimination function coefficients are calculated to

derive the classification rule. The assignment is made depending on which group the

discriminant score is closest to.

In order to determine how well the discriminant function is defined, the

performance is evaluated by applying the derived classification rule to the original data

and the misclassification rate is assessed. A good estimator of the misclassification rate

involves the "leave-one-out method" where the discriminant function is derived on the

basis ofn-1 ofthe cases under consideration, and then the function is used to classifr the
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case left out of the original analysis. This cross-validation method enhances the

robustness of the classification scheme (McLachlan, 1992).

Unlike cluster analysis in which all the cases are assessed at once, LDA involves

dividing the data set into training and test sets. The training set should contain a

representative random sampling of the data population which is used to define the

discriminant function. Once defined. the function is used to evaluate the test set.

Partitioning the data into training and test sets again ensures the classification is as

reliable as possible.

c. Artificial Neural Networlc

Artificial neural networks or neural nets, so termed because of loose similarities

with the nervous system, are a form of computer based information processing with

substantial power to recognize pattems, even with incomplete data sets (Astion et al,

1993). The "neurons" are the processing elements that performs the computations. An

important characteristic of neural networks is that calculations are made on individual

neurons in parallel, not sequentially. Also, the neurons representing input va¡iables are

computationally con¡ected to one or more hidden layers of neurons. Information in the

form of mathematical manipulations of input variables (in our case, the principal

components representing the spectra), flows from the input neuron to a hidden network of

neurons and then to a final output neuron which gives a value for the diagnostic

classification of the spectrum. ANN leams by example and is therefore, another

supervised classification method requiring the identity of groups to be known a priori. A
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major strength of neural net classification is the ability to include complex nonlinear

relationships a¡d interactions betu'een variables, therefore, distinguishing it from other

classihcation methods such as linear discriminant function analysis (Astion et al, 1993).

The constants or weights defining the connections of neurons with each other are

leamed empirically via sequential entr-v of cases into the network. Examples of cases

q'ith known diagnoses are entered into the network and after each case is presented, fhe

output is calculated. If the output is the correct result, no changes in the network are

made and the next case va¡iable is entered. If an incorrect output is calculated, the

constants are altered slightly to bling the output value determined by the network closer

to the correct value. This training ol learning is termed "backpropagation" since the error

in the output is information which flows backward in the network to alter the constants

used in the formulae connecting the neurons. After presenting the whole data set, the

process is repeated multiple times until the network is considered trained and can be used

to classif, unknown new cases (test cases). The training phase may be a slow process but

once trained, the algorithm can rapidly classify a new case.

There is a growing use of neural networks with successful applications in complex

pattem analysis ofsonar signals, financial markets as well as medical applications such as

classihcation of visual images, histopathological micrographs and electrocardiograms

(Astion et al., 1993). Pattem recognition processes have used neural networks in

assisting in the diagnosis of myocardial infarction, and in ¡heumatic disease, for the

diagnosis of low back pain (Baxt, 1991; Mann and Brown, 1991). However, as pointed

out by Astion et al. (1993), most of the medical applications thus far of neu¡al networks
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lack sufficient numbers in the database to adequately train and validate the neural

network proposed. With insufficiently large databases, there is the danger of

overestimating the accuracy of the method. Furthermore, a problem known as

overtraining can expand the number of variables in the hidden layer of the neurons used

to categorize cases. If the optimal point to stop training is not monitored, overtraining

can lead to an underestimate of the accuracy of the neural network, therefore leading to

correct classification of cases ìn the training set but a significant fall in accuracy in

classiffing cases not used in the training (Astion et al., 1993).

3. Multivariate Sfatisfical ClassiJication of IR Spectra

Multivariate classification analyses were used to determine whethe¡ inf¡ared

specha derived from control and AD diseased CNS tissue could be grouped together non-

subjectively. In our studies described in chapter V and section A of this chapter, we

observed that it was fairly trivial to distinguish different spectral types of grey matter and

white matter. However, it was not possible to reliably visually discriminate between

control grey matter and Alzheimer's grey matter in spectra acquired using conventional

transmission IR sampling methods. Thus, we subjected these spectra to multivariate

analyses involving the four classes of control grey, control white, AD grey and AD white

matter spectra.
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i. Technical Details

The spectral region 1000-1800 cn-r was chosen for analysis and prior to

classification this region was subjected to data reduction via prircipal component analysis

(PCA). The range 1000-1800 
"rn-' 

o,u, selectecl since we expect that spectral differences

arising from B-amyloid deposition and NFT formation in AD tissue should be manifested

in this wavenumber region. PCA was performed on the 152 spectra comprising the full

data set. At the time of these analyses, we had data derived from 8 age-matched subj ects

(4 control and 4 AD) and I52 spectra $'ere selected from all the data acquired on the basis

of their high signal-to-noise ratio rnd the absence of spectral distortions and fringes. The

I 52 spectra included 49 spectra o1' control grey matter, 56 spectra of AD grey ma|let, 23

spectra of control white matter, and 24 spectra of AD white matter. The first 15 principal

components accounted for 100.0% of the total variance. All 15 principal components

were used in the hierarchical clustering analysis since 15 components is a manageable

number of variables for this simple classification method.

For the more computationally intense LDA- and ANN-based classifications, the

best 8 of the original 15 principal components were separately determined and retained.

Tlrese 8 components accounted for at least 80o/o of the original variance and their

selection greatly reduced the complexity of the analysis from 15 to 8 components. For

the training set, 97 of the 152 spectra were selected such that approximately two-thirds of

the spectra for each class and specimen were included. The training set was composed of

33 control grey, 32 AD grey, 1ó control white and 16 AD white matter spectra The
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remaining 55 spectra (16 control grey,24 AD grey, 7 control white and 8 AD white) were

placed in the test set.

PCA, LDA and HC were performed using software developed by A. Nikulin at

the informatics Group, Institute for Biodiagnostics (IBD), National Research Council of

Canada Q.,IRCC). For the ANN classifications, we used the commercial software Neural

Works II Professional and the analysis was performed in collaboration with N. Pizzi

(IBD, NRCC). The ANN involved averages of ten iterations using different initial

random weight assignments and different random presentation sequences of the training

set. In LDA and ANN, the leave-one-out method was used for cross-validation. All

computations were performed on a Challenge Series SGI Server.

a. Non-subjective Classification of IR spectra

A dendrogram of the hierarchical clustering analysis is shown in Fig. 18. On the

horizontal axis each branch terminal ¡epresents a spectrum while the vertical axis displays

the linkage history of the spectra using the agglomerative hierarchical clustering method.

The further up on the vertical axis two spectra are linked togethe¡, the greater the

dissimilarity (or heterogeneity) which exists. We observe that there are four major sub-

clusters: AD grey matter, AD white matter, control grey matter and control white matter.

AD grey and AD white matter are linked together to form a larger cluster. Similarly, the

sub-clusfers of control grey and control white matter are combined into a larger cluster.

These larger cluste¡s a¡e then joined together. In contrast to the conventional method of

charucteizing the spectra of the four tissue types by visual analysis of spectroscopic



83

o
0)
bo
o
¡<o
c)+

-.-rrI

I'T\1il
CW

Fig. lE: Dendrograrn from hjerarchical clustering analysis showing the clusters of Alzheimer's grey
(AG), Alzheimer's whìte (AW), control grey (CG) and control white (CW) matter. Misclassified
specûa are indicated by the aste x (*) and a change in the shading ofthe branch.

features, hierarchical clustering analysis revealed that the spectra could be separated into

four groups without a priorl knowledge of the group identities. In particular, AD and

control white matter were recognized as distinct clusters, with AD white matter deemed

mole similar (lower heterogeneity linkage value) to AD grey matter than to control white

matter. The separation of control and AD white matter may be regarded as surprising, as

AD is a grey matter disease. However, with the disease process, neuronal death in the

grey matter will lead to degeneration of the myelinated axons in the white matte¡ which
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arise from the affected neurons. Thus, there would eventually be changes in the

biochemistry of white matter. In this respect it is interesting to note that a recent study by

Svenne¡holm and Gottfries (1994) denonstrated signiftcant differences in the lipid

content of AD a¡d control white matter. rvhich may form the basis for the separation of

AD and control white matter by hierarchical clustering. In addition, within the control

grey cluster, there appears to be two sub-ciusters. Since the control and AD tissue were

age-matched, the sub-clusters are not attributed to old versus young tissue. Although the

origin of the sub-cluster is unknown, this non-subjective classifìcation analysis suggests

that there are some spectral dilirrences between the tissues which were not apparent to

the naked eye upon visual spectral analysis. Future analysis involving tissue from

various age groups might likely cluster into subgroups indicative of the underlying

biochemical differences among tissues of different ages.

The results of the multivariate analyses are displayed in Tables VI-VI[. The table

Table VI: Results of hierarchical clustering analysis on entire data set. Columns
represent multiva¡iate classification, rows represent pathological classification.

Control AD grey Control AD white

grey white

Accuracy

("/ù

Control grey

AD grey

Control white

AD white

490

045

53

03

0

t5

0

0

11

0

2t

100.0

80.4

6s.2

87.5

Overall accuracy: 85.5 %
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Table VII: Results of linear discriminant analysis on test set. Columns represent

multivariate classification, rows represent pathological classification.

Control AD grey ConÍrol AD v,hite Accuracy

grey whÌte (%ù

Control grey

AD grey

Conlrol white

AD white

t6

0

1

0

0

i)

0

i

0

2

0

7

100.0

91.7

85.7

87.5

Overall accuracy: 92.7 %

Table VIII: Results of artificial neural network analysis on test set. Columns represent
multivariate classification, rows represent pathological classifi cation.

grey white (%")

AD grey 0 22 0

Control white 0 0 7

2 91.7

0 100.0

AD white 87.5

Overall accuracy: 94.5 %

columns represent the multivariate classification of the spectra, while the rows represent

the histopathological (clinical) identification. Thus, values on the diagonal indicate the

number of conectly classified spectra and those off the diagonal, the number that were

misclassified.
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Of the three classifiers, the hierarchical clustering analysis (using the first 15

principal components) gave the poorest classification results, with an overall success rate

of 85.5% (Table VI). This is due to the fact that hierarchical clustering is an

unsupervised classifier. Control grey matter spectra were all classified correctly. In

conÍast, control white matter had a success rate of only 65.2%. The classification of the

AD matter had better success rates lor grey and white maffer, 80.4't/;o and 87.5o/o,

respectively.

Linear discriminant analysis of the spectral region from 1000-1800 cm-l using the

best 8 principal components of thc i 5. gave 92197 (94.8%) correct classifications of tìre

training set (not shown) and 51i55 (92.7%') conecf classifications for the test set (Table

VII). The closeness of the two values indicate a good random partitioning of the entire

data set into training and test sets. As with the hierarchical clustering, control grey matter

spectra were all classified correctly in both training and test sets. There were several

misclassifications of AD grey matter as AD white matter, and also one misclassification

each of control white matter and AD white matter in both training and test sets.

The artificial neural network classified the data with 92.8% success fo¡ the

training set and 94.5%o for the test set (Table VIII). Once again, there were no

misclassifications of control grey matter spectra, although there were several

misclassifications of AD grey as AD white matte¡ and vice versa in the test and training

sets. The training set analysis also misclassified one control white mafter spectrum while

in the test set all control white matter spectra were classified correctly.
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A comparison of the three methods shows that LDA and ANN were both superior

to the hierarchical analysis. in both the LDA and ANN, discrimination of AD from

control tissue was 100% successful; misclassifications were "conservative" (i.e. AD

white and grey matter were never misclassified as control white or grey matter and vice

versa). A likely reason for such conservative misclassifìcations is the cross

contamination of white and grey matter (Choo et al., 1995a). This problem can be

partially alleviated by better sampling methods, although it is doubtful that every sample

can be guaranteed to be free from cross-contamination. Thus, multiple sampling of a

specific CNS region is desirable.

In the hierarchical clustering, the misclassifications were not conservative, and

several control white matter spectra were misclassified as AD grey matter spectra. it is

not obvious why these spectra were classified as AD grey. However, a review of the

spectra indicates that several ofthe misclassified spectra possess low amide I to amide II

absorption intensity ratios. In addition, in some spectra we observe spectral features

similar to those attributed to the collagen component of connective tissue (Fabian et al.,

i995; Jackson et al., 1995). Contamination of control white matter likely originates from

the presence of small blood vessels in the tissue sampled.

Therefore, using multivariate classification analyses on infrared spectra, we have

demonstrated that it is possible to discriminate between control and AD matter with

success rates greater than 90% despite the inconsistent diagnosis obtained using a

macroscopic IR approach to tissue characterization (section A ofthis chapter).
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C, IR Characterization of AD Tissue Involving a Microscopic Approach

The good success rates of the r.nultivariate analyses discussed in the previous

section indicates that there are indeed statistically significant differences between infrared

spectra ofcontrol and AD tissue, although these changes were too subtle to be recognized

by the naked eye.

To improve the chances of observing spectroscopic features characteristic of

amyloid in neuritic plaques in-situ and/or neurofibrillary tangle formation, an infrared

microspectroscopic approach was next er.r.rployed. The FTIR microscope consists of a

beam condenser which focuses ihe IR radiation onto a small area, thereby allowing

investigation of small samples with high optical throughput. With this technique,

undesirable tissue areas can be masked and specifìc areas of interest in the tissue can be

investigated. In addition, the use ofa computer controlled microscope stage allows tissue

to be mapped spectroscopically. LeVine and Wetzel have previously used this technique

to examine rodent brain tissue in-.rilu (1993,1994 and LeVine ef al., 1994). In addition,

Hill et al. (1987, 1989), have employed the infrared microsampling technique to study

aluminum silicate deposition in the synapse between nerve cells in AD tissue.

i. Spectral Acquisition Using Conventional Infrared Microspectroscopy

Tissue samples (1 cm3) were excised from formalin (10%o v/v neutral buffered

formaldehyde solution) f,rxed brain tissue and flash frozen in liquid nitrogen. From the

frozen sample, thin slices (8 ¡rm) of brain tissue were obtained using a cryostat. These

slices we¡e thaw-mounted on BaF2 optical windows (13 mm diameter, Wilmad Glass Co.
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Inc., Buena, N.J.) and allowed to air dry. For cryotoming purposes. small amounts of

O.C.T. (Miles Inc., Elkhart, IN) were used to anchor the frozen tissue (examination of

tissue spectra revealed no contaminating IR absorptions from O.C.T.).

Fo¡ infrared spectral acquisition, tissue sections were viewed with light

microscope objectives to identifl, areas of interest, and infrared spectra were then

recorded with a Digilab FTS-60 UMA 3004 infrared microscope interfaced to an FTIR

spectrometer containing a conventional thermal infrared light source. Spectral acquisition

involved collecting 512 interferograms in the region 800-4000 cm-l which after Fourier

transformation yielded spectra with a nominal resolution of 4 cm-l. A spectrum of an

area of the BaF2 window containing no tissue was recorded as the background spectrum.

Infrared spectra were recorded using aperture sizes of 12 ¡rm x 12 pm,24 pm x 24 ¡rm

and 50 pm x 50 pm.

ii. Technical Details of Synch¡otron Infrared Microspect¡oscopy

Tissue specimens were prepared as described above. Spectra were acquired using

an IRps'" FTIR microspectromete¡ (Spectra-Tech Inc., Shelton, CT) interfaced to a

synchrotron light source (National Synchrotron Light Source, Brookhaven National

Laboratories, Upton, NY). A background spectrum was acquired from an area of the

BaF2 window containing no tissue. Two mapping experiments were performed on

separate tissue sections. In the first, a rectangular region 109 pm x 66 ¡rm was mapped

wìth an aperture size of 12 pm x 12 ¡rm, with 13 pm steps in the horizontal direction and

14 pm steps in the vertical direction. For each 12 pm x 12 ¡rm region, 5 12 interferograms
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we¡e acquired, signal averaged and Fourier transformed to generate a spectrum with a

nominal resolution of 4 cm-l. For the second map, a rectangular region 299 ¡rm x 208 ¡rm

was mapped with 27 ¡rm steps in the horizontal direction and 30 pm steps in the vertical

direction. The aperture size was increased to 24 ¡rm x24 ¡tm to reduce data acquisition

time for this large region. With this larger aperture size, 128 interferograms were

collected, signal averaged and Fouriel transfomred to generate spectra with a resolution

of 4 cm'l. All spectra were baseline corected and Fourier smoothed using the IR¡rs'"

software. From the spectra acquired in the mapping experiments, the integrated area

under the amide I band was calcuiated lor each spectrum and plotted as a function of

position to produce a 3-dimension¿Ll surface contour plot. In addition, the conesponding

peak frequency of the amide I band was determined from the inflection point of the first

derivative spectrum, and plotted as a function of position to yield a 2-dimensional

contoul plot.

iii. Histology

The tissue sections from contro.l and diseased brains, originally used to acquire

spectra, were stained with Congo Red, a dye which specifically stains amyloid deposits

reddish-pink. Stained tissue sections were then examined by light microscopy to confirm

the presence and locations of amyloid deposition.

7. Comparisott of IR Spectrøfrom Fresh, Frozen and Formølin Fixed CNS Tissue

In several of our microspectroscopic IR analyses of CNS tissue, we have used

tissue which was previously fixed in formalin solution. With regard to using formalin
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fixed tissue, we have previously conducted some studies comparing spectra of fresh

tissue, formalin fixed tissue, cryotomed frozen sections and cryotomed sections from

formalin fixed and frozen (hereafter referred to as "formalin frozen") tissue.

Representative spectra of rat white matter recorded under these conditions are shown in

Fig. 19. In the infrared spectra of fresh and formalin fixed tissue (trace A and B,

1000 1400 1800 2200 2600 3000 3400 J800
wqvenumber, cm -'

Fig. 19: Mid-IR spectra of rat white matte¡ measured fresh (A), formalin fixed (B),
cryotomed frozen section (C) and cryotomed formalin flozen section (D). The spectrum
ofa dried film of l0% (v/v) neutral buffered formaldehyde solution is shown in trace E.
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respectively), strong broad absorptions arising from water are observed between 3000-

3600 cm-r (O-H stretching vibration) and around the amide I band (approximately 1648

crn-'¡. The spectra of cryotomed tissue (traces C, D) do not display the broad rvate¡

absorptions since the thin sections have air dried. There are several important

observations that can be made from these spectra. Firstly, we confirm that freezing of

tissue does not introduce any chemical afielacts into the tissue since the absorptions of

fresh and frozen tissue are essentially identical (compare traces A and C). Furthermore,

we notice that the spectrum of tissue fixed in formalin (trace B), without subsequent

freezing and cryotoming, docs not contain significant traces of formalin absorption

(compare with the spectrum of lon.nalin. trace E). However, we find that excess formalin

solution sunounding the tissue during spectral measurement results in signihcant

formalin absorptions. Rinsing the tissue with water eliminates these absorptìons,

suggesting any formalin observed is not chemically bound to the tissue. Most important

of all, we observe that the spectrum ofa fo¡malin f¡ozen tissue section is identical to the

spectrum of a ffozen tissue section (compare traces D and C). This suggests that

formalin, which preserves tissue by promoting the formation of methylene bridges

between protein side chains (Kieman, 1990), does not result in detectable changes in the

infrared spectrum. Even an examination of the amide I band reveals no apparent

frequency changes. This observation is supported by the sfudy of Mason and O'Leary

(1991) who reported that infrared spectra of unfixed and fixed proteins were essentially

identical. Hence, formalin fixation does not impart any artefacts to the spectra of thin

sections of brain tissue.
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2. Conventional Infrared Microspecf roscopy

Figure 20 shows spectra of AD tissue recorded from the same location using an

infrared microscope attached to a conventional FTIR spectrometer, af 12 pm x 12 ¡tm,24

¡tmx24 pm, and 50 ¡rm x 50 pm aperture sizes. We observe that the signal-to-noise ratio

of the spectrum acquired with a 12 pm x 12 ¡rm aperture is extremely poor, indicating that

only a very small amount of infrared light from the source is passing through the apertu¡e

Fig. 20: Representative IR spectra of an 8 ¡rm thick cryotomed section of AD grey matter
recorded at various aperture sizes with an FTIR microspectrometer equipped with a
conventional thermal lighf source.

Aperture
size:

50l¡m x 50/rm

24pn x 24 þn

12pn x 12p.n

1000 1400 1800 2200 2600 3000 3400 3800
Wavenumber. cm -'
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and the tissue to reach the detector. However, if the aperture is opened lo 24 ¡tm x 24 pm,

there is a marked improvement in the qualit¡' 6¡ 11.t" spectra although noise still persists,

making spectral analysis less reliable. At apertures of 50 pm x 50 pm, the spectra are of

suff,rcient quality for spectroscopic analysis to be perflormed, since with larger aperture

sizes, the number of photons reaching the detecto¡ is increased thereby improving the

spectral quality. Simultaneously howeve¡. tlie sampìing area is increased and regions of

the tissue not of interest, such as the grey matter surrounding neuritic plaques, will be

included in the measurement. In order to improve the spectral quality, i.e. allow more

photons to reach the detector. tithout increasing the aperture size, the intensity of the

infrared source must be increased somehow, This may be accomplished by increasing the

voltage supplied to conventional sources (resistively heated ceramic globars). However,

this will also result in the generation of significant amounts of heat, which may damage

the tissue. Therefore, using an infrared microspectrometer equipped with a conventional

infra¡ed thermal emission source, the spatial resolution is limited to between 24 gm x 24

¡rm and 50 pm x 50 pm (Choo et a1.,1996).

3. Infrared Microspectroscopic Analysis of AD Tßsue Using a Synchrotron Light

Source

To improve the spatial resolution without compromising the signal-to-noise ratio,

we recorded spectra using an FTIR microspectrometer attached to a synchrotron light

source. The intrinsic brilliance of a synchrotron light source is 100-1000 times greater

than a traditional thermal-emission source (Reffner et al., 1995). Furthermore, the source

is highly collimated (thus improving spatial resolution) and is non-thermal, thereby
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eliminating the risk of tissue damage from excess heat production. In Fig. 21, we present

spectra of control and Alzheimer's disease tissue recorded with apertue sizes of 12 ¡rm x

12 ¡rm, and 24 pm x 24 ¡tm. The differences between white and grey matter are as

Fig. 21: Representative mid-IR spectra of 8 ¡rm cryotomed sections of control grey (CG),
control white (CW), Alzheimer's diseased grey (ADG) and Alzheimer's diseased white
(ADW) matter recorded with an FTIR microspectrometer with IR radiation derived from
a synchrotron light source.

observed in previous studies. As expected, the spectra have superior signal-to-noise ratio

compared to spectra obtained with a conventional light source (compare with Fig. 20).

However, spectra recorded at 12 ¡tm x 12 pm show some deterio¡ation below 1200 cm-l.
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t-G
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as the instrument's performance begins to be limited by diffraction properties. As the

wavelength of radiation passing through begins to approach the aperture size (1000 cm-'

= 10 pm), the radiation is scattered radially upon passing the aperture, resulting in fewer

photons reaching the detector and increasing the noise level at low wavenumbers.

4. 2-Dimensional Spectroscopic Mopping of AD fissue

Having determined that usir.rg s¡'nchrotron derived IR radiation it is possible to

obtain high quality spectra of 12 ¡rm x 12 pm or 24 lm x 24 pm regions of tissue, we

proceeded to spectroscopicalll r-,tap AD tissue sections at these spatial resolutions. The

region oftissue outlined inFig.22 was chosen for mapping, on account ofthe presence of

a dense amorphous deposit suspected to be a neuritic plaque (labeled NP?) within the

grey matter (G). Other morphological features identified in the photomicrograph

(magnified 320x) include part of a cerebral blood vessel (BV) and corrical neurons (N)

which have sh¡unken upon freezing, leaving artefactual spaces (S) within the specìmen.

As was shown earlier in Fig. 19, freezing of tissue does not chemically alter the tissue

although it does physically change the appearance by introducing these spaces. From the

rectangular region outlined, spectra were obtained with an aperture sìze of 12 ¡rm x 12

pm, beginning at (0,0) ¡rm and progressing in steps of 13 pm in the horizontal direction (8

spectra acquired). The stage was then moved 14 pm in the y-direction and a further 8

spectra acquired. This process was continued until the ( 109,66) ¡rm position was reached.

As we are primarily interested in studying the structure of amyloid within neuritic
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Fig. 22: Photomicrograph (320x magnification) ofan 8 pm thick slice ofAD human grey
(G) matter. This tissue contains a suspected neuritic plaque (Np?), part of a blood vessel
(BV), cortical neurons Qrl) and artefactual spaces (S). The region mapped
spectroscopically is indicated by the marked rectangle with coordinates in micrometers.

plaques in-situ, we specifrcally examined the infrared spectra in the region between 1600-

1700 cm-l containing the strong amide I absorptions known to be sensitive to protein

secondary structure (Jackson and Mantsch, 1993; 1995). Fig. 234 illustrates the 3-

dimensional surface contour plot of the integrated intensity ofthe area under the amide I

band for each spectrum corresponding to the region mapped. The values of the x- and y-

axes are the positions aiong the rectangular region in the photomicrograph with the z-axis

representing the integrated amide I band area. The low intensity areas are represented by

red, orange and yellow, whereas the high intensity areas ¿ìre represented by green and



E
õ
È 30
¡
I
ç 20t
E

70
60

50
40

Lr- 3o9> zo

70

-30

t0

Fig.23: A: 3-Dimensional surface map of the integrated area under the amide I band
corresponding to the rectangular region marked in Fig. 22.8..Z-dimensional contour map
of the amide I peak frequency ofthe region mapped. c: Enlarged photomicrograph ofthe
tissue of interest after staining with congo Red for amyloid (reddish-pink colãurj.

x (t'¡n)

I165{ -- 1656
lÈE! 1652 .. 165¡r
gi-:!j1650 -. 1652

164 A -- 1650
i:1.:1646 - f 648
EÍ;1 164 4 - 1646
@1642,- 1644
ffi1640 -- 1642
n¡sL:r¡ 1633 -- 1640
$liï 1636 ,- 1633
@1634-- 16t6
E1632 -- 1634
I1630 -- 1632

\o
co



99

blue. We observe that the integrated amide I intensity is fairly constant in the regions

sunounding the deposit. However, there is a dramatic increase in the intensity of the

amide I in the region of the deposit, with a maximum intensity occurring at the centre of

the feature, (55,40) pm, indicating a substantial increase in protein concentration at this

position.

In order to further investigate the nature of this protein deposit, a 2-dimensional

contour plot of the amide I peak frequency as a function of the area mapped is shown in

Fig. 238. Again, the x- and y-axes correspond to the mapping coordinates whereas the

contour lines and colours represcnr the peak frequencies; red, orange and yellow represent

high frequencies, and blue and ureen, low frequencies. In the regions surrounding the

deposit, the amide I peak frequency is in the range 1652-1654 cm'r, indicative ofproteins

predominantly in an c¿-helical and/or unordered structu¡e (Jackson and Mantsch, 1995).

However, at the centre of the deposit, the frequency is shifted to 1632-1634 cm-l

indicating the presence of proteins with a substantially different (B-sheet) confomration.

This trend is illustrated more clearly in Fig. 24 which illustrates the amide I region from

the series of spectra extracted from a horizontal strip (at about 40 pm in the y-position),

coresponding to a cross-sectional slice of the map. With increasing mapping coordinates

in the horizontal direction, there is a gradual decrease in intensity of the 1653 cm-r

absorption with a concomitant increase in the intensity of the 163 1 cm-l band. At a

position conesponding to the centre of the deposit, the 163l cm-r band is the most

prominent absorption. This trend is reversed moving away from the centre to the right
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Fig. 24: Series of mid-IR spectra, plotted in the amide region, extracted from a horizontal
strip (0,40) pm to (104,40) pm of the region mapped inFig.22.

edge of the map, conesponding to the sunounding grey matter. Similar trends are

observed for the amide II band, which decreases in frequency flom 1542 "--' to 1540 "--
I at the centre of the deposit. Our mapping experiment therefore demonstrates that the

amorphous deposit in Fig. 22 is predominantly proteinaceous (exhibiting a very intense

amide I absorption), and exists in a P-sheet conformation (amide I and II absorption at

1632 and 1519 cm-I, respectively). These results strongly suggest that this feature is the
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amyloid core of a mature neuritic plaque. a suggestion which was confirmed when the

tissue was stained with Congo Red, a dye rvliich specifically stains amyloid reddish-pink

(magnified region shown in Fig. 23C). Congo Red is a stain commonly used for the

histopathological identification of am¡'loid by Iight microscopy (Sheehan and Hrapchak,

1987).

Our finding of an arnide I maximum at 1631 cm-I, characteristic of p-sheet

structures, conflicts with previous IR studies of synthetic amyloid, which demonstrated

amide I maxima at significantly lower frequenci es (1620-1628 cm'l), indicative of

aggregated peptide (Fraser et al.. 1991; Fraser et al., 1992; Ötvös et al., 1993; Fabian et

al., 1993; Fabian et al., 1994; Fraser et al., 1994)' This discrepancy may be the result of

other proteins (e.g. the non-fibrillary amyloid associated proteins cr- l-antichymotrypsin,

apolipoprotein E, heparan sulfate proteoglycan, laminin and ubiquitin) present in the

neuritic plaque (Maury, 1995). In the studies of isolated amyloid, upon aggregation, the

peptide can form very strong intermolecular hydrogen bonds due to close alignment of

polypeptide chains, resulting in a low amide I frequency However, in-situ, close

alignment of amyloid peptide chains may be prevented by the presence of the other

proteins found in the plaque, resulling in the formation of weaker hydrogen bonds and the

observation of an amide I at a higher frequency. This indicates that the sunounding

proteins play crucial roles in the overall structure of B-amyloid aggregates itt-vivo, and

may therefore potentially influence any neurotoxic properties of the amyloid deposit.

Based upon the numerous empirical studies involving varying degrees of aggregation of

isolated proteins, we can confrdently ascribe our peak findings in whole tissue to those
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arising from þaggregated protein within the tissue. Thus, future structural studies of p-

amyloid and those aimed at examining the effect of potential therapeutics in inhibiting p-

amyloid aggregation should therefore carefully consider the presence of surrounding

proteins, which we suggest affect the overall structule ofthe p-amyloid peptide in-situ'

The tissue mapped in the previous section contained a relatively large plaque

which was fairly easy to identifu without staining. However, it is generally more difficult

to visually identifi areas of amyloid deposition and neurofib¡illary tangle formation. Fig.

25 is a photomicrograph (magnified 200x) of another region of AD cortical grey matter

containing shrunken neuronal cells (N), freezing artefactual spaces (S) as well as a

cerebral blood vessel (BV) complete with the vascular wall (vw) and erythrocl'tes (E)

found within its lumenal space, but no visible neuritic plaques. To determine whether IR

spectroscopy could detect the small plaques and/or neurofibrillary tangles expected in

such tissue, the region indicated by tlie 299 pm by 208 ¡lm rectangle was mapped Once

again to probe for amyloid deposition, the surface 3-dimensional map of the integrated

amide I band is shown in Fig. 264. Across the map, the area of the amide I band is more

variable than the previous specimen. There is a region of low intensity indicated by the

red and orange colours at around (50,200) ¡rm. Comparing it with the photomicrograph

(Fig. 25), this conesponds to the large afefactual space in the tissue (S) There are two

major areas of increased intensity; in the upper left and upper right hand regions of the

map indicated by the dark green and blue colours. This elevated integrated amide I area

indicates an increased protein concentration, possibly due to amyloid deposition.
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Fig. 25: Photomicrograph (200x magnification) ofan 8 pm thick slice of human AD grey
(G) matter containing several shrunken neuronal cells Q.e, freezing artefact spaces (S)
and a cerebral blood vessel (BV) complete with the vascular wall (VW) and erytluocytes
(E). The region mapped spectroscopically is indicated by the marked rectangle with
coo¡dinates in micrometers.

Examination of the amide I peak frequencies conesponding to these regions (Fig.

26B) reveal bands at 1632-1634 cm-l indicative of B-structures, while the surrounding

areas have absorption peaks between 1650-1656 cm-I, indicative of c¿-helical/unordered

structure. The series of spectra corresponding to a horizontal strip along the top of the

map were extracted and the amide regions disptayed Ín Fig. 27. The spectrum indicated

by the dotted line arises from the lumenal space of the blood vessel. In most spectra, the
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Fig.26: A: 3-Dimensional surface map of the integrated area under the amide I band corresponding to the
rectangular region marked in Fig. 25. B: 2-dimensional contour map of the amide I peak frequencyãf the
region mapped. C: Enlarged photomicrograph of the tissue of interest after staining with Congo R"d fo.
amyloid (reddish-pink colour).
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Fig. 27: Series of mid-IR spectra plotted in the amide region extracted from a horizontal
region (0,0) pm to (299,0) pm of the region mapped in Fig. 25.

amide I band is observed at 1654-1656 "*'t. Ho*.u"., for several spectra extracted from

the upper right comer of the region mapped, [(0,200) pm to (0,270) pm], the major band

is at 1631 cm-j, with a minor shoulder at 1654 "--'. Simil- low frequency shifts were

observed in the amide II band. Based upon the findings described for the previous

specimen (Figs. 22, 23), the observed intense 163 1 "--' b*d suggests that amyloid

deposits exist in the upper right and left comers of the a¡ea mapped. It might be

suggested that the 1631 c--' b-d in spectra of the upper right comer, is attributed to
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specific components intdnsic to the blood Vessel wall. However, previous infrared

micro-imaging studies performed by Kodali et al. (1991) involving arteries report protein

amide I frequencies between 1650-1653 
"m-' 

f.o- various sections of the arterial wall.

Therefore, our observations are not due simply to the components of the blood vessel

wall but likely fiom amyloid deposition. Following staining with Congo Red dye,

reddish-pink colou¡ation is observed in the upper left region and also around the walls of

the blood vessel (Fig. 26c). These areas of histologically demonstrated amyloid

deposition correspond exactly to the green/blue colou¡ed areas in Fig.268, confirming

our spectroscopic observations (Choo et aI., 1996).

Therefore, with AD tissue, our initial sampling method of placing tissue between

optical windows was not sensitive enough to spectroscopically detect biochemical

changes arising f¡om the disease process. However, with a microsampling technique

involving a synchrotron light source, we have successfully demonst¡ated the deposition

of amyloid within grey matter (neuritic plaques) and within a cerebral blood vessel

(amyloid angiopathy, the presence of amyloid within the walls of blood vessels) which

can lead to complications such as cerebral haemorrhage and infarction (Maury, 1995).

Spectra measured from regions of amyloid deposition exhibited significant increases in

protein absorptions and demonstrated tha| in-situ, amyloid exist in a p-sheet structure

involving intermolecula¡ hydrogen bonding. The strength of the hydrogen bonds is

dependent upon the presence of proteins associated with p-amyloid in neuritic plaques.

Additional spectral analysis, especially of the phosphate absorptions that might a¡ise from

hyperphosphorylated protein components, ¡evealed that there were no features
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cha¡acteristic of neurofibrillary tangle formation. It is likely that the sample measured

did not contain NFT. Future mapping studies involving more tissue slices might reveal

spectral signatures of NFT formation-
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VII: INFRARED SPECTROSCOPIC CHARACTERIZATION OF

MULTIPLE SCLEROSIS TISSUE

Multiple sc.lerosis, the most common demyelinating disorder affecting young

adults, results fiom the destruction of the layer surrounding axons in the cent¡al nervous

system. Loss of this insulating layer causes conduction block of nerve cell impulses

resulting in paralysis, blindness and muscle weakness. This layer, the myelin sheath, is

comprised of approximately 70% lipid (dry weight) and 30%o protein (dry weight) and

facilitates the conduction of neuronal impulses along axons due to its insulating

properties. In MS, areas of the CNS white matter are attacked by the body's immune

system thereby destroying the myelin sheath and producing areas of demyelination

termed plaques (compare Fig.284,8). The plaque lesions can be identified grossly at

autopsy and occur throughout the white matter, although there is a tendency ofplaques to

develop around the cerebral ventricles forming what are termed periventricular plaques.

Microscopic examination of the plaque reveals a loss of myelin with preservafion of the

axons a¡d viable oligodendrocytes (Fig. 28C). Recent studies have observed apparently

healthy oligodendrocytes in the areas of active demyelination, suggesting that the myelin

sheath itself is the primary target of demyelination rather than the oligodendrocytes, as

once suspected (Quarles et al., 1994).

Since myelin is the primary site of injury, the biochemical changes occurring

during demyelination are most pronounced in white matte¡. Several of the reported

changes have been reviewed by Norton and Cammer (1984) and Quarles et al. (1994).

These changes include an inc¡ease in water content, decrease in total lipid, decrease in
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Fig. 28: Photographs ofa coronal section ofcontrol (A) and multiple
sclerosis (B) brain displaying the white (w) and grey (g) matter, and a
region ofdemyelination (plaque, p). A photomicrograph (C) ofa section
of MS tissue stained with Solochrome cyanin (stains white matter and
myelin purplish-blue, and grey matter and demyelinated regions pink)
revealing the demyelinated axons in the plaque.
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myelin proteins and lipids, a¡d often the appearance of cholesteryl esters and/or glial

frbrillary acidic protein. The lipid components of myelin membranes are particularly

affected in demyelination, producing dramatic decreases in galactocerebroside,

ethanolamine plasmalogens and cholesterol. Sulfatides and phosphatidylserine have also

been reported to decrease. The appearance of cholesteryl esters in demyelinating disease

is believed to arise from the fact that cholesterol is not readily degraded, but rather is

esterifred to fiee fatty acid. Since cholesteryl esters are usually absent from normal brain

tissue, their presence in the brain is indicative of inflammatio¡ and recent demyelination.

There are two main classes of MS plaque lesions. Early or acute plaques contain

lymphocytes and macrophages, The activated macrophages in acute lesions not only

degrade the myelin sheath, but are also involved in the conversion of myelin debris to

neutral lipids (Sanders et al., 1993). Cholesteryl esters and neutral fat compounds can be

stained histochemically with lipid soluble sudan dyes (sudanophilic) to reveal active

demyelinating plaques. In contrast, older chronic lesions are well defined areas of

demyelination and contain denuded (i.e. demyelinated) axons and many hbrous

astrocytes. Olde¡ chronic plaques (also called burnt-out plaques) are usually less active or

compÌetely inactive, sometimes with activated microglia and macrophages present but

usually with no neutral lipid or myelin debris remaining. A study conducted by

researchers at the National Neurological Research Specimen Bank found that

approximately 41%o of postmortem multiple sclerosis plaques show no demyelinating

activity (Sanders et al., 1993). Furthermore, with a longer du¡ation history of MS, there

in an increasing likelihood of finding inactive/sca¡ tissue plaques ìn postmortem tissue.
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Along with changes in lipids, the two structural proteins of myelin, namely

myelin basic protein (MBP) and proteolipid protein (PLP), are also observed to dec¡ease.

Gel electrophoretic analysis ofplaque proteins demonstrate that in both ch¡onic and acute

iesions, there is a graded decline of myelin basic protein and proteolipid protein

progressing from the normal appearing white matter to the centre ofthe plaque (Johnson,

1986). Elevated levels of proteases and catabolic enrymes are also important in MS

plaque formation. These proteases and degradative enzymes are of lysosomal and

macrophage origin and play impofant roles in the breakdown of myelin proteins and

lipids. With the decrease in myelin basic protein and proteolipid protein, there is the

observed increase in proteins of lower moleculal weight which are presumably the

proteolltic breakdown products of these proteins.

In demyelination, there is an increase in glial fibrillary acidic protein due to the

specificity of this protein for astrocltes. The astrocytes are glial cells that are involved

with repair. In the event of tissue damage, astroc]'tes proliferate, swell, accumulate

glycogen and undergo gliosis with the accumulation of glial fibrillary acidic protein

(Raine, 1994). This results in a state of gliosis which leaves a glial scar, a network of

cellular processes of fibrillary astrocfes. There is no collagen or other fibrous protein

present in the MS glial scar (Robbins, 1991). The centre ofthe chronic plaque is virtualty

devoid of myelin proteins with an accumulation of glial fibrillary acidic protein. An

acute plaque in contrast, is not fully demyelinated, and shows the presence of MBP and

PLP, and no accumulation of glial fibriilary acidic protein.
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Normal appearing white matter (NAWM) has also been shown to possess

abnormalities in its composition and these studies have been reviewed by Norton and

Cammer (1984). For example, there is a decrease in total lipid content, specifically

decreases in phospholipids and loss of cerebrosides and sulfatides. Cholesteryl esters are

frequently found with a concomitant reduction in the activity of cholesteryl ester

hydrolases. Myelin proteins a¡e also reduced and the myelin associated glycoprotein is

absent or reduced in areas surrounding plaques. These observations suggest that there are

alterations in NAWM of MS tissue which are qualitatively similar to those seen in

plaques, but ofa conside¡ably smaller magnitude. The reduction of myelin constituents

even in areas of macroscopicalll, nottnut appearing white matter are believed to be due to

the presence of microlesions throughout the affected brain (Quarles, 1994). The presence

of microscopic lesions not discemible by the naked eye suggest that the disease process is

fairly widespread and not just restricted to the plaques. NAWM hence likely contains

normal myelin together with myelin in the early stages of degradation. It should be

stressed that most regions of MS white matter show no signihcant differences from

control white matter. Therefore, the amount of normal myelin present varies from patient

to patient and depends on the severity, location, duration and activity of the disease

processes.

Given the numerous biochemical changes in myelin as a result of demyelination,

the sensitive technique of IR spectroscopy should be able to detect such alterations, thus

providing a molecular spectroscopic approach to tissue characterization.
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i. Oriein and Samolins of MS Tissue

MS tissue were sampled as previously described, with plaque material derived

predominantly from the periventricular areas and spinal cord (see page 49). One face of

each plaque was retained for histopathological characterization and the remaining tissue

used for spectroscopic analysis. A briefpatient summary of the various tissue specimens

used in these studies is listed in Table IX.

Table IX: Patient summary of multiple sclerosis CNS tissue.

Subject Age (¡'ears) Sex Duration of MS (years)

MSl

MS2

MS3

MS4

MS5

MS6

MS7

MS8

MS9

)¿

37

37

0-1

4

15

9

20

27

18

23

30

30

72

75

79

80

F

F

M

F

F

M

M

M

M l8

MS = multiple sclerosis, M = male, F : female

For IR analysis of MS mate¡ial, tissue samples were recorded using a diamond

anvil cell. Unlike in the analysis of AD tissue, we found that BaF, windows were not

suitable for analysis of MS tissue. This was due to the rigid consistency of some of the

MS plaques which often resulted in the windows cracking upon the application of the
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pressue necessary to assemble the sampling accessory. Furthermore, the tissue often

could not be adequately compressed to ensure pathlengths smaller than 10 pm were

obtained. At such sample pathlengths, hydrated tissue would absorb too strongly and

yield spectral distortions. On the other ha¡d, in using the diamond anvil cell, the durable

diamond facets ensured there was no risk of damaging the windows and upon assembling,

reproducible thin pathlengths could be obtained. Infrared spectra of MS tissue were

acquired as previously described (see page 50).

B. Infrared Characterization of MS Tissue

Figure 29 shows representative infrared spectra of human control grey matter,

control white matter, and chronic (CP) a¡d acute (AP) MS plaques in the spectral region

2600-4000 cm-I. Based on our previous analysis of control and AD tissue, lipid and

wate¡ components are largely responsible for the absorptions in this region. Spectral

examination reveals that the spectra of MS plaque material resemble the spectrum of grey

matter by exhibiting decreases in the intensities of the CH, and CH, symmetric (2854 and

2873 cm't, respectively) and asymmetric (2926 and 2963 cm'l , respectively) stretching

vibrations compared to white matter; The observed reduction in intensity is consistent

with the known decrease in total lipid content due to the loss of myelin in the disease

process (Choo et al., 1993). For some ofthe acute plaques sampled, the intensity ofthese

infrared absorptions is intermediate bet$?een those intensities observed in spectra of white

matter and chronic plaque. This suggest there is incomplete lipid loss, consistent with the

idea that acute plaques are in the process of demyelinating therefore containing some

myelin and its constituent lipids Q.lorton and Cammer, 1984). In plaque spectra, the ratio
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of the CH2:CH3 stretching ba¡ds is also reduced as was observed in control grey matter

spectrum. As discussed earlier in chapter V, such changes in the ratio reflect the lowe¡

lipid content, which in the plaque spectra arise from demyelination.

Fig. 29: Representative deconvolved mid-IR spectra, plotted between 2600-4000 cm-r, of
control grey matter (CG), control white matter (CW), acute MS plaque (AP) and ch¡onic
MS plaque (CP) tissue.
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attributed to the broad O-H stretching vibration arising from the hydroxyl groups within

cholesterol, cerebrosides, sulfatides, sphingomyelin, galgliosides and water. The

absorption at 3298 cm-r is assigned to the N-H stretching vibrations of proteins,

cerebrosides and sphingomyelin. The increase in the intensity of the N-H absorption in

acute plaque most likely arises from the presence of proteases and digestive enzymes

which accompany the inflammatory response a¡d found in macrophages actively

degrading the myelin sheath. This is supported by the significant amide absorptions in

the 1500-1800 cm'r region (see below).

F¡om the spectral range 2800-4000 .--1, it i, relatively easy to distinguish white

matter spectra from spectra of chronic plaques and grey matter due to the intensities of

the CH2 and CH3 stretching vibrations. For certain acute plaques in the early stages of

demyelination, these CH, and CH3 stretching regions can appear quite intense. Thus, in

order to distinguish these acute plaques from control and normal appearing white matter,

the presence of the N-H stretching absorption at 3298 cm-l is useful as a marker of active

demyelination. Similarly tliis vibration can be used to discriminate chronic plaque from

acute plaque. However, based on this region alone, it is not possible to readily

distinguish between grey matter and chronic plaques since both spectra have broad O-H

ba¡ds at 3408 cm-r and diminished CH2 and CH3 stretching vibrations. For this

discrimination, the spectral region between 1000-1800 
"--t 

*u, found to be more useful

(Fig. 30). As expected, both control grey matter and ch¡onic MS plaque spectra show

diminished intensity of the ester carbonyl absorption (1700-1740 
"--'¡ lik"ly due to a

reduction in the phospholipid content of these samples. However, in the acute plaque

spectrum, a¡ intense vibration is observed at 1735 cm-r. This absorption is even larger
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than that observed for control white matter suggesting that it arises from tissue changes in

fhe early stages of demyelination. We speculate that the cholesteryl esters known to be

Fig. 30: Representative deconvolved mid-IR spectra, plotted between 1000-1800 cm-), of
control grey (CG) matter, control white (CW) matter, acute MS plaque (AP) and chronic
MS plaque (CP) tissue.

present in acute plaques are responsible for the strong vibration at 1735 cm-l (ester C:6

stretch). The major feature in the region 1500,1800 cm-r is the amide I band, centered at

1653 cm-l fo¡ all tissues studied here. The amide II is centered at 1553 cm-l fo¡ the
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various brain material examined. These frequency positions indicate that the proteins

within these tissues are predominantly in an a-helical and./o¡ unordered conformation.

We also observe that the intensity of the CH2 scissoring band (1469 .*-'¡ it

markedly reduced in plaque spectra. The spectrum of acute plaques display CH,

scissoring and CH, asymmetric bending (1456 cm-l) vibrations that are of equal intensity

as was observed earlier in the spectrum of control grey matter (chapter V). Such a

reduction of the 1469 ".-' b*d is consistent with a decrease in total lipid content.

Interestingly, these changes in the spectrum of ch¡onic plaques appear to be slightly more

pronounced than those described for grey matter and acute plaques. The intensity ratio of

the CH, scissoring:CH, asymmetric bending vibrations of ch¡onic plaque is reversed, in

which the CH, asymmetric bending absorption is more intense. We propose that the

decrease in lipid acyl chain CH2 groups caffìot alone account for the reversal of the

CH2:CH, band ratio since a similar trend would be observed with the stretching

vìbrations (2800-3000 
".n-t;. 

A survey of the various functional groups which likely

absorb in the range 1450-1470 cm-l lTuble III) revealed that there is a vibration around

1455 cm-l which is assigned to the CH2 scissoring vibration from alicyclic (i.e.

cycloalkane) groups such as those found in cholesterol and cholesteryl esters. This

absorption overlaps with the CH3 asymmetric vibration at 1456 cm-I. In demyelination,

there is a reduction of the phospholipid and galactolipid acyl CH2 groups and

esterification of cholesterol into cholesteryl esters. We therefore suggest that the CH,

alicyclic absorptions fiom the cholesteryl esters begin to dominate this region of the

spectrum with the concomita¡t loss of phospholipid and galactolipid CH2 groups. In the
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chronic plaques, severe depletion of lipids results in the cholesteryl ester and protein CH2

and CH, groups being largely responsible for the absorption between 1450-1470 cm-r and

accounting for the apparent reversal of the CH2:CH3 intensity ratio.

Other changes in the spectra ofplaque material include a ¡eduction of the choline

[N(CH:):]* asymmetric bending vibration (t487 cm'r), suggesting the loss of

phosphatidylcholine and sphingomyelin lipids, and the reduction in the intensity of the

band at 1381 cm-l (symmetric CH3 bending motion). In plaque material, there is also an

observed dec¡ease in the shoulder around 1050 cm-l and may arise f¡om a decrease in

carbohydrate groups associated *ith loss of galactocerebrosides. A relative increase in

the intensity of the band at 1401 cm'r (assigned to the COO- symmetric stretch) is also

observed and likely results from an increasing proportion of acidic groups contributed by

protein. This vibration is markedly increased in acute plaques and we speculate this

change is the result of the increased protease activity in active plaques. Proteases a¡e

hydrolytic enzymes which cleave proteins into smaller protein/peptide fragments. Their

activity would result in more carboxyl- and amino-terminal groups which absorb in the

IR spectrum:

-NH-CHRr-CO--NH-C[IR2-COO- 
H2O + proteases> 

-NH-CHRI-COO- + +H3N-CHR2-COO-

This would account for the intense carboxylate absorption (band at 1401 cm'r) and N-H

absorptions (1553 cm-l and 3294 
"rn-';. 

On the other hand, it has been shown that there

are no appreciable amounts of protein breakdow¡ products in chronic plaque tissue since
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these protein fragments have been phagoc)'tosed by macrophages. The observation of a

persistent carboxylate absorption in the spectrum of ch¡onic plaque suggests that there is

an altemate source of carboxylate groups. Since the glial fibrillary acidic protein is found

in fibrous astroc).tes and ch¡onic MS plaque, we speculate that the acidic groups of this

protein are responsible for the absorption at 1401 cm-r in the chronic plaque spectrum.

The majority of the white matter spectra f¡om MS subjects resembled control

white matter with a small population exhibiting slightly lower intensities in the lipid

bands, namely the CH2 and CH3 stretching vib¡ations. This variation may reflect the

presence of microscopic lesions in white matter

In our characterization of MS tissue, we also examined plaques derived from the

spinal cord. For one patient (subject MS7), the spinal plaque spectn¡m displayed a

markedly different absorption profile in the spectral range 1000-1800 
"--t lFig. 31, trace

B). We observe a series of absorption bands at 1032 cm-l ,1082 cm'I, 1204 cm-t, 1243

"-'', 1283 cm-l and 1338 cm-l. Such features were not observed in plaque de¡ived from

the periventricular regions, in spinal cord plaque de¡ived fiom another patient (subject

MS6) (Fig. 31, trace A) nor in spectra of control grey and white matter sampled from

normal appearing spinal cord tissue. This characteristic infrared profile is reminiscent of

the IR absorptions found in spectra arising Íìom cerebral meningeal vessels (Fig. 31, trace

C). Similar IR absorptions were reported ffom studies involving infarcted rat heart tissue

and human breast carcinoma tissue (Liu et al, 1996; Jackson et al., 1995). By analogy

with spectra of collagen, the authors of these studies have athibuted these spectral

features to collagen found within the con¡ective tissue of these tissues. More

specifically, the 1031 cm-r and 1082 cm-r absorptions have been assigned to the C-O
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stretching vibrations of the carbohydrate residues present in collagen. The 1204 cm-I,

1243 cm-t,1283 cm-l a¡d 1338 cm-l vibrations likely arise from the amide III vibration

(complex vibration due to C-N stretching and N-H in-plane bending from amide linkages)

with significant mixing with the CH, wagging vibrations of collagen (Jackson et al.,

1995). Hence, it appears that there is a significant amount ofcollagen in the spinal cord

plaque from patient MS7. Such changes are surprising since collagen is virtually absent

1000 1100 1200 1300 1400 1500 1600 1700 1800
-1Wovenumber, cm

Fig. 31: Representative mid-IR spectra, plotted between 1000-1800 cm'l, of spinal cord
plaques from patient MS6 (A), fiom patient MS7 (B) and of a meningeal vessel from
patient MS6 (C).
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in the CNS and is encountered primaril.v in association with blood vessels (Pleasure,

1994). h may be suggested that collagen is the result of scar formation. However, as

discussed earlier, in the event of trauma to tlie CNS, scar formation is the result of an

increase in intracellular glial fibrillary acidic protein and astrogliosis rather than collagen

deposition. In contrast, injury to the PNS results in the extracellular accumulation of

collagen produced by fibroblasts and Schwann cells. Studies have been reported which

demonstrate the presence of Schwann cells in the spinal cord of MS patients. These

studies have been taken to suggest that a certain degree of renyelination occurs in MS

spinal cord, achieved in part br eitirer invading Schwann cells or a small number of

Schwann cells resident in the cord (Raine, 1978; Prineas and Connell, 1979; Yu et al.,

1982). Our observation of collagen in CNS tissue, where it is usually absent, may

indicate the invasion of Schwan¡ cells into the spinal cord. However, more likely sources

of collagen include the fibrosis arising from the inflammatory ¡eaction between the

adventita of vessels and the fibroblasts of arachnoid, and,/or possible contaminâtion of the

specimen with the arachnoid.

In summary, we have successfully used mid-infrared spectroscopy to discriminate

between control and MS tissue Spectral characterization of MS plaque material was

primarily based on the ¡educed intensity of lipid absorptions such as the CH, and CH3

stretching and bending vibrations and the phospholipid ester carbonyl stretching

absorption compared to control white matter spectra. Such changes are the result of lipid

ioss in demyelination. Acute plaques spectra are distinguished by the presence of IR

vibrations attributed to protein breakdown products and cholesteryl esters (e.g. intense N-
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H stretching and carboxylate COO- stretching vibrations from protein fragments and

cholesteryl ester C=O stretching vibrations). On the other hand, chronic plaque spectra

are characterized by strong alicyclic CH2 bending absorptions and intense COO-

stretching vibrations of glial fibrillary acidic protein accumulated in the ch¡onic scar. We

have also spectroscopically detected collagen deposition in the CNS which might suggest

evidence of Schwann cell invasion into the MS spinal cord plaque.
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VIII: TOWARDS IN-VIVO DETECTTON

A. Cuprizone Animal Model of Demyelination and Remyelination

Having demonstrated the novel application of mid-lR spectroscopy for

characterizing control tissue, p-amyloid deposition in Alzheimer's diseased tissue and

demyelination of MS plaque tissue, our next approach was to evaluate the potential of

using IR spectroscopy in a clinical setting as an early non-invasive diagnostic tool. In

order to assess neurological disease conditions in-viuo we used near-infrared

spectroscopy and fibre optic technology. Due to the difficulty in characterizing AD tissue

from control tissue without the use of sophisticated microspectroscopic techniques and

pattem recognition multivariate analyses, as well as the lack of available successful

animal models of AD neurodegeneration, we chose to concentrate on an animal model of

demyelination as a model of multiple sclerosis.

Multiple sclerosis is a clinically difficult disease to diagnose due to the non-

specific nature of its symptoms which include paralysis, blindness and muscle weakless.

The symptoms presented in MS depend on the staging of the disease as well as the

perìods of remission observed. This disease can follow a range of possible clinical

courses with varying degrees of neurological impairment. Moreover, the time course in

humans can be 20-30 years, complicating studies involving staging of the disease.

Animal models, on the other hand, allow the disease to be followed progressively over a

sho¡t time frame and we therefore, used an animal model with which to develop and

assess a¡ in-vivo spectroscopic technique.
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Ou¡ nea¡-IR studies involved the cuprizone animal model of demyelination and

remyelination. Cuprizone (bis-cyclohexanone oxaldihydrazone) is an oligotoxin believed

to chelate copper and cause the inhibition ofthe enzyme monoamine oxidase (Kesterson

and Carlton, 1971; Love, 1988). This animal model has been used previously by

Blakemore (1973 a,b) and Ludwin (1978) as an ideal model for studying the cellular

mechanism of demyelination and remyelination. The administration of cuprizone in the

diet of mice results in progressive demyelination (especially of the superior cerebellar

peduncles) as the oligodendrocytes and their processes in the CNS degenerate over a

course of7 weeks, reproducing some ofthe clinical features of MS. Treatment in excess

of 7 weeks does not result in further demyelination, thus cuprizone produces a relatively

predictable level of demyelinafion after 7 weeks. Removal of cuprizone from the diet and

returning the animals to a control diet has been found to result in remyelination (approx.

88%) of denuded axons within 6-7 weeks, with a reversal of clinical symptoms (Ludwin,

1978). This frnding has several implications. It was originally thought that once

demyelinated, CNS tissue was unable to regenerate/repair itself, a process known to be

possible in the PNS. However, several recent studies have shown some degree of

remyelinative activity in acute and chronic MS plaques (Raine and Wu, 1993; Prineas et

al., 1993). It is thought that remyelination might be responsible for the appearance of

shadow plaques and periods of remission experienced by MS patients as the CNS

attempts to repair the damaged regions. However, remission is likely a more complex

process with the control of inflammatory factors alone also offering symptomatic

improvement. The advantage of this cuprizone model is that it allows for well defined
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experimental studies of demyelination (mimicking MS) and remyelination (mimicking

remission) over a short time frame. Although other animal models of multiple sclerosis

and disorders of myelin exist [for example, experimental allergic encephalomyelitis and

the genetic diso¡ders of myelin (Brostoff, 1984; Smith and Benjamins, 1984; Hogan and

Greenfield, 1984)], this model was superior for our studies in that the course of

demyelination and especially that of remyelination occurred in a short time frame (5-7

weeks as opposed to several years) that could easily be monitored. This allowed a fine

degree of control ofthe staging ofthe disease with a predictable and reproducible course

for carrying out our studies. Fudhermore, many of these models of immune

compromised animals require special housing requirements which are unavailable at our

research institute.

The infrared studies we have discussed in the previous chapters have all involved

mid-IR spectroscopy. Although very useful for detailed spectroscopic characterization of

tissue, in the midlR region, we are limited to ex-vivo measurements. This limitation is

due to the fact that molecules absorb very strongly in the mid-IR region thereby requiring

the use of shof pathlengths (10 pm for hydrated tissue and 25 ¡lm for dried tissue films)

for spectral acquisition. Therefore, we measured thin sections of autopsy tissue to avoid

the spectral distortions observed with greater pathlengths. The near-IR region is more

suitable for in-vivo studies since there is mo¡e scattering than absorption of the IR

radiation in this region, thus allowing for longer pathlengths of tissue to be measured. As

mentioned ea¡liet in chapter II, although there is a "lower information" content from this

region of ove¡tone and combination vibrational bands, the absorptions mainly arising
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from X-H (where X : O, N, C) groups can also be an advantage as it makes spectral band

assignment less complex. Previous reports using near-IR spectroscopy have studied non-

invasively (in-vivo) stroke-induced changes in the lipid and protein components in the

b¡ains of gerbils. The brain specha obtained showed the capability of penetrating the

skin a¡d skull of the animals with good signal-to-noise ratio with observation of changes

in vibrational intensities and frequencies (Camey, 1993). We therefore used diffuse

reflectarce near-IR spectroscopy, to obtain in-vivo information regarding the biochemical

changes associated with demyelination and remyelination.

i. Experimental Design

Previous studies have shown that some species and strain specificities may exist

for the cuprizone animal model (e.g. the model is not effective in female mice, guinea

pigs and only minimally successful in rats) (Carlton, 1969; Love, i988). However, the

cuprizone model has been successfully demonstrated in certain mouse strains of which

we chose the CD-l strain. Pathogen-free male weanling mice (1-2 weeks of age, bet\xeen

8-12 grams) of the CD-1 strain were obtained from Charles River Laboratories (Montreal,

QC). All animals had a minimum of two weeks to acclimatize to their new surroundings

before undergoing experimentation.

The control animals (n=42) were supplied with normal pelleted laboratory chow

(AIN-93G from Dyets Inc., Bethlehem, Penn.) and water ad libitum for the entire

experimental span of the animal (1-14 weeks). The experimental subjects (n:63) were

initially given pelleted laboratory AIN-93G chow containing 0.6% bis-cyclohexanone
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oxaldihydrazone (cuprizone) (Aldrich Chemical Co., Milwaukee, Wi) and waler ad

libitum (1-7 weeks). This custom diet was prepared by Dyets inc. After 7 weeks on the

cuprizone diet, half of the cuprizone treated animals were retumed to a regular,

cuprizone-free diet (hereafter these animals are referred to as +/- cuprizone treated

animals), with the other half maintained on the cuprizone containing diet. The

concentration of cupdzone and the duration of the study were based on values used by

Ludwin (1978) who demonstrated successful demyelination and remyelination.

At weekly intervals, the animals were weighed and the health status assessed to

monitor for any signs of pain, dìstless and discomfort. Weekly, three animals from each

ofthe control, cuprizone treated and +/- cuprizone treated groups, were anesthetized with

pentobarbital (30-40 mg/kg, i.p.). The fur of the top of the head region was then shaved

in order to perform our non-invasive diffuse reflectance near-IR measurements through

the animals' head.

ii. Near-lR Spectroscopic Measurements

Nea¡-infrared spectra were acquired using a Bio-Rad FTS 60,4. spectrometer

equipped with a yellow quafz beam-splitter and an indium-a¡timonide detector. A small

diameter (0.5 cm) bifurcated silica near-IR fibre optic probe (Fibre Guide Indust.,

Stirling, N.J.) was used to bdng the near-infrared energy from the near-IR source to the

mouse head as well as retum the diffusely reflected radiation to the detector.

Consultation of an anatomical atlas of the mouse brain revealed that the superior

cerebella¡ peduncle (region reported in previous studies to exhibit demyelination) would
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lie just below the apex of the mouse head (Sidman et al, 1971). Therefore, for spectral

acquisition, the near-IR fibre optic probe was placed at this position. For each spectrum

256 scans were acquired which after Fourier transformation yielded a spectrum with a

nominal resolution of 16 cm-r. The resulting NIR spectra were deconvolved using a half-

width of 147 cm-t and a resolution enhancement factor of 1.5. Following the i¡z-vlvo IR

measurements, the anesthetized animal was euthanized by cervical dislocation to

maintain the integrity of the CNS tissue. The animal's scalp was removed, the f,rbre optic

probes repositioned and another near-IR spectrum was acquired as described above.

Following this, the skull was surgically removed and a final set of near-IR spectra were

acquired.

iii. Histology

Following near-IR measurements, the brain was removed surgically and a coronal

cut was made at the level of the superior cerebellar peduncle. The posterior section

containing the superior cerebellar peduncle and ce¡ebellum were placed in 10% (v lv)

buffered formalin. Half of the samples were set aside for histopathological investigation

for evidence of demyelination and remyelination and the other half were used for mid-IR

spectral analysis.

Preparation of tissue for histopathological investigation involved conventional

histological methods and the tissue was stained for myelin using Solochrome cyanin

(Sheehan and Hrapchak, 1987). Histopathological assessment was made by our

collaborating neuropathologist, Dr. W. Halliday.
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iv. Mid-IR Snectral Acouisition Details

Formalin fixed mouse brain tissue rvas taken out of the formalin solution and

quick frozen in liquid nitrogen. Once frozen, thin sections of brain tissue (15 pm) were

obtained using a cryostat. Mid-lR spectra were acquired as previously described in

chapter VI section C, involving microspectroscopy of tissue slices. For these studies,

infiared spectra were recorded using an aperture size of 255 pm x 125 ¡.rm suitable for

measuring the white matter regions of the cerebellum, which are arranged in long tracts.

l. Mouse GrowÍlt Pattern

Figure 32 is a plot of the average mouse mass as a function of the number of

experimental weeks. The three groups of mice displayed approximately similar masses at

the beginning of the experimental study. Over the course of the study, the control

animals grew in size and mass with the growth rate leveling out at approximately 8-9

weeks of study. Cuprizone treated animals drastically decreased in mass within the first

week of study and then increased in mass but showed a slower growth rate tha¡ control

animals. The growth rate ofthese animals leveled off at around 10 weeks of study. The

*/- cuprizone treated animals exhibited an initial mass loss similar to cuprizone treated

animals, with minimal growth increases while on the cuprizone diet. However, upon

retuming to a control diet, the animals underwent a marked increase in growth rate over

the following 4 weeks with the mass leveling by week 13 at a level simila¡ to that

observed fo¡ cont¡ol a¡imals. The error bars, indicating the standard deviation from the
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mean, gradually increased over time since the sample size decreased with time. Using the

one-way analysis of va¡ia¡ce (ANOVA) test at a significance level of 0.05, we found that

at the 14th week, the mean value of the mass of cuprizone treated animals was

determined to be significantly different from the mearì mass of animals belonging to the

other two diet groups.

Fig. 32: The growth pattem of control, cuprizone treated and +l- cuprizone treated mice
over the weeks of experimental study.
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2. Analysis of Near-IR Spectra Recorded from the Mouse Head

A representative in-vivo near-lR spectrum recorded from the head of an

anesthetized mouse is shown in Fig. 33. Spectral features arising from C-C, C-H, N-H

and O-H combination vib¡ations are observed between 4000-5300 cm-I, with absorptions

between 5500-7400 cm-l arising from the fìrst overtone vibrations, and those between

Fig. 33: Representative near-IR spectrum recorded f¡om the surface ofa mouse head.

7400-10000 ..-t, f.om second overtone vibrations. Representative near-IR spectra

recorded f¡om the head ofcontrol, cuprizone treated and t/- cuprizone treated mice, at the
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13th week of experimental study, are shown in Fig. 34 . Marked differences a¡e observed

in the region 5600-5900 cm-r and 8200-8600 cm-l. Absorptions in these regions arise

from C-H first and second overtone vibrations, respectively. The intensities of these

C

B

A

5600 6400 7200 8000 8800 9500
wcvenumber, cm-'

Fig. 34: Representative near-IR spectra, plotted between 5500-9500 cm-r, measured ùz-

vivo through the head ofa control (A), cuprizone treated (B) and +/- cuprizone treated (C;
animal.

bands are reduced in cuprizone treated animals cornpared to control and */- cuprizone

treated animals which exhibit intense absorptions. Initial inspection of the spectra might

iead to the suggestion that the trend observed is due to demyelination and remyelination

in the mouse brain. Based on our previous mid-IR studies of human MS plaque, we

would expect any cuprizone induced demyelination should result in the loss of lipid acyl
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chains and likely to be reflected in the C-H intensities of the near-IR spectra. Other

features observed in these spectra are strong O-H overtone vibrations (5600-7200 cm-'),

predominantly from water, and N-H bands (7200-7600 cm-r). principally from protein

moieties and galactolipids.

In Fig. 35 we present spectra obtained upon removal of the scalp and upon

Fig. 35: Representative near-IR spectra, plotted between 5500-9500 cm-I, recorded fu-
vlvo (A), with the scalp removed (B) and with the skull removed (C) from a conrrol
animal.

removal of the skull of a control animal. A similar decrease in the intensity of the C-H

overtone vibration (especially first overtone absorption at 5600-5900 "--'; i. observed
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when the scalp is removed, suggesting that much of the intensity in this region arises

from the lipids in the scalp. With a 23%o difference between the average mass of control

and cuprizone treated animals at the 13th experimental week, the differences observed in

Fig. 34, mostly likely arise from differences in adipose tissue oontent in the scalp of

control animals and cuprizone treated animals rather than from cuprizone induced

demyelination.

Lastly, the spectra of mouse brain reco¡ded in the absence of the scalp and skull

for all three study groups are shown in Fig. 36. Once again, differences in the C-H

Control
* Cuprizone
+/- Cuprizone

5600 6400 7200 8000 8800 9500

Wcvenumbe r , cm-'

Fig. 36: Representative near-IR spectra, plotted between 5500-9500 cm'l, reco¡ded f¡om
control (A), cuprizone treated (B) and +/- cuprizone heated (C) animals in the absence of
the scalp and skull.
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absorptions are observed. Spectra of control and +/- cuprizone treated animals exhibit

equal C-H first overtone vibrational intensities. On the other hand, the spectrum of

cuprizone treated animals display a decrease the C-H absorption intensity. Since the

scalp was absent when these spectra were recorded, there are no interfering absorptions

from adipose tissue in these spectra. The changes observed therefo¡e likely arise from

cuprizone induced demyelination and remyelinatior.r occurring in the mouse brain. In

addition, differences in the O-H hrst overtone vibrations (6800-7100 cm-l), mainly

arising from vvate¡, a¡e also apparent with significant decreases in the spectrum acquired

f¡om the cuprizone treated anil.nal and a retum of the intensity in */- cuprizone treated

animal. These differences may relìect dehydration and loss oftissue upon demyelination.

3. Post-mortem Mid-IR Spectroscopic Anølysis of Mouse Brøin

Figure 37 displays the mid-IR spectra recorded from the cerebellar white matter

tracts of mouse brain de¡ived from the th¡ee experimental groups. Overall, the mid-IR

spectrum of a cryotomed section of mouse brain resembles the spectrum of human brain

tissue (recall Fig. 21). The mid-lR spectrum of control mouse brain shows intense CH,

and CH3 stretching absorptions (2800-3000 cm-r region) and a CH2 scissoring:CH,

bending vibrations ratio (7470:1456 cm-l¡ similar to that observed for human control

white matter. In contrast, there is a marked reduction in the CH2 scissoring:CH3 bending

ratio in the spectrum of cuprizone treated animal indicating evidence of lipid loss, Iikely

from demyelination. The reversal of the CH2:CH3 intensity that was observed in ckonic

human MS plaque is not observed in this case since in these measurements, there was a
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mixture of demyelinated regions and unaffected white matter in the area defined by the

aperture size used for spectral acquisition. This spectrum is similar to that acquired from
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Fig. 37: Representative mid-IR spectra reco¡ded from a 15 ¡rm cryotomed section of
mouse ce¡ebellar white matte¡ from control (A), cuprizone treated (B) and +/- cuprizone
treated (C) animals.

early acute MS lesions undergoing demyelination thus being composed of mixtu¡es of

demyelinated and unaffected white matter. The absence of the intense protein

absorptionsQ.{-H stretch at 3298 cm't and carboxylate C:O st¡etch at 1381 cm-r) observed
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earlier in huma¡ MS plaque spectra (recall Figs. 29,30) suggest that the demyelination in

this animal model follows a somewhat different course, without the formation of glial

sca¡s. Furthermore, spectral analysis reveals that the intensity of the ester carbonyl

vibration (i700-1750 cm-r) is also slightly diminished in the cuprizone treated animals.

IR investigation oftissue derived from the +/- cuprizone treated animals revealed

that the intensity of the lipid absorptions is mo¡e intense than those of the cuprizone

t¡eated animals and are similar to the intensity observed in spectra of control mouse

cerebellar white matter. These findings correlate with the near-infrared results indicating

loss of C-H intensities in cuprizone treated animals and a retum of the intensity in +/-

cuprizone treated animals.

4. Histopathologicøl Assessment of the Mouse Cerebellum

The findings of our near-infrared and mid-infrared results both suggest that

demyelination and remyelination occurred in the mouse brain. The only means of

confirming these speculations was th-rough histopathological analysis of mouse brain

tissue. Histopathological assessment revealed that the white matter and myelin of mouse

brain tissue derived f¡om control animals appeared normal throughout the brain for all 14

weeks of the study as shown in the photomicrograph (Fig. 384). With the Solochrome

cyanin stain, the cerebellar grey (marked g) matter regions stain pink, and white (marked

w) matter and myelin tracts stain purplish-blue. Tissue derived from cuprizone treated

animals (Fig. 388) demonstrated that following 7 weeks on the oligotoxin diet, early

signs of vacuolation (spots observed in the photomicrograph) indicative of inflammation
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A
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C

Fig. 38: Photomicrographs ofa section ofmouse cerebellum (stained with
Solochrome cyanin) from control (A), cuprizone treated (B) and */- cuprizone
treated (C) animals displaying grey matter (g), white matter (w) and regions of
demyelination (d) demonstrated by vacuolation.
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and myelin loss were observed in the white matter tracts. This observation is evidence of

demyelination (marked d) induced by cuprizone treatment. This level of vacuolation

remained constânt for the remainder of the 7 experimental weeks. Lastly, for +/-

cuprizone treated animals, by about 13 weeks (or 6 weeks following the retum to a

control diet), the myelin appeared normal with the occasional appearance of vacuoles as

evidence of previous demyelination (Fig. 38C). Despite apparent remyelination, the

thickness ofthe myelin tracts we(e not equivalent to those of control levels indicating that

although remyelination occurred, the thickness of the myelin. sheaths is still less than that

observed in control animals. Sin-rilar hndings were observed by Ludwin (1978) in

structural studies of myelin menbranes derived from +/- cuprizone treated animals.

Therefore, histopathological analysis of mouse brain tissue confirmed that cuprizone

induced demyelination occuned and that the changes noted in the mid- and near-infrared

spectra likely a¡ise from lipid loss due to demyelination, and lipid regeneration in

remyelination.

In these studies, we l ere successful in inducing demyelination in the cerebellum

of mice treated a diet containing cuprizone, and remyelination following a return to a

control diet. Evidence of such chahges in myelin content were shown in the mid-IR

spectra recorded from cerebellar tissue sections and also demonstrated upon

histopathological investigation of the cerebella¡ tissue. Using near-IR spectroscopy, we

observed that differences in adipose tissue content between control and cuprizone treated

animals were spectroscopically detectable non-invasively. However, the strong adipose

lipid absorptions masked the detection of any underlying lipid changes due to

demyeiination and remyelination (Choo et aI., 1995b). Sínce we were able to detect such
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changes in the absence of interfering scalp and skull absorptions, our studies indicate that

there is potential in developing near-IR spectroscopy as a non-invasive diagnostic tool.

Changes such as altering the design of the fibre optic probes (e.g. number of collecting

frbres and their anangement within the fibre bundle), improving the sensitivity of the

detector and increasing the intensity of the near-IR source, should facilitate greater depth

penetration of the near-IR radiation such that biochemical changes occurring deeper

within the brain tissue will be detectable spectroscopically.
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IX: SUMMARY OF THESIS RESEARCH

The studies ofthis thesis research have involved a novel biomedical application of

inÍiared spectroscopy. Contrary to popular beliel iR investigation of biological

nolecules need not be timited to simple systems involving isolated and/or synthetic

biomolecules. I have shown that using the wealth of knowledge gained from important

empirical IR studies of isolated biomolecules, \4'e can use infrared spectroscopy to obtain

a molecular characterization of complex tissue assemblies such as control and diseased

human central nervous system tissue. We have observed that cont(ol grey and control

white matter can be spectroscorically distinguished by marked differences in spectral

features arising fiom lipid biomolecules. Spectra of myelin-rich white matter are

dominated by absorptions from lipids whereas spectra of grey matter exhibit reduced lipid

contribution. Discriminating between control grey and control white matter is however, a

fairly simple process. The challenge of this research was to determine whether IR

spectroscopy ca¡ be used to distinguish between control and diseased CNS tissue.

We found that due to the microscopic nature of the changes in Alzheimer's

disease pathology, it was not possible to use the standard macroscopic approach for AD

tissue characterization. Instead, by using FTIR synchrotron microspectroscopy, we have

successfully measured spectra of Alzheimer's diseased CNS tissue with a spatial

resolution as high as 12 pm x 12 ¡rm, dimensions that come close to the size of single

cells. We were able to spectroscopically identifu and map regions of grey matter

containing extracellular amyloid deposit, and successfully demonstrated fhe presence of

amyloid angiopatþ in the AD b¡ain. In these studies, we found that amyloid protein in
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neuritic plaque exist in a P-sheet conformation involving intermolecular hydrogen

bonding. In addition, using multivariate classification methods to analyze our IR spectra,

we \ryere able to discriminate between grey and white matter of control and AD tissue

with success rates of greater thm 90%, and between control and AD tissue with 100%

success rate.

Our investigation of CNS tissue from multiple sclerosis patients revealed that the

pathological changes of MS were more readily detectable by IR spectroscopy' Compared

to spectra of control white matter, MS plaque spectra 
. 
exhibited decreased lipid

absorptions due to demyelination. Furthermore, \rye were able to discriminate between

active acute MS plaques from older chronic plaques based upon the underlying

biochemical processes occurring within the two tissue types. Acute plaque spectra

displayed spectral features demonstrating the presence of proteins breakdown products

and evidence of elevated levels of cholesteryl esters. On the other hand, we observed

spectral characteristics suggesting significant lipid losses and the accumulation of glial

frbrillary acid protein in chronic MS scar tissue.

In our spectroscopic investigations, we not only were able to disc¡iminate cont¡ol

tissue from diseased tissue, but also gained insights into the underlying biochemical

alterations occurring with disease processes. For example, we determined that the

strength ofthe intermolecular hydrogen bonding of p-amyloid protein is influenced by the

presence of surrounding proteins found in Íhe in-situ neuritic plaque. In addition, we

detected spectral evidence of the unusual presence ofcollagen in the spinal cord plaque of

one patient, possibly suggesting Schwann cell invasion into the CNS.
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Having demonstrated the strength of mid-lR spectroscopy for tissue

chancterizatíon ex-vlvo, near-infrared spectroscopy coupled with fibre optic probes was

used to investigate an animal model of demyelination and remyelination. Our studies

demonst¡ated That in-vivo (i.e. at the level of the intact mouse head) any underlying

demyelination in the brain was masked by strong absorptions from adipose lipid found in

the scalp. However, spectra acquired at the level of the brain in the absence of the scalp

and skull, exhibited changes suggestive of demyelination. These observations were

confirmed by mid-infrared spectroscopic analysis and histopathological evaluation of

mouse ce¡ebellar tissue. With the use of improved hbre optic and detector designs, and

tunable laser diodes of specific frequencies, we believe there is the potential of

developing near-infrared spectroscopy as an early non-invasive diagnostic method for

disease changes.

Therefore, as outlined in the initial research objectives in chapter I, my research

studies have provided evidence that many of the biochemical changes associated with

disease processes lead to detectable changes in the infrared spectra. As once said by

William Bragg (1890-1971), one of the forerunners of x-ray crystallography, "The

important thing in science is not so much as to obtain new facts as to discover new ways

of thinking about them." In this thesis research, I have presented a multidisciplinary

approach to tissue cha¡acterization and a new perspective of the IR investigation of

biological molecules. With a¡r understanding of the neuropathological and histological

signatures of diseased CNS tissue, we have used mid/nea¡-infrared spectroscopy to probe

for molecula¡ biochemical changes associated with diseased states. These studies are the
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dawning of a new era fo¡ the applications of IR spectroscopy, and more importantly, the

bridging of the wealth of knowledge in the various disciplines of neuropathology,

biochemistry and infrared spectroscopy.
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