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Abstract

Aggregation of the beta amyloid (ApB) protein into plaques is a pathological feature of
Alzheimer’s disease (AD). While amyloid aggregates have been extensively studied in vitro,
their structural aspects and associated chemistry in the brain are not fully understood. In this
report, we demonstrate using infrared spectroscopic imaging that AR plaques exhibit significant
heterogeneities in terms of their secondary structure and phospholipid content. We show that the
capabilities of discrete frequency infrared imaging (DFIR) are ideally suited for characterizing
amyloid deposits in brain tissues and employ DFIR to identify non-plaque beta sheet aggregates
distributed throughout brain tissues. We further demonstrate that phospholipid rich beta sheet
deposits exist outside of plaques in all diseased tissues, indicating their potential clinical
significance. This is the very first application of DFIR towards characterizing protein aggregates
in AD brain and provides a rapid, label-free approach that allows us to uncover beta-sheet
heterogeneities in the AD, which may be significant for targeted therapeutic strategies in future.
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Aggregation of the amyloid beta (Ap) protein into insoluble deposits or plaques is one
of main pathological features of Alzheimer’s disease (AD)1-2. However, the exact role
of AB plagues in AD pathogenesis and onset of dementia is unclear? 4. The aggregation
of different A isoforms in vitro has been studied at length both experimentally and
computationally, and it is well known that that mature A fibrils are extended parallel
beta sheets®—2, whereas Ap oligomers may have a different secondary structure10-14,
Furthermore, it is also known that all amyloid fibrils are also not equivalent: Ap fibrils
are polymorphic’- 1516 with variations in molecular structure associated with different
morphologies of fibrils which not only exhibit different levels of neurotoxicity®, but also
have been shown to be associated with different stages of AD’. Hence there is growing
evidence of chemical heterogeneities in AR deposits which may be linked to their role

in AD. However, detailed structural information about Ap assemblies in the human brain
are lacking, and it is unclear to what extent different conformations identified in vitro
persist in AR deposits in brain tissues and how their abundance correlates with AD. It is
currently not known if morphologically similar plaques have the same chemical composition
and environment for an individual patient or if there are variations between patients with
different levels of neurological symptoms. Systematic studies of chemical composition
of plaques, in human brain and their relationship with AD pathogenesis are yet to be
undertaken.

One of the main reasons behind this gap in knowledge is the lack of suitable techniques
capable of mapping the tissue chemistry. Fluorescence based approaches have been widely
used to identify AP aggregates with different secondary structures (diffuse and beta

sheet containing neuritic plaques)18-19, but they require additional stains. Furthermore,
immunohistochemical (IHC) staining using fluorophores often cannot be multiplexed to
more than 2-3 labels due to spectral overlap. Solid state Nuclear Magnetic Resonance
(ssNMR) is the technique of choice for structural characterization of amyloid fibrils®: 20-22,
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but cannot be extended to spatially resolved imaging in tissues. Chemical imaging
approaches based on mass spectrometry have been applied to this task?3-24, but it is difficult
to obtain quantitative assessment of secondary structures. Infrared (IR) spectroscopy is one
of the most widely used spectroscopic techniques for investigating amyloid structure2-27,
and its capabilities can be harnessed to characterize the chemistry of plaques by augmenting
it with optical imaging.

IR spectroscopic imaging is a promising technology that utilizes the inherent chemistry of
the tissue for chemical contrast, wherein absorption of infrared light by vibrational modes
of molecular constituents at characteristic wavelengths provides the contrast mechanism,
thus offering a label-free chemical map of the tissue chemistry28-34, Each pixel contains

an infrared absorption spectrum, which in turn provides a chemical fingerprint relatable to
tissue constituents. In fact, Fourier Transform Infrared (FTIR) based imaging approaches
have been applied to investigating AB plaques3>-39. However, though IR imaging offers

the desired contrast to explore the structural and chemical variations in amyloid aggregates
ex-vivo, tabletop FTIR microscopes are not suitable for rapid scanning of large tissue
specimens?®-41 which has limited applications on FTIR imaging to mostly proof-of-concept
measurements and sample sizes of low statistical significance. In fact, the FTIR studies of
Alzheimer’s tissues have been essentially guided by histology and have focused only on
plaques that can be identified through IHC and not the chemistry of the entire tissue. Raman
microspectroscopy is another tool often employed for mapping tissue chemistry#2-44;
however, it suffers from similar limitations as FTIR imaging.

Recent technological developments in IR imaging, particularly using high power laser
illumination sources have significantly expanded the capabilities of infrared spectroscopic
imaging“%: 45, In this report, we demonstrate, for the very first time, the capabilities of
discrete frequency IR imaging (DFIR) using tunable quantum cascade laser (QCL) sources
at discerning chemical variations in Ap plaques in human Alzheimer’s disease tissues. Our
approach allows for tuning the laser to a few specific frequencies of interest; thus, the
limitations of conventional FTIR imaging can be circumvented and chemical maps of entire
tissue sections can be rapidly characterized. It should be noted that QCL sources are largely
limited to the fingerprint spectral region (~1000-1800cm™1), which in turn significantly
reduces the spectral information accessible to DFIR. Hence meaningful applications of
DFIR are essentially in systems where chemical information of interest can be obtained from
the fingerprint region, such as tissues. In fact, the utility of the DFIR towards biomedical
tissue imaging and characterizing polymers and functional materials like metal organic
frameworks has been unequivocally demonstrated®: 4549, In this report, we leverage the
capabilities of DFIR to show that there are significant heterogeneities in the chemistry of Ap
aggregates, in plaques and non-plaque deposits. Our results indicate that besides plaques,
the tissue contains additional beta sheet aggregates, which can have potential clinical
implications. We also demonstrate the potential of DFIR imaging towards rapid, label-free
mapping of all beta sheet aggregates and additional chemical variabilities in Alzheimer’s
tissues.

We first evaluated the capability of our instrumentation at identifying beta sheet aggregates
by investigating a single formalin fixed paraffin embedded (FFPE) tissue specimen from
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precentral gyrus of a 73-year old Alzheimer’s patient (Biochain Institute, CA, USA). The
presence and spatial locations of AP plaques in tissues was verified using IHC staining of
adjacent sections with the MOAB-2 antibody®0. MOAB is a pan-amyloid antibody that binds
to multiple conformations of two major isoforms of A, namely Ap 1-40 and Ap 1-42,
including unaggregated protein, oligomeric assemblies and fibrillar aggregates®%-51. This
allows for identification of both dense-core plaques, which are typically beta-sheet rich, and
also amorphous diffuse plaques, which are typically depleted in beta-sheet structures. Figure
1A shows the IHC stained image of a typical Ap plaque.

The backbone amide | vibrations in proteins, which absorb between ~1600-1700 cm™,

are sensitive to secondary structure, and localized spectra measured at different locations
within a plaque (Figure 1B) exhibit clear differences in this region compared to spectra
from non-plaque spatial locations (locations that do not exhibit IHC stained plaques). The
beta sheet signature is evident in the spectra as a shoulder at ~1630cm™1. The abundance

of beta sheets in stained plaques can be better visualized by inspecting the intensity of this
shoulder relative to the amide | peak, which occurs at ~1660cm™1. We have used the ratio of
the intensity at 1628 cm™1 to the amide | peak as the metric to map beta sheet aggregates.
Similar ratios have been previously been used for mapping beta sheets in Alzheimer’s brain
tissue sections3>: 3738, \We have also verified the fidelity of this metric, as described later.

In this work, we have categorized the plaques, as identified through IHC staining, into three
categories: cored, non-cored and diffuse. The cored AP plaques are expected to have fibrillar
beta-sheet aggregates at the corel: 38:52 which is the dense central area of the plaque. Non-
cored, compact plaques are also expected to contain beta sheets, as has been demonstrated
before38. Diffuse plaques, on the other hand, contain amorphous deposits of the AB protein,
and therefore are not expected to exhibit beta sheet signatures? 38 52, The IHC stained
images and corresponding IR ratio images (11¢28/(I1628 + I1660)) Of representative dense-

core, non-cored, and diffuse plagues are shown in Figure 2A-L. Additional representative
plaques from the tissue specimens from different brain locations (postcentral gyrus and
occipital lobe) are shown in Figure S1 and S2, respectively. Spectral variation across the
core of a plaque is shown in Figure S3. Full tissue IR absorbance images at 1628 and 1660
cm~1 are shown in Figures S4-S5.

The difference between the normalized average spectra of the plaques is shown in Figure
2M-0. The plague shown in Figure 2A is a classic cored Ap plaque, and we observe beta
sheet signatures corresponding to the core (Figure 2B) as expected. However, the plaque
shown in Figures 2C-D is also a cored plaque, but it does not contain significant beta sheet
features at the core. Normalized average spectra of the plaques was calculated by averaging
all pixels inside the plaque based on the stained image and normalizing these averaged
spectra to the spectral intensity at 1660 cm™L. The difference of the mean spectra of the
plaques (Figure 2M) exhibits an intense peak located at 1636 cm™1, typical of beta sheets.
Absorption bands at ~1636cm™1 have been attributed in literature to intramolecular beta
sheets, whereas amyloid fibrils are primarily constituted of intermolecular beta sheets, which
are expected to absorb at lower wavenumbers. However, beta sheet absorption frequencies
are variable, and can shift significantly depending on exact molecular structure®3-55,
Furthermore, the values in literature are typically from condensed phase measurements with
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protein aggregates suspended in solution. Our measurements are in dehydrated, fixed tissues
and do not contain any solvent, and that can further shift the vibrational frequencies, as it is

well known that amide vibrational frequencies are sensitive to the solvent environment®6-58,
Therefore, our observations do not preclude the presence of intermolecular beta sheets.

The observation of no prominent beta sheet signature in the cored plaque in Figure 2C-D
contrasts with the conventional idea that classic A plaques contain a beta sheet core. We
also observe beta sheet deposits outside the plague boundary, indicated with black arrows,
which we discuss in more detail later in the manuscript. The plaques shown in Figure

2E-H are examples of non-cored, compact plaques. Again, we observe that one of them
contains beta sheets (Figure 2E and F), while the other does not (Figure 2G and H). This

is also evidenced by the difference spectrum shown in Figure 2N. The same conclusion can
be reached about diffuse plaques, shown in Figure 2I-L and Figure 20. Non-plaque beta
deposits (that is, outside the boundary of the plaque) are also observed near non-cored and
diffuse plaques, which are indicated with black arrows and discussed later in the manuscript.
These observations suggest that there can be variations in beta sheet content of A plaques
that is inconsistent with the expectation from their morphology. This has not been reported
previously. Rak and coworkers have previously demonstrated that diffuse plaques do not
exhibit any significant beta sheet signatures in mouse brain specimens3°. More recent work
by Réhr et. al.38 has identified variations in secondary structure in different plague types in
human brain, but they did not observe a significant lack of beta sheet structure from neuritic
plaque cores, or significant presence of beta sheets in diffuse plaques. Our results indicate
that there can be more pronounced variations in plaque chemistry than previously reported.
To ensure that this is not unique just to the plaques shown in Figure 2, a total of 227 plaques
from three different brain locations (precentral gyrus, postcentral gyrus, occipital lobe) were
investigated to verify the validity of the above observation. Quantitatively assigning plaques
as either beta-sheet containing or beta-sheet depleted categories is somewhat challenging,
because there exists no defined threshold intensity that demarcates normal and beta sheet
rich spectra. One possible approach towards determining this baseline is to use spectra from
non-plaque regions; however, as we discuss later, the tissues exhibit presence of small beta
sheet deposits even in unstained spatial locations. Therefore, we determined the threshold
by first calculating the histograms of the ratio images and consequently calculating their
second derivatives®®-60, The threshold point was selected to be the value corresponding to
the second maxima of the second derivative of the histogram. The threshold ratio value

thus determined was 0.25. The mean spectrum of all the pixels within the plaque boundary,
as identified from IHC stained images, was then calculated, and the ratio value for the

mean spectrum was determined. If the ratio value was above the threshold, the plaque

was assigned to the beta-sheet containing group; otherwise, it was classified as beta-sheet
depleted. Using this approach, we assigned plaques of each morphological subtypes (cored,
non-cored and diffuse) to one of the above groups. The percent distributions of beta-sheet
containing and depleted plaques for each morphological category is shown in Figure 2P.

It can be seen that a significant fraction of cored and non-cored plaques lack beta sheets,
whereas diffuse plaques often contain beta sheets, as determined from their average spectra.
Representative IHC and IR images of other plaques exhibiting the above trend are shown

in the Supplementary Information. A representative histogram, its second derivative, and
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spectra that have ratio values above and below the threshold are shown in Figure S6. The
spectral noise (reflected in the 100% line in the hyperspectral images) is also shown in
Figure S6 to indicate that the variations between beta sheet containing and depleted spectra
are significantly higher than the noise level. It is important to note in this context that
morphological characterization of A plaques is complex, and depending on complementary
approaches, such as silver staining, other subtypes of plagues than categories mentioned
above (cored, non-cored and diffuse) can be determined®2. We also recognize that the choice
of thresholding parameters can also influence the relative categorization of plaques. Based
on the above results, it can nonetheless be concluded that morphologically similar plaques
are not necessarily equivalent and can have secondary structure differences in terms of the
average abundance of beta sheet deposits. This is a novel result and to the best of our
knowledge, has never been identified previously. It has been conclusively demonstrated

that AB can assume different secondary structures at different stages of aggregation and

is not necessarily limited to fibrillar beta-sheetsl4: 16-17, 21, 35,38, 61 gjnce the plaques

do stain positive in IHC, but often lack beta sheet signatures in IR, we can conclude

that cored and non-cored plaques can contain amorphous A protein, which underscores

the need to chemically characterize plaques in addition to morphological staining. Ap
plaques have been investigated with spectroscopic imaging techniques, such as FTIR and
Raman microspectroscopies, but primarily in animal specimens; these approaches have been
extended to human specimens only very recently, so the possibilities of peculiarities of AD
pathology specific to human tissues cannot be ruled out. Lochocki et. al. have shown that
there is no obvious Raman spectral signature that can be attributed to A plaques*2, which
indicates that for specific specimens, the secondary structure variations in plaques can be
even more pronounced. We note that there can also be heterogeneities of interest within
single plaques, which are not accounted for by our approach described above. This work
focuses of identifying the differences between different plaques; intra-plaque variations in
chemistry will be addressed in future work.

The difference spectra shown in Figure 2M-O point to additional chemical variations
between plaques. The spectra contain additional peaks at ~1350 cm~! and at ~1080 cm™1.
The first peak is challenging to assign; amide 111 vibrations, along with carboxylic acid
vibrations typically absorb in this spectral range; additionally, the dependence of amide

I11 modes on secondary structure is not well understood®*. Hence, we focused on the

second peak, which can be unequivocally attributed to phosphate groups, and its presence

in the difference spectrum indicates variation in phosphate distribution between plaques.

It is well known that Neurofibrillary tangles (NFTs), also a pathological feature of AD,
involve aggregates of hyperphosphorylated tau? 52. It has also been demonstrated that
aggregated AP may trigger the hyperphosphorylation of tau, and it is believed that A

and phosphorylated tau coexist in neurons in AD brain. To investigate the distribution of
phosphate species and their association with beta sheets, we compared spatial of maps of the
phosphate band at 1080 cm™ to beta sheet distributions. Phosphate intensities normalized to
the amide | peak (11080/(11080 + T1660)) fOr the cored plaques in Figure 2A-D are shown in

Figure 3. The corresponding beta sheet ratio intensities, (11628/(I1628 + T1660)), from Figure

2 are also shown for comparison. For each image, the mean value is subtracted from all the
pixels for clarity and enhanced contrast®2. The full tissue images for both phosphate and
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beta sheet ratios are presented in the Supporting Information (Figures S7 and S8). The IR
absorbance images at 1080 cm™1 are shown in Figure S9. The IHC stained cored plaque

in Figure 2A shows increased phosphate concentration in the plaque, as shown in Figure
3A, whereas the cored plaque Figure in 2C, which does not present a distinct beta sheet
core, also contains significantly less phosphate in the plaque region (Figure 3B). It is known
that AP associates with phospholipids, which could contribute to the enhanced phosphate
signal in plaques®3-7. Rak and coworkers have demonstrated presence of phospholipids
along the periphery of neuritic plaques3®. Surowka et.al. have also identified increased
phosphate signals in Ap plaque cores with FTIR microscopy, which they attributed to

likely increased abundance of phospholipids3”. Therefore, we can tentatively attribute these
signals to phospholipids. However, it is important to note that all of the previous reports
that have identified phospholipids in tissues have used frozen specimens. The formalin
fixed paraffin embedded (FFPE) specimens studied in this work were washed with hexane
for deparaffinizing, which is also expected to remove lipids. Hughes and coworkers have
suggested that not all lipids are removed during deparaffinization®8; more recently Lochocki
et. al. have mapped lipid distributions in FFPE brain sections with Raman microscopy*2.
Therefore, this suggests the phospholipids observed herein are structurally integrated into
the plaque beta sheets. Phospholipid mediated aggregation pathways63-6° for A are known,
and observation of structurally integrated phospholipids in plague cores would support this
hypothesis. Essentially, if aggregation of Ap is mediated by phospholipids, then we can
expect to observe colocalization and strong correlation between phosphate and beta sheet
intensities.

To understand the accumulation of phosphorylated species and its correlation to beta sheets
in plaques, we investigated the 227 plaques from the three tissue specimens. The threshold
value, as described earlier, was used to determine if the spectrum of a particular pixel
within plaque boundaries contained beta sheets. The average of such beta sheet containing
spectra was then calculated, and the phosphate and beta sheet ratios of the mean spectrum
were evaluated. The correlation of the phosphate and beta sheet intensities, as described
above, are shown in Figure 3E. Interestingly, we do not find significant positive correlation
between beta sheets and phosphate band intensities in plaques. This implies that there

can be phosphate rich pixels that do not contain beta sheets, and vice versa, suggesting

that prevalence of phosphate moieties in plaques is not always related to beta sheet
structures, and hence can have varied origins. Recent studies have identified the existence
of phosphorylated Ap in AD plaques®9-70 and phosphorylation is believed to be possible
trigger for aggregation and consequent neurotoxicity of AB. Therefore, we acknowledge
that the phosphate species associated with the plaque core can also arise in part from
hyperphosphorylated AB, which can exist in non-beta sheet secondary structures. We also
note that the plaques were not separated into morphological subtypes for this analysis

and exploring phosphate abundances in specific subtypes of plagues may reveal more
meaningful correlations. We aim to address this in future work. Nevertheless, taken together,
these results are indicative of significant chemical heterogeneity in AB plagues not only in
terms protein secondary structure but also with respect to phosphate and/or phospholipid
content. Understanding the chemical variabilities between different aggregates will not only
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advance our knowledge of the molecular chemistry of AD but also potentially unlock the
development of targeted therapeutics for specific plaques.

These results underscore the need for expanding spectroscopic chemical imaging to
investigating larger sample sizes, which will reveal a comprehensive picture of beta sheet
chemistry of plaques and its heterogeneity. Furthermore, tissue locations outside of plaques
can also offer relevant chemical insights. Specifically, we observe that non-plaque regions
of the tissue specimens can also exhibit presence of small beta sheet aggregates, as seen

in Figure 2 (indicated with arrows) and also in Figure 3. It is important to determine if
these beta sheet aggregates are unique to plaque microenvironments or are more abundant
throughout tissues to assess their role and relevance to AD. This necessitates hyperspectral
scans of whole tissues, which entails significantly increased measurement times that can be
challenging for common benchtop FTIR microscopes, as has been demonstrated by Yeh et.
al*0, Using tunable quantum cascade lasers as illumination sources in infrared microscopes
allows for acquiring images at specific discrete frequencies of interest. As a result, the

ratio depicted in Figures 2 and 3 can be generated by simply acquiring two images.
However, the spectral space can be effectively reduced only when the same information
can be obtained from specific frequencies. This can be difficult for understanding protein
secondary structures, as amide | vibrations are convolutions of multiple bands from different
protein secondary structures28: 54, and simple intensity ratios may not always reflect the
beta sheet populations accurately. In fact, spectral deconvolution through curve fitting or
calculating second derivative spectra is often employed for studying secondary structures
with infrared spectroscopy®*. Hence, the primary task for transitioning to discrete frequency
measurements is identifying discrete frequency-based metrics that can predict beta sheet
populations with reasonable accuracy. Therefore, to evaluate if the beta sheet IR ratio,
(I1628/ (11628 + T1660)), IS truly representative of the actual beta sheet content, the spectral

region from 1600-1700 cm~1 was fitted to 3 peaks for all pixels of the three tissue
specimens, totaling over 15 million spectra. Although the amide | band is typically fitted

to 4 or more peaks3’: 54, we observed that the mean second derivative spectrum of the

tissue specimens exhibited 3 underlying peak signatures (Figure S10). Furthermore, a 3-peak
fitting model adequately identifies the beta sheet population and fitting with additional peaks
does not offer any significant improvement. The peak fitted beta sheet ratio and spectral
intensity beta sheet ratio for representative regions of diseased precentral gyrus, postcentral
gyrus, and occipital lobe are presented in Figure 4A-F. A representative fit spectrum is
shown in Figure 4G and fitting parameters are shown in Table S1. The beta sheet containing
pixels correspond extremely well between the fitted and spectral intensity data for all tissues,
confirming that that the spectral intensity ratio is representative of beta sheet content. This

is a significant result, as it indicates that the results from acquiring an entire spectrum and
consequent deconvolution can be accurately approximated by measuring the IR intensity at
two frequencies. This enables us to use discrete frequency measurements to map beta sheet
aggregates over entire tissue specimens, which reduces the measurement time and data size
by orders of magnitude, and reveals overlooked facets of tissue chemistry, as shown below.

The small non-plaque beta sheet deposits observed in Figures 2 and 3 were identified in
all tissue samples in the ratio images and can be clearly seen in Figure 4. These deposits
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were not found to be confined to plaque microenvironments specifically and are distributed
throughout the tissues. The full tissue images are shown in the Supporting Information
(Figure S7). To evaluate the relative abundance of these deposits in diseased and normal
tissues, the average percentage of beta sheet rich pixels were calculated for three 1 mm?
areas that exclude stained Ap deposits for each specimen (Figure 4H). The diseased
precentral gyrus and occipital lobe specimens contain a greater number of these small,
non-plaque, beta sheets than the corresponding normal controls. The normal postcentral
gyrus appears to have more abundance of these beta sheet deposits as the diseased tissue.
This may be due to natural variations per person and per tissue sample.

Some of these small beta sheet deposits correspond well to nuclei in in the IHC images,

and hence can be attributed to glial cells. The role of peripheral cells in AD pathology is
debated and more work is necessary to understand the implications of beta sheet aggregates
in glial cells’1. Another possible explanation of these beta sheet deposits is tau aggregates.
However, the majority of these deposits lack the characteristic morphology of tau aggregate
rich neurofibrillary tangles (NFTs)2 52; moreover, tau aggregates are intracellular, and

not all these deposits correspond to cellular or neuronal locations. This points to the
possibility that these aggregates could be A that are not stained by IHC, or deposits of
other proteins that misfold into plaques in AD. MOAB-2 is a pan-amyloid antibody that
recognizes unaggregated, oligomeric, and fibrillar forms of synthetic AB42 and Ap40°0-51,
Therefore, these deposits can arise from other isoforms of Ap which would stain negative
with MOAB-2. The presence of these non-plaque, unstained, beta sheet deposits in human
AD brain tissue has not been reported in previous vibrational microscopy studies. A possible
reason for this is that FTIR and Raman microspectroscopy based techniques have focused
mostly on stained plaques and not always mapped entire tissue samples, which arises from
the limitations of their experimental implementations. While the precise origins and clinical
implications of the non-plaque beta sheet aggregates are unclear, the picture that emerges
from these results point towards significant heterogeneity in the origin of beta sheets in AD
brain, which underscores the necessity to understand protein secondary structures in ex-vivo
brain specimens to further our understanding of AD pathology.

One key advantage of DFIR is spectral multiplexing: signatures for additional chemical
markers can be readily incorporated by acquiring images at their specific wavenumbers.
Hence the association of these non-plaque aggregates can be investigated by simply
acquiring an image at the phosphate absorption wavenumber. Similar to plaques, the
non-plaque beta sheet aggregates also do not show any significant colocalization with
phosphates, with some notable exceptions. Phosphate rich regions were found in each
diseased tissue all of which also exhibit beta sheet signal (Figure 5). Full tissue RGB overlay
images are shown in the Supporting Information (Figures S7-S8). None of the deposits
are AP positive in the IHC images (Figure S11), and their spatial distributions are not
consistent with known plagque and NFT morphologies. These aggregates are present only
in diseased tissue and do not appear in the normal control specimens, which points to
their potential clinical significance. These deposits are not obviously assignable to any of
the lesions typically associate with Alzheimer’s disease, and to the best of our knowledge
have not been reported before. There is increasing evidence that lipids play a key role in
AD; upregulation of brain lipid metabolism is related to AD progression6-67. Changes
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in phospholipid distributions in AD mouse models and the correlations with plaques have
been identified with mass spectrometry’2-74. However, none have identified integration of
lipids and beta sheet aggregates. This is the first study to show the colocalization between
beta sheets and phospholipids in non-plaque aggregates. Further work with larger sample
sizes is necessary to precisely investigate the clinical implications of these aggregates and
whether the aggregation follows a phospholipid mediated pathway, which we aim to address
in future. Nonetheless these results point to understanding lipid-protein interactions as a
potentially significant mechanism in AD pathogenesis.

We propose discrete frequency IR as a viable approach to interrogate protein structures

and their phospholipid associations in AD brain tissues. To unequivocally demonstrate the
applicability and advantages of this approach, we have imaged a ~16x24 mm? normal brain
tissue section from the frontal lobe, shown in Figure 6. To map phosphate and beta sheet
distributions, we acquired three images at 1080 cm~2, 1628 cm™1 and 1660 cm™L. The total
image acquisition time is approximately 120 minutes at ~40 minutes per wavenumber. In
contrast, a tissue of this spatial dimension would take more than a few days even with

the most advanced implementations of FTIR microscopes and would result in file sizes of
~150GB and above. In contrast, the exact same information in furnished by our discrete
frequency approach in merely a fraction of the time and data size.

In summary, we have demonstrated that there exist significant heterogeneities in beta sheet
aggregates in AD brain tissues. Morphologically similar Ap plaques can have significant
variations in beta sheet content and in colocalized phosphate signals. Numerous small

beta sheet deposits are also observed distributed throughout the tissues which do not stain
positive in the IHC images and appear to be more abundant in diseased specimens. Some
of these aggregates strongly colocalize with phosphate moieties and are only observed

in diseased tissues. The precise origins and clinical implications of these aggregates, and
the chemical heterogeneity thereof, is not clear and warrants further investigation. We
demonstrate that discrete frequency infrared imaging is ideally suited for this challenge,
providing rapid mapping of beta sheet aggregates over large tissue domains. Due to the
timescale and data quantities required for conventional vibrational microscopies, studies
are generally guided by histological staining and only stained areas are imaged and/or
analyzed. Spectroscopic mapping guided solely by histological staining can overlook
important facets of tissue chemistry, as evidenced by the results reported here. The key
advantage of DFIR over conventional FTIR microspectroscopy is that only the wavenumbers
of interest need to be acquired, reducing both the time and data size. While we have
chosen to investigate phosphate associations with beta sheets in this report, DFIR can

be easily extended to explore other chemical signatures of interest. Stimulated Raman
scattering (SRS) based discrete frequency approaches have already seen application in
characterizing A aggregates in AD tissue’®, and we believe that the approaches described
herein will be ideal complements to SRS. The ability to rapidly map out chemistry beyond
histologically stained plaques to entire tissue sections has the potential to advance our
fundamental knowledge of the molecular pathology of Alzheimer’s disease and can be key
to development of future therapeutic strategies.
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Experimental Methods

Formalin fixed paraffin embedded (FFPE) human precentral gyrus, postcentral gyrus, and
occipital lobe diseased and normal tissues were purchased from Biochain Institute. The
frontal lobe tissue specimen was purchased from Advanced Tissue Services, Tucson. The
postmortem tissue specimens studied in this report were deidentified and were determined to
be not human subjects research by the Office of Research Compliance at the University

of Alabama. These tissues were deparaffinized in hexane for 24 hours before storage

under mild vacuum. For IHC, sections adjacent to those used for infrared measurements
were stained with the anti-amyloid MOAB-2 antibody (Sigma Aldrich) at the University

of Alabama Birmingham pathology core research lab. IR images were acquired using a
homebuilt confocal IR microscope. The microscope design is based upon work published by
Bhargava and coworkers#0-41. 45 The microscope uses a Quantum Cascade Laser (Block
Engineering), tunable from 1000-1800 cm™1, as the illumination source, a TE cooled
mercury cadmium telluride (MCT) detector (Boston Electronics) and is equipped with a
0.74NA objective. Hyperspectral IR images were acquired for the spectral range 1000-1752
cm™L, at 4 cm™1 spectral resolution and a pixel size of 2 microns. All measurements

were made in transflection mode on infrared reflective low-emissivity slides (Kevley
Technologies). The discrete frequency images were aligned using the image processing
toolbox in MATLAB prior to generating hyperspectral image stacks and ratioing to mitigate
any artifacts from stage drifts and inaccuracies during scanning. Optical images of stained
tissues were acquired at 40x magnification using a Nanozoomer slide scanner at the Carl R.
Woese Institute for Genomic Biology (IGB), University of Illinois, Urbana-Champaign. All
the fitting procedures, image registration and analysis were carried out using the MATLAB
software.
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Figurel.
Representative IHC stained plaque from diseased precentral gyrus tissue (A) and spectra (B)

from outside the plaque area (black) and inside the plaque area (red, green, blue). The spatial
locations of the spectra are indicated with stars (color matched to spectra).
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Figure2.

Diseased precentral gyrus IHC images (A, C, E, G, I, K) and beta sheet ratio IR images
(yellow indicates increased beta sheet character) (B, D, F, H, J, L) of cored neuritic plaques
(A-D), non-cored plaques (E-H), and diffuse plaques (I-L) with beta sheet (A, B, E, F,

1, J) and without significant beta sheet (C, D, G, H, K, L) content and mean normalized
plaque IR difference spectra for cored neuritic plagues (M), non-cored plaques (N), and
diffuse plagues (O). The scalebars are equal to 50 microns. The dashed circles indicate the
plague boundaries as identified from the IHC stained images. The arrows indicate beta sheet
deposits outside of plaques, discussed later in the manuscript. The percentage of each of
plaque subtype (cored, non-cored and diffuse) classified as beta sheet containing (red bars)
or beta sheet depleted (blue bars) is shown in Figure 2P.
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Figure 3.
Beta sheet (A, C) and phosphate (B, D) ratio images of precentral gyrus IHC stained cored

plaques from Figure 2. The scalebars are equal to 50 microns. (E) Scatter plot of phosphate
vs beta sheet intensities from plaque spectra from all three tissue specimens (precentral
gyrus, postcentral gyrus, and occipital lobe).
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ratio (D, E, F) for diseased precentral gyrus (A, D), postcentral gyrus (B, E), and occipital
lobe (C, F). Scale bar: 200 microns. A representative spectral fit is shown in (G). The red
line corresponds to the fit; the black circles correspond to measured spectrum. The average
percentage of beta sheet rich pixels per square mm in the diseased (red) and normal (blue)

tissues is shown in (H).
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Figure5.
Beta sheet (A, C, E) and phosphate (B, D, F) ratio images of non-plaque areas showing high

phosphate concentration for diseased precentral gyrus (A-B), postcentral gyrus (C-D), and
occipital lobe (E-F). Scale bar: 200 microns. Representative spectra from these deposits are
shown in (G). For each image, the corresponding mean value was subtracted for clarity.
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Phosphate

Figure 6.
Beta sheet (A) and phosphate (B) ratio images of a normal brain tissue section (frontal lobe).

For each image, the corresponding mean value has been subtracted for clarity. Absorptions
at only three wavenumbers need to be recorded (~40 minutes per map) to generate the
above images. This makes the DFIR approach significantly faster than conventional FTIR
microscopy and enables investigation of large tissue sections.
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