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ABSTRACT

The critical questions into the cause of neural degeneration, in Alzheimer disease and other neurodegenera-
tive disorders, are closely related to the question of why certain neurons survive. Answers require detailed
understanding of biochemical changes in single cells. Fourier transform infrared microspectroscopy is an ex-
cellent tool for biomolecular imaging in situ, but resolution is limited. The mid-infrared beamline IRENI (In-
fraRed ENvironmental Imaging) at the Synchrotron Radiation Center, University of Wisconsin-Madison,
enables label-free subcellular imaging and biochemical analysis of neurons with an increase of two orders
of magnitude in pixel spacing over current systems. With IRENI's capabilities, it is now possible to study
changes in individual neurons in situ, and to characterize their surroundings, using only the biochemical sig-
natures of naturally-occurring components in unstained, unfixed tissue. We present examples of analyses of
brain from two transgenic mouse models of Alzheimer disease (TgCRND8 and 3xTg) that exhibit different
features of pathogenesis. Data processing on spectral features for nuclei reveals individual hippocampal neu-
rons, and neurons located in the proximity of amyloid plaque in TgCRND8 mouse. Elevated lipids are detected
surrounding and, for the first time, within the dense core of amyloid plaques, offering support for inflamma-
tory and aggregation roles. Analysis of saturated and unsaturated fatty acid ester content in retina allows
characterization of neuronal layers. IRENI images also reveal spatially-resolved data with unprecedented
clarity and distinct spectral variation, from sub-regions including photoreceptors, neuronal cell bodies and
synapses in sections of mouse retina. Biochemical composition of retinal layers can be used to study changes
related to disease processes and dietary modification.

© 2011 Elsevier Inc. All rights reserved.

Introduction

The ability to visualize neurons in central nervous system (CNS) tis-
sue is a fundamental requirement in neuroscience. Traditional post-
mortem tissue analyses include a multitude of histochemical and immu-
nochemical stains, designed to reveal specific molecules, aggregates or
cells. Though well-developed and powerful, staining techniques for de-
tection of specific chemical components are mostly non-quantitative,
often only relatively specific, and somewhat unpredictable. The

Abbreviations: Ap, amyloid beta; AD, Alzheimer disease; APP, amyloid protein pre-
cursor; CA, cornu ammonis; CH,, methylene group; CNS, central nervous system; DG,
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form infrared spectroscopy; IRENI, InfraRed ENvironmental Imaging; PUFA, polyunsat-
urated fatty acids; satFA, saturated fatty acids; SRC, Synchrotron Radiation Center.
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chemistry of binding in some cases is understood well, but in others, re-
mains unknown. The use of fluorescent dyes may be problematic: they
can be cytotoxic for in vivo imaging, and may interact with critical cellu-
lar components, or interfere with drug action.

Many new physical imaging methods are being developed to visual-
ize single cells, from two-color in vivo imaging with fluorescent proteins,
e.g.: imaging photoreceptors with “Tomato/GFP-FLP/FRT” (Gambis et al.,
2011), through non-destructive three-dimensional X-ray imaging with
computed microtomography (Schulz et al,, 2010) or SAXS-CT (Jensen
et al., 2011), to third-harmonic generation (THG) microscopy for label-
free brain imaging in vivo (Witte et al,, 2011). Advances in Magnetic
Resonance Imaging (MRI) are leading to smaller voxels, and the instru-
mentation is in widespread clinical practice. Each method is directed to-
wards specific goals and, while results are impressive, all methods have
both strengths and limitations. Genetic incorporation of fluorescent pro-
teins labels only proteins. Spatially resolved SAXS or SAXS-CT enables
the identification of nanometer-size features with periodicity that can
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be attributed to the lamellar structure of myelin sheaths (Jensen et al.,
2011). Detection of Purkinje cells in the cerebellum, by means of
grating-based X-ray microtomography with phase contrast and without
staining, has been reported (Schulz et al., 2010); however, just as with
the SAXS-CT, the 3D image contains morphological but not direct spec-
trochemical information. THG spatial resolution is comparable to aver-
age neuronal cell size and the biochemical information obtained with
THG imaging is limited. MRI voxels are much larger than individual neu-
rons. A combined approach of multi-modal imaging, wherein many of
these different, complementary techniques are employed, is proving to
be the most successful means of advancing our knowledge.

Fourier transform infrared (FTIR) microspectroscopy provides label-
free, molecular-specific images that show the distribution of myriad
components in tissue sections (Seshadri et al., 1999; Chalmers and
Griffiths, 2002); hence it represents a powerful, complementary
technique to standard and novel tissue analyses. A key aspect is that
characteristic infrared absorption peaks from all tissue components
(e.g.: proteins, lipids, carbohydrates, and nucleic acids) are detected si-
multaneously at each pixel, in situ, without staining. Relevant factors for
successful spectral analysis include physical size, tissue heterogeneity,
degree to which macromolecules differ from each other (chemical com-
position, molecular conformation) and presence of spectrally resolv-
able, distinguishing marker peaks. While FTIR is an increasingly
valuable tool for surveying tissue, the capability to analyze tissue sec-
tions at the subcellular level is requisite to advance this field.

The quality of FTIR images depends on the quality of the sample
and on the spatial resolution of the instrument. In an ideal far-field
system, the best achievable spatial resolution is fundamentally deter-
mined by diffraction and is thus wavelength-dependent. The spatial
resolution of dual-aperture/confocal-type IR microscopes equipped
with a single element detector is determined by the aperture size
(Carr, 2001). Standard IR instruments employ a thermal light source
that cannot be collimated efficiently, incurring large photon loss at
the detector. To increase spatial resolution, aperture size is decreased,
leading to deteriorating signal-to-noise that must be compensated by
significantly longer acquisition times. The much higher brightness of
a synchrotron source allows apertures down to ~5x5 um?, while
keeping acquisition times reasonable. In the best case, aperture size
(spatial resolution) is limited to ~15x 15 um? for thermal source in-
struments and ~3x 3 um?, at the shorter wavelengths, for conven-
tional synchrotron-based systems (Dumas et al., 2007).

Apertureless, wide-field imaging systems equipped with a focal
plane array (FPA), a multi-element detector with up to 128 x 128
pixels in a single tile, are becoming common (Huffman et al., 2002).
Larger images are constructed as seamless mosaics of individual
tiles. In comparison to our early work with synchrotron confocal, sin-
gle pixel microscopy, we can now obtain data of comparable quality
from a thermal source, ~100 times faster, with our Varian 670 FTIR
and 620 microscope equipped with a 64 x 64 pixel FPA (U. Manitoba).
Despite the gains in speed and simplicity, spatial resolution is no bet-
ter. In this case, the magnification is 7.5%, and the effective geometric
pixel size is 5.5x 5.5 um?. The image is spatially under-sampled be-
cause the effective sample pixels are too large to yield diffraction-
limited images for smaller wavelengths, and are increasingly blurred
due to diffraction of light across multiple pixels at longer wavelengths
(Nasse et al., 2011; Miller and Smith, 2005). This problem is now re-
solved with the synchrotron-source FTIR-FPA system IRENL

The mid-infrared beamline IRENI, at the Synchrotron Radiation
Center (SRC), University of Wisconsin at Madison, is the first
synchrotron-based wide-field IR imaging system, uniquely combining
12 synchrotron beams to homogenously illuminate a large area of the
sample (Nasse et al., 2007, 2011). Here, a 74x objective is used to
image the transmitted light onto a 128 x 128 FPA; more homoge-
neous S/N can be obtained over the imaging area by selecting a smal-
ler tile size. Biochemical images are obtained with an effective pixel
size of 0.54 x 0.54 um?, the highest far-field spatial sampling currently

achievable. Oversampling enables the highest spatial resolution at all
wavelengths in the mid-IR bandwidth, as demonstrated with a cali-
brated standard Air Force Target. The images are diffraction-limited
even at the shortest mid-IR wavelengths (2.5 um); acquisition time
is ~10* faster than could be achieved with the same system and a
thermal source (Nasse et al., 2011).

We present subcellular images of brain sections from two mouse
models for Alzheimer disease (AD) and retina from a wild type
mouse to illustrate the discoveries enabled by IRENI. Data analyses in-
clude spectrochemical subcellular imaging and biochemical analysis
of neurons in the hippocampus from a 3xTg mouse, dense core amy-
loid plaques and surrounding neurons in the cortex of a TgCRND8
mouse, and neurons in retina sections, where imaging data are rele-
vant for age-related macular degeneration, oxidative stress and
neurodegeneration.

Materials and methods
Mouse tissue sections

Brain samples were acquired from two different mouse models of
AD: TgCRNDS8 and 3xTg and retina from a wild type mouse (C57BL/6)
that is the background for the 3xTg strain. T¢CRNDS8 expresses two fa-
milial AD mutations, the Swedish K670N/M671L and Indiana V717F
variants in the human amyloid protein precursor (APP). The triply
mutant mouse model, 3xTg, carries the K670N/M671L mutation in
APP, the presenilin mutation PS1 (M146V) and the human four-
repeat Tau harboring the P301L mutation (Oddo et al., 2003).

Mice are killed by decapitation under isoflurane anesthesia. All ex-
perimental protocols for animal studies were approved by appointed
Protocol Management Review committees at the University of Toron-
to and University of Manitoba, following guidelines established by the
Canadian Council for Animal Care. Details of sample acquisition for
TgCRNDS are previously described in Kuzyk et al. (2010); the same
protocol has been followed for animals from 3xTg mice (housed at
the St. Boniface Research Centre, Winnipeg, Manitoba), with the ex-
ception of the freezing process. For the latter, brains and eyes were
frozen by coating the fresh tissue with optimal cutting temperature
compound (Sakura Finetek Inc. USA), and immersing in isopentane
cooled in liquid nitrogen. Cryomicrotome sections (6-8 um thickness)
were mounted onto appropriate substrates, either BaF, windows for
transmission, or MirrIR (Kevley Technologies, Chesterland, OH, USA)
for transflection. The tissue sections were dried in air, in the dark, in
a dust free environment.

Amyloid beta 1-42 for FTIR reference spectrum of (3-sheet protein

The synthetic amyloid R-protein fragment 1-42 (APR42) (Sigma
Chemical Co., St. Louis, MO, USA) was dissolved in phosphate buffer
(pH=7.6) at ~1.25mg mL™". The solution was filtered through a
sterile Anotop-10 syringe filter incorporating an aluminum oxide mem-
brane, 0.02 pum pore, to exclude pre-formed aggregates. Dilute samples
of AP42 were incubated at 37 °C for up to 30 days. Samples for IR anal-
ysis were prepared by placing 5 L aliquots from 60 to 70 uM peptide
solution (or suspension) on a reflective MirrIR slide and drying under
vacuum for 15-20 minutes. Aggregation status was confirmed by TEM
of a 2 L aliquot from the same solution, mounted on a standard TEM
grid (data not shown).

FTIR data collection

Spectra were acquired in transmittance or transflectance mode at
4 cm™~ ! spectral resolution, from 4000 to 900 cm ™~ !, with Happ-Genzel
apodization. Typically, 128 interferograms were co-added and ratioed
to a similar background scan recorded at a blank region of the substrate.
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Larger spatial pixelation, therefore lower resolution, thermal
source FTIR-FPA survey images were first collected on a Varian 670-
IR FTIR spectrometer equipped with a Varian 620-IR Imaging Micro-
scope (University of Manitoba). FTIR-FPA images were acquired in
transmission using a 64 x 64 pixel array, effective geometric pixel
size 5.5x 5.5 um?. Spectral analysis was performed with Resolutions
Pro software (Version 5.0.0.700, Varian) or with routines run under
MATLAB®, 2009. A reference spectrum of aggregated, pure AR42
mounted on MirrIR was recorded in transflectance mode using a Ni-
colet Nexus 870 (University of Manitoba, Canada). The spectrum
was acquired using a 1.5x3 mm? aperture and coaddition of 256
scans.

High resolution, synchrotron source FTIR (SFTIR) image data were
recorded in transmission with IRENI at SRC, University of Wisconsin-
Madison. sFTIR images were acquired using a 74 x objective (Ealing
Inc., Rocklin, CA, USA), yielding an effective geometric pixel size of
0.54x0.54 um? at the sample plane; 128 scans were co-added. Im-
ages were analyzed with OPUS software (Version 6.0, Bruker).

FTIR spectral analysis

Lipid distribution was shown by differences in the intensities of the
symmetric CH, band envelope (peak: 2850 cm™ ', area under curve
from 2862 to 2842 cm™!) and the lipid carbonyl (peak: 1735cm ™},
area under curve between 1750 and 1724 cm~'). Dense core plaque
was identified from the area of the B-sheet amide I shoulder (peak:
1630 cm ™, area under curve between 1640 and 1620cm™"') or a
newly-discovered band with maximum at 1390cm™"' (area under
curve between 1415 and 1370 cm™!). Additional bands used for the
processing of retina spectral data include a peak characteristic for poly-
unsaturated fatty acid esters (3010 cm™ !, area under curve between
3026 and 3000 cm™ '), a peak attributed to nucleic acids (1712 cm™ !,
area under curve between 1725 and 1700 cm ™~ ') and a peak character-
istic for collagen (1204 cm™', area under curve between 1214 and
1197 cm ™ '; Wiens et al,, 2007). For each case, the linear baseline was
set at the same limits as the band envelope. Spectra presented in figures
were extracted individually from images collected with the IRENI
system.

Hematoxylin stain

In order to help identify tissue morphology, a serial section of
retina and the IR-imaged mouse brain tissue on barium fluoride (fol-
lowing IR analysis) were stained with the nuclear dye hematoxylin.
The sections were fixed for 2 minutes in ethanol, rinsed in water,
and placed in Mayer's hematoxylin (Sigma) for 5 minutes. They
were then rinsed in tap water, dehydrated and coverslipped with
Permount (Fisher).

Results and discussion

Biochemical changes occurring in neurodegenerative disorders af-
fect neurons; however, not all neurons are affected in the same way
or to the same degree. IRENI makes it possible to seek and study
chemical changes in single cells. The new opportunities enabled by
the IRENI imaging system present new challenges: since no compara-
ble spectrochemical images, i.e., subcellular spatial resolution, have
been obtained before, variations in individual spectra must now be
reinterpreted in order to assign details to specific organelles. We
have been using several imaging techniques to study AD, a progres-
sive neurodegenerative disorder characterized by memory loss,
dementia, amyloid plaques and tangles. The pathogenesis of AD re-
mains unclear; however progress is being made in our understanding
and in potential treatments to control or delay onset (Schjeide et al.,
2009; Lucas et al., 2006; Mattson, 2004; Selkoe, 2004). Here, we
have analyzed FTIR images of tissue from two animal models for

AD: hippocampal (cornu ammonis—CA1 subfield) pyramidal neurons
in 3xTg mouse and neurons in the proximity of an amyloid beta (ApR)
plaque in TgCRND8 mouse, as well as in retina from a control mouse,
C57BL/6, which is the background for the 3xTg model. Impaired reti-
nal function is observed in numerous neurodegenerative diseases, in-
cluding AD (Guo et al., 2010); detailed imaging is also critical for
studies in age-related macular degeneration (Kokotas et al., 2011).

CA1 neurons in mouse hippocampal tissue

In the TgCRND8 mouse model, characteristic AR plaques are seen
as early as 4 months (Chishti et al., 2001). In the 3xTg mouse, elevat-
ed APP is reported intraneuronally in the neocortex (3 months), then
in hippocampal CA1 pyramidal neurons; and extraneuronally by
6 months in neocortex; plaques do not develop until many months
later (Oddo et al., 2003; Winton et al., 2011). In the 3xTg model, ag-
gregated plaques develop more slowly than in the TgCRND8 model,
along with late onset formation of neurofibrillary tangles from hyper-
phosphorylated tau protein.

A photomicrograph of hippocampus from a 10-month-old 3xTg
mouse, containing neurons of CA1 and dentate gyrus (DG), is shown
in Fig. 1A. Contrast in the unfixed, frozen tissue section derives from
differential density of tissue components. The corresponding Varian
670/620 FPA-FTIR data cube was processed on the area of the sym-
metric CH, stretch band envelope, peak at 2850 cm ™!, to create im-
ages of the lipid distribution (Fig. 1B). Results of this processing for
lipid are presented as a spectrochemical false-color image wherein
pixels have been blended to facilitate appreciation of morphology.
The distinctive colors corresponding to different morphology in the
brain tissue arise from the naturally-occurring variation in lipid

|
0 1.0

Fig. 1. FTIR-FPA imaging of 3xTg mouse hippocampal tissue with a thermal source FPA-
FTIR microscope shows tissue morphology. A) Photomicrograph of a brain section from
the hippocampus region. B) FTIR image processed for lipid carbonyl band, 1738 cm ™.
Varian ResPro software aggregates pixels in large mosaics: tiles reduced from 64 x 64 to
32x 32 pixels and blended. Color bar indicates lipid gradient from low (blue, C=0
band area <0.0) to high (red, C=0 band area >1.0). The regions with concentrated
neuronal nuclei in the dentate gyrus (DG) and cornu ammonis (CA) are blue because
there is negligible lipid in nuclei. The alveus dorsal to (above) the cornu ammonis is
red because it has high myelin content. Scale bar = 100 pm.
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content of each component of the tissue. Regions of highest lipid
membrane content, such as white matter of the alveus, appear as
red; gray matter with lower lipid content is shown as green/yellow.
The CA and DG are characterized by densely packed neuron bodies
that are much less abundant in lipid membranes; these appear as
blue arcs across the hippocampus. The general outline of the CA neu-
rons is clearly defined; however, individual neuronal bodies cannot
be distinguished.

This simple test for relative lipid distribution reveals tissue mor-
phology, yielding results that are comparable with those from stains
(Kastyak et al., 2010). FPA-FTIR imaging with the thermal source
spectrometer thus offers the potential to monitor overall changes in
tissues through rapid data collection across large areas of tissue, e.g.
1 cm? in a few hours. Data collected with a thermal source FTIR imag-
ing instrument facilitates identification of the most important regions
for subsequent imaging on the IRENI system at SRC.

A photomicrograph of CA1 region in a desiccated tissue section
from 10-month-old 3xTg mouse hippocampus, mounted on a BaF,
window, is shown in Fig. 2A. The tissue was stained with hematoxylin
to show the location of nuclei, following acquisition of the FTIR im-
ages with the thermal source and with IRENI. The CA1 band is actually
about 3-5 neuron cell bodies deep; the nuclei of CA1 pyramidal neu-
rons are stained deeper blue in the photomicrograph. Pale lines reveal
hairline cracks in this tissue, artifacts from desiccation and freezing.

Absorbance

3000 2000
Wavenumbers (cm-1)

Fig. 2. FTIR-FPA images of 3xTg mouse hippocampal tissue with IRENI system, pro-
cessed for lipid, reveals subcellular resolution of neuron composition. A) Photomicro-
graph of pyramidal neurons in cornu ammonis; nuclei stained with hematoxylin.
B) FTIR-FPA image collected with a thermal source and processed with MATLAB®,
2009 for true pixel display, and C) with IRENIL. White box (~5.5x27.5 um) in (A) in-
cludes a nucleus, cytoplasm and neuropil; box corresponds to 5 pixels in (B), and
500 pixels in (C). D) White boxed area in (C) is enlarged 5 fold to show raw IRENI
pixels. Spectra from three pixels (white outline in insert, normalized to amide I peak
height and offset for clarity) show differences between the nuclear (blue), cytoplasmic
(green), and white matter (red) regions. Color bar for thermal source image is as in
Fig. 1; for IRENI, range is from 0 to 0.75. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Simply processing images on the area of the CH, symmetric stretch
band is sufficient to reveal the location of the cell bodies. The CA1 band
is 3 to 5 neuron cell bodies deep, but only their general location can be
seen in the thermal source FTIR image (Fig. 2B). The false-color IR
spectrochemical image is displayed as unblended pixels, after proces-
sing in MATLAB®, 2009. A block of ~14 x 28 (392) pixels in the ther-
mal source image corresponds to the entire area imaged with IRENI,
where the effective geometric pixel size of 0.54 x 0.54 um? results in
a mosaic of 128 x 256 (32,768) pixels (Fig. 2C). An isolated cell body,
visible in the stained tissue (white arrow, Fig. 2A), is not detected by
the thermal source (Fig. 2B), but is easily detected by IRENI (white
arrow, Fig. 2C).

Information-rich spectra obtained with IRENI are illustrated in
Fig. 2D, where a block of ~500 pixels, corresponding to 5 pixels in
the Varian image, is expanded to show the individual pixels, along
with three spectra taken from spectrochemically distinct points. The
top spectrum in Fig.2D, from a pixel in the darkest blue region of a
cell interior, has the least lipid content, and corresponds to a nucleus
(Fig. 2A). Increasing sub-cellular lipid due to organelle membranes
within the cell is seen in the middle spectrum. Lipid is significantly in-
creased in the neuropil (bottom spectrum).

Spectral information obtained with IRENI offers the possibility of a
significantly more detailed analysis of individual cells. The 3xTg
mouse first develops abnormal amounts of amyloid protein precursor
within neurons, only showing increased amounts of extracellular AR
40 and AP 42 peptides by 12 months (Oddo et al., 2003). Very recent-
ly (Winton et al., 2011), application of a suite of stains has shown that
it is only the full-length APP that is elevated in the neurons of the
young 3xTg mice, where it is accumulated increasingly in the cell
body. The breakdown of APP into the plaque-forming peptides does
not begin until 10 to 12 months of age. 4G8 staining of a serial section
of this 10-month 3xTg mouse was positive (APP or AB), but Congo red
stain for B-sheet did not reveal any aggregated amyloid (data not
shown). The absence of a 3-sheet signature in the IR spectra of the
neurons is consistent with the absence of plaque-forming peptides
at this age. IRENI imaging will enable us to monitor neuronal changes
as the disease progresses. While the lipid content remains relatively
similar through spectra 3-5, other differences in the fingerprint re-
gion are immediately obvious from a cursory comparison of the spec-
tra. Other differences between spectra must correspond to different
sub-cellular components, but more comprehensive, multidimen-
sional analyses will be required to mine the data now becoming
available.

Alzheimer-type plaques

FTIR spectra reveal plaques and evidence of inflammation, including
elevated lipid that surrounds dense-core plaques and may permeate the
diffuse, non-aggregated periphery (Rak et al., 2007; Kuzyk et al., 2010).
The latter data were obtained from plaques in the TgCRND8 mouse
model using a conventional, single pixel raster-scan synchrotron-
based FTIR system or a thermal source FPA-FTIR microscope. The results
obtained with IRENI on tissue from the same animal model reveal spec-
troscopic details accessible only with the higher spatial resolution.

The photomicrographs and processed FTIR image data from the
same plaque and adjacent tissue in the cortex of a 15-month-old
TgCRNDS8 mouse, collected with the Varian thermal source FPA-FTIR in-
strument and the IRENI system, are shown in Fig. 3A-D and E-F, respec-
tively. Both FTIR images have been processed on lipid distribution
(2850 cm™ ! peak; Fig. 3B and F) to show morphology, regions contain-
ing abnormal amounts of B-sheet protein (1630 cm™! peak; Fig. 3C
and G), and plaque core (1390 cm ™! peak; Fig. 3D and H). IRENI spec-
tra, extracted from specific features of interest, and the spectrum of
pure aggregated Af are shown in Fig. 3L

The spectrum of aggregated AB42 shows the characteristic strong
amide I band with a maximum at 1630 cm~ !, a moderate amide [
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Fig. 3. FTIR images of an Alzheimer type neuritic plaque in T¢CRND8 mouse cortex. (A and E) Photomicrographs of plaque and adjacent tissue. (B-D) Thermal source FPA-FTIR im-
ages processed with MATLAB®, 2009 to permit true pixel representation and (F-H) pixelated IRENI images. FTIR spectrochemical images are processed to show (B and F:
2850 cm™ ') lipid distribution in plaque and adjacent tissue; (C and G: 1630 cm™ ') aggregated {>-amyloid protein; (D and H: 1390 cm~ ') densest region of plaque core. I)
IRENI spectra extracted from plaque dense core, surrounding lipid envelope, adjacent neuropil and neuron cell body, normalized to amide I (1655 cm™'). A spectrum of pure
AP42 is shown below spectrum from plaque core. Color bars indicate gradient from low (blue) to high (red), based on integrated band areas: B) 2850 cm~!, 0-0.7; C)
1630 cm™ !, 0.0-0.35; D) 1390 cm™ ', 0.4-1.0. Scale bar 30 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

shoulder at about 1650 cm ™~ ! and a weaker shoulder at 1692 cm ™.

The amide II is broader than that for a-helical protein, and shifted
to lower energy. There is also a noticeable band, maximum at
~1390 cm™ !, previously unreported for plaque; FTIR literature on
the AP peptide has focused almost exclusively on the distinct amide
I region. The assignment is not yet clear: it could include a methyl de-
formation mode, since one third of the residues carry a methyl group,
as well as the carboxylate band, since both lie in this region; it might
also be due to alteration of the peptide backbone into B-sheet
conformation.

When the thermal source images are processed for lipid, cell bod-
ies in the tissue surrounding the plaque are indistinguishable from
the surrounding tissue, (Fig. 3B), but are immediately revealed as
small ovoids (blue in the spectral rendering used here) in the IRENI
image (Fig. 3F). A spectrum from the cell interior also shows spectral
characteristics of DNA (1712 cm™ '), now more apparent in the ab-
sence of lipid carbonyl at 1738 cm ™!, as well as differences in the fin-
gerprint region. The spectra of the nearby cell bodies are free of
amyloid signature or other anomalies, indicating that they are as yet
unaffected by this dense core plaque. In the thermal-source image
(Fig. 3B), lipid dominates the central portion of the tile, surrounding

and overlaying the plaque. In the IRENI image (Fig. 3F), the intensity
of the lipid peak reaches its maximum value outside the amyloid pla-
que core, marking the lipid envelope that surrounds the plaque and
decreases gradually into adjacent tissue.

The amyloid plaque is readily visualized by processing on the in-
tensity at 1630 cm ™~ !, in both maps (Fig. 3 C,G); however, the IRENI
image now provides additional insight into the plaque composition.
The plaque core is often too dense to produce a good quality amide
I band but, using the band at 1390 cm !, we can isolate the region
of most concentrated (3-sheet content, visible as the dense core
(Fig. 3 D,H).

The existence of a lipid envelope has been shown in our previous pa-
pers (Rak et al., 2007, Kuzyk et al., 2010). Significantly, the envelope co-
incides with regions that stained immunopositive for the AP peptide,
but negative for p-sheet aggregation. The spectrum of plaque core is
distinctly different from that of adjacent tissue but some lipid signature
remains, proving that lipid permeates even the core. At the same time,
we can now see that the p-sheet content is still detectable within the
lipid envelope region (previously unresolved), as evidenced by the si-
multaneous elevation in CH, and the presence of the 1630 cm ™~ ! shoul-
der in the spectrum labeled plaque + lipid (Fig. 3I).
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Elevated lipid could indicate that the hydrophobic AP peptide is
stabilized within a hydrophobic envelope; it could mean that the am-
yloid is actually being sequestered from surrounding tissue; it could
indicate some type of inflammatory response. Alternatively, the over-
lap between lipid and AP may relate to an active role for lipid in pla-
que formation and possibly in dissolution, as has been proposed by
other groups (Florent-Bechard et al., 2009; Hartmann et al., 2007,
Martins et al., 2008). Interpretation of this discovery must await the
completion of additional longer term animal studies and is beyond
the scope of this paper. Most importantly, in these high definition
IRENI images we can now clearly distinguish between plaque core,
lipid halo and adjacent tissue. Moreover, while the lipid content is
much higher in the halo, for the first time a small amount of the
lipid can be detected even in the dense plaque core.

Subcellular features of mouse retina

The size of retinal neurons varies with function and location
around the retinal wall. The three major types of neurons in the retina
(photoreceptors, bipolar cells and ganglions) occupy layered posi-
tions spanning the retina from pigment epithelium to inner limiting
membrane (Cuthbertson and Mandel, 1986). In nocturnal animals,
such as rodents, photoreceptor cells are rod-dominated, with few cones.

3500 3000 2500 2000

wavenumber [cm-1]

1500

1000

Rod cells are excellent targets for subcellular analysis, as they are high-
ly compartmentalized: the long outer segment consists mainly of flat
disks rich in polyunsaturated fatty acids (PUFA), including some very
long chain (C24 to C36) fatty acids (Suh et al., 2002) and rhodopsin,
followed by a short inner segment containing mitochondria and
Golgi apparatus, an inner nuclear segment containing the photorecep-
tor cell nucleus and a short tail embodying the synapses. Cells found
within the second synaptic retinal layer include bipolar cells, amacrine
cells and horizontal cells. Axons of photoreceptors form synapses with
dendrites of bipolar cells, while amacrine and horizontal cells play reg-
ulatory roles and control some lateral processes. The complex network
of bipolar and amacrine cells transfers information to the third layer of
neurons of the visual pathway, the ganglion cells, whose long axons
extend into the optic nerve.

IRENI images of eye tissue from a wild type mouse are shown in
Fig. 4. A photomicrograph of the region imaged with the IRENI system
(Fig. 4A). The five adjacent mosaic images, each 2 x 10 tiles, have been
processed for the lipid peak at 2850 cm™! to reveal the multiple
layers (Fig. 4B). Spectra representative of the distinct biochemical sig-
natures discovered are shown in Fig.4C. The spectra, labeled a-i, are
taken from corresponding locations in Fig. 4B, and scaled to give
same peak height for the protein amide I band. In FTIR spectra, the
lipid carbonyl (1738 cm™!) corresponds to all fatty acid esters, and

Hematoxylin -

Fig. 4. FTIR images of retina tissue from a C57BL/6 mouse show sub-cellular details of photoreceptor system. A) Photomicrograph of retina. B) Five IRENI mosaics, 2x 10 or 2x 11
tiles (each tile =64 x 64 pixels), processed on 2850 cm™ ' to show lipid distribution. C) Spectra selected from retinal layers, identified by lowercase letters in (B), normalized to
amide I peak height at 1655 cm ™~ '. D) Images from bottom mosaic (black box in (B)), with univariate processing for five characteristic peaks. Colors indicate component gradient
from low (blue) to high (red), based on integrated band areas: 1204 cm ™!, 0.2-0.6; 2850 cm~ ', 0-0.9; 1738 cm~ ', 0.15-1.15; 3012 cm ™ !, 0.0-0.45; 1712 cm~ ', 0.0-0.26. Bottom
image has been overlaid with sketch of retinal neurons. E) Photomicrograph of serial section stained with hematoxylin. Scale bar 30 um.
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is a proxy for lipid bilayer membranes. The peak at 3012 cm ™! corre-
sponds to PUFA; the peak at 2850 cm ™ ! indicates the presence of sat-
urated fatty acid (satFA), but includes contributions from the
saturated portions of PUFA chains. The peak at 1712 cm~ ! is ascribed
to DNA and should be associated only with nuclei. Simple univariate
processing for a few characteristic biomarker peaks (Fig. 4D) hints
at the potential of IRENI for unparalleled multi-chemical imaging
from a single data block. In Fig. 4D, bottom, a sketched outline of
the three types of neurons (photoreceptor, bipolar and ganglion) is
overlaid on an enlarged photomicrograph of tissue from a single
2 x 10 mosaic (Fig. 4B, delineated with a black box). A serial section,
stained with hematoxylin, is shown below the processed IRENI im-
ages (Fig. 4E).

The choroid, the outermost layer of the tissue sample and external
to the retina, is composed mainly of collagen fibrils, with a few cells;
pigment epithelial cells line the inner layer and mesh with the end of
the rod cells. The spectrum from choroid (Fig. 4C, a) displays the
expected FTIR profile for collagen, and the IRENI image processed
for a collagen peak (Fig. 4D, 1204 cm ™ !) clearly shows the location
of the choroid. A spectrum from the pigment epithelium (Fig. 4C,
b) shows a fairly typical cellular profile of mixed protein and lipid
in the CH stretch region. In the case of dense, uneven tissue, infrared
light may be scattered (Bassan et al., 2010), with the result that there
are undulations in the spectrum baseline. There is no scatter and a
flat baseline in the non-absorbing region from 2700 to 1750 cm ™!,
showing that the tissue quality is good. The fingerprint region
(1800-900 cm ') contains intense broad bands, possibly due to pig-
ment molecules, that confound further analysis at present. The CH
stretch shows greater lipid content than would be seen in cell bodies;
PUFA and satFA peaks could indicate the presence of compounds such
as docosahexaenoic acid (DHA) that are stored here. In vivo, the epi-
thelium is attached to photoreceptor cells but the retina appears to
have become detached in some places. The photomicrograph shows
a clear pale line between epithelium and photoreceptor layer that is
matched by near-zero absorbance in the FTIR data (spectra not
shown). In the IRENI images (Fig. 4D), a fine deep blue (low signal)
line is seen, regardless of the band being processed.

Cone cells comprise only about 3% of the photoreceptor cells in the
C57BL/] mouse (Carter-Dawson and Lavail, 1979), and probably ex-
hibit a very similar spectral profile to rods. A spectrum from the rod
outer segments (Fig. 4C, ¢) and the processed image (Fig. 4D, 1738,
3012 and 2850 cm™!) shows that fatty acid esters, especially PUFA,
are concentrated here, as is expected for the PUFA-rich disks that
also contain opsins, retinals and related visual proteins. We note
that the minor baseline undulations seen in this and other spectra
(Fig. 4C c-i) may be indicative of scatter, but do not present a prob-
lem for analysis. The spectrum from the rod inner segment (Fig. 4C,
d) shows considerably less PUFA than the outer segment. Organelles
such as mitochondria and Golgi apparatus are located in this portion
of the rod cell. The FTIR spectrum from the photoreceptor nucleus
layer (Fig. 4C, e) shows low lipid content (weak CH; stretch at 2850
and lipid carbonyl at 1738). The 1700-1800 region from spectra d
and e has been enlarged to show peak characteristic for nucleic
acids at 1712 cm ™!, in spectrum e, as well as phosphate bands at
1235cm ™! and 1080 cm™~!. The IRENI image processed on the
nucleic acid marker at 1712 cm ™! (Fig. 4D) is particularly strong in
this layer, owing to the numerous nuclei that are scattered irregularly,
but densely, throughout this layer. Densely-packed photoreceptor
nuclei appear as dark purple-blue in the hematoxylin-stained section
(Fig. 4E). This section was not immediately adjacent to the section
imaged, and the width of the nuclear bodies is not an exact match,
but suffices to confirm the assignment.

The spectrum from the outer plexiform layer (Fig. 4C, f) shows that it
is rich in lipid (Fig. 4D, 2850 cm™ !, 1738 cm ™~ !) from the network of
axons and synapses that enable communication between cells. The
PUFA content is much lower than in the rod outer segment, confirming

that the PUFA are concentrated primarily in the rod disks. The spectrum
of the bipolar cell nuclear layer (Fig. 4C, g) displays very low satFA and
PUFA content (Fig. 4D, 2850 cm ™', 1738 cm ™!, 3012 cm™!), as seen
for all cell bodies. The peak assigned to nucleic acids (Fig. 4D,
1712 cm™ ') is present, but its intensity is lower than in the outer nucle-
ar layer, corresponding to a lower density of nuclei, as confirmed from
the hematoxylin stain. The inner plexiform layer spectrum (Fig. 4C, h)
is very similar to that of the outer plexiform layer, as might be expected,
both layers showing up comparably in the IRENI images processed on
the 2850 cm™ ' and 1738 cm™ ! peaks (Fig. 4D). The FTIR spectrum of
a ganglion cell (Fig. 4C, i) is similar to the spectra of two other types
of retinal neuron bodies. Individual retinal ganglion cells are dispersed
close to the edge of the imaged tissue. They do not form a large distinc-
tive nuclear layer (Fig. 4D, 1712 cm ™ 1).

FTIR maps of a rat retina were reported by Levine et al. (1999).
Masks of 10 x 30 um? to 10 x 60 um? were used to achieve the separa-
tion of layers; hence, spectra attributed to the different layers repre-
sent averages with moderate spatial definition. The spectra showed
a slight variation in satFA and PUFA, but the spatial resolution was in-
sufficient to illustrate the complexity revealed by IRENI. The phos-
pholipid composition of retinal disk membranes in the rod outer
segment is directly related to optimal visual function (Jeffrey et al.,
2001). Composition can be altered by changes in dietary PUFA
(Fliesler and Anderson, 1983; Schnebelen et al., 2009; Suh et al.,
2002); increased dietary PUFA has been connected to improved re-
pair following injury and to elevation of neuroprotective metabolites
(Connor et al., 2007). The role of biochemical composition of retina
has been shown in relation to the age-related macular degeneration,
retinopathy, and vitamin deficiency (Simopoulos and Bazan, 2009).
IRENI offers tremendous potential for the study of biochemical com-
position of retina in many models of health, disease, and dietary mod-
ification. In future work, we will examine in vivo imaging of live cells
with this system.

Conclusions

IRENI makes it possible to study biochemical changes within sin-
gle cells and to characterize their surroundings; it should find wide
application as a tool for research in neuroscience. IRENI yields true
diffraction-limited chemical images at all mid-IR wavelengths. The
use of 12 bright synchrotron beams for illumination makes it possible
to rapidly image a sample area of 50x 50 um?, maintaining a high
signal-to-noise ratio with extremely short acquisition times, usually
a matter of a few minutes. The dimensions of cells in the CNS are
much greater than the pixel sampling of IRENI (0.54 x 0.54 um?), en-
abling subcellular FTIR imaging with the highest currently achievable
spatial resolution. We have shown individual CA1 neurons in the hip-
pocampus of a 3XTg mouse, and neurons located in the proximity of
an amyloid plaque in a TgCRND8 mouse. We have also demonstrated
that in a mouse model of AD, neuritic amyloid plaques are infiltrated
with lipid, while the aggregated AP peptide extends into the sur-
rounding halo of lipid. These results are important, because the role
of lipids has not been fully characterized; it may be an important mo-
lecular component of the inflammatory response in AD and may also
participate in plaque formation and dissolution. Images of retina sec-
tions reveal much greater variation in the natural biochemical signa-
tures of neuronal layers than was previously thought to exist. Label-
free imaging of subcellular organization is now possible through the
spectrochemical specificity of FTIR and the spatial resolution of IRENIL
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