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ABSTRACT: Amyloidopathic disorders such as Alzheimer’s disease present
symptomology years after the entrenchment of amyloidogenic imbalance. The
pathologic α-helix → β-strand conversion of amyloid β1−42 and amyloid β1−40

peptides causes neuronal death in the vicinity. Symptomology often presents
only after significant neurodegeneration. This thus warrants early detection of
amyloidopathy in Alzheimer’s disease. Nonexistent modalities for direct
identification and quantitation of soluble amyloid aggregates or (proto)fibrils
forced us to undertake the development of a spectrophotometric technique to
support ongoing drug design. Key requirements were independence from the
need for extraneous staining, unambiguous amyloid aggregate detection, and minimal influence of interpretative errors. A
Cytoviva instrument pivotal to this study captures scattering of light of visible−near-infrared (VNIR, 400−1000 nm) wavelengths
within each pixel of the microscopic view field. We thus assembled a scattering intensity pattern database that provided
“signatures” of amyloid aggregates. Comparison of unknown samples against this database enabled direct detection of amyloid
aggregates. The technique was found useful for monitoring retinal and brain amyloidopathy in an ongoing preclinical anti-AD
study, attesting to the technique’s sensitivity and specificity. Interestingly, the technique was found applicable not just to excised
brain tissue but also to isolated mouse retina. With the retina being heralded widely as a (diagnostic) extension of the CNS and
retinal amyloidopathy occurring well before that in the brain, this development raises a possibility for the first direct retinal
imaging diagnosis of early asymptomatic Alzheimer’s disease.
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Protein folding constitutes ordering of an existing
polypeptide or one progressively emerging from trans-

lation in a histone, into secondary or higher order structures.
Protein conformation is a primary determinant of physiological
or pathological function.1 Although regulated strictly by
translational sequence, noncovalent interactions with molecular
chaperones, and degradative proteolysis, protein folding is
hardly infallible. A majority of misfolded proteins and peptides
are either granted another chance to fold correctly (through de-
or reglycosylation), halted from further folding by heat-shock
proteins, or labeled for destruction (e.g., ubiquitination).
Extracellularly, phagocytosis and general proteolysis act as
controls;2 some persist nevertheless. Some are toxic on their
own accord; others elicit toxicity by homo- or hetero-
oligomerization. The latter mechanism resembles prion
propagation3 and is a major symptomological or etiological
component of protein misfolding diseases.4 Examples are
Alzheimer’s disease, type-II diabetes, and Huntington’s disease.5

Frequently, the polypeptide that misfolds is produced in large
quantities.6 Alzheimer ’s disease (AD) molecular pathology
showcases a consequence of the misfolding of the amyloid
peptide fragments (Aβ1−40, Aβ1−42) that are produced during
proteolysis of the membrane associated amyloid precursor
protein.7,8 The amyloid peptides (particularly Aβ1−42) are
inherently disordered in their native forms. A lipid environment
promotes a metastable α-helical conformation, while extrac-

ellular space promotes extended conformations. An Aβ peptide
in extended conformations can aggregate into soluble oligomers
and then into metastable globular colloids (clustering around a
diameter of ∼20 nm) or “critical oligomers”.9 Further
aggregation of this colloid, possibly through dipoles borne by
α-sheets, leads to rod-like “protofibrils” whose length lies in the
50−500 nm range.10 Further aggregation results in insoluble
fibrils of crystalline habit11 that may coalesce into plaques.12

The aforementioned is not the only possible fate of an errant
Aβ peptide; a variety of metastable states and fibril
morphologies are known to exist. Worrisome examples are
the “globulomers”, hollow-core colloids (2−6 nm), and hollow-
core soluble protofibrils (20−200 nm) that can reside in the
lipid bilayer cell membrane, effectively creating a nonselective
channel that can compromise cellular homeostasis.13,14 Soluble
amyloid aggregates (sAβ) of the aforementioned orders are
becoming increasingly apparent as the pathogenic entities that
induce cognitive decline and neurodegeneration, with specific
molecular pathology of well-defined species being known in
some cases (e.g., N-methyl-D-aspartate receptor (NMDAR)
mediated neurotoxicity caused by sAβ).15
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Early cognitive decline associated with AD (eAD) may very
well be the first clinically tractable pathology, but by then,
metastasis of the misfolded protein has already established its
fatal course.16 The phase-III clinical trial of bapinuzumab (an
antibody that targets Aβ plaque) has clearly underscored the
need for early detection and address of amyloidopathy.17 In
theory, interrupting the early stage of amyloidopathy with small
molecules presents a solution; however, the utter lack of
suitable diagnostic tools for both in vivo rapid screening of small
molecule Aβ aggregation inhibitors and early detection of AD
pathology pose severe hindrances. Extant molecular screens
(even advanced models such as the Neurovision Eye Test18)
for misfolded Aβ are cell-free and employ dyes (e.g., thioflavin-
T, congo red) whose binding to Aβ fibrils causes characteristic
spectral shift.19 Unfortunately, this needs an extraneous agent
and is additionally subject to variance in the presence of small
molecules, as would be the case during an inhibitor screen
reliant upon fluorescent probes. Mass-spectrometry based
screens such as that of Zovo et al. are able to identify Aβ
fibrillogenesis inhibitors but not those of Aβ oligomerization.20

Cell-culture and cytotoxicity models still remain the mainstay of
Aβ aggregation inhibitor screening. All of the existing models of
this type employ altered forms of Aβ (such as a GFP−Aβ
hybrid and FITC-labeled Aβ peptides) that would aid
detection21 or require concentrations of the Aβ peptide at
which the latter becomes impractically expensive if it were to be
used for a drug discovery or development screen.22

This paper serves to disclose an implementation of imaging
spectroscopy whose resolution of two-dimensional space and of
the visible−near-IR portion of the electromagnetic spectrum
achieves extents that enable identification of assemblies
consisting of Aβ1−42, particularly of sAβ aggregates. The core
principle may be stated as follows: a pixel is one unit area of
known location and dimensions within a microscopic field of
view. When illuminated, the interference of each pixel
(qualitative and quantitative) with traversing light radiation is
dictated by the optical characteristics of its components and the
composition (spectrum) of the incident light. These character-
istics can be light transmittance, absorption, and scatter. All of
these are reflected in the spectrum (intensity vs wavelength
plot) of light emanating from an area. The relative variances in
intensities across differing wavelengths are characteristics
unique to the optical features within the area. The ability of
an imaging spectroscopy to identify such unique characteristics
of a unit area will depend directly on (1) the number of
wavelengths within the spectrum whose intensities can be
measured independently of other wavelengths (spectral
resolution) and (2) the precision and accuracy in intensity
quantification of a unit wavelength. The spectrum obtained is a
multiorder result of optical phenomena contributed by features
within the area being imaged. The size of a unit area within the
field being imaged (pixel size) will thus be inversely
proportional to the number of distinct, indivisible optical
features that can be practically identified in the spectrum of the
area. Spatial “resolution” here is effectively the number of pixels
within a known area (e.g, “1 in.2”) that can be imaged distinctly
and independently of each other and has two dimensions (x
and y, the Cartesian coordinates). Over n wavelengths, a pixel
yields n number of light intensities (the third or “spectral”
dimension). Conventionally, when intensities of 100−999
distinct wavelengths are recorded, the prefix “hyperspectral” is
applied to the imaging spectroscopy technique. When this
spectral resolution is coupled with a magnification system (such

as a microscope) that produces sub-micrometer resolution, the
resultant spectra (relative intensity variance patterns) are of
sufficiently low order such that direct representation of
indivisible optical features is attained.
The remnant variable is the signal-to-noise (S/N) ratio,

which in the presence of directly transmitted light would be far
too low, the objects sought being colloidal in nature (and likely
lower in abundance than the transparent elements in the
specimen) and thus not altering significantly the spectrum
emanating from the specimen. Transmitted light is thence
blocked (i.e., dark-field conditions) and a rather effective (and
proprietary) illumination system (Cytoviva, described under
Methods) is employed to compensate for lost illumination. The
emergent spectrum now is purely one from light absorption
and scatter, which combined with the spatiospectral resolution
described above yields satisfactorily high S/N ratios.
Specific goals pursued in this study are (1) to determine

whether hyperspectral imaging of cytoplasm highlights any
characteristic trends that correlate with Aβ aggregation, (2) to
explore the feasibility of building a library of “Aβ aggregation
signatures”, thus laying the foundation for a diagnostic tool, (3)
to examine the effects of Aβ aggregation inhibitors on
hyperspectral images, so as to examine sensitivity of the
method and its compatibility with treatment regimens of
common age-related disorders, and finally (4) to provide ex vivo
method validation by tracking progress of an investigational
treatment and the disease itself in the transgenic Alzheimer’s
mouse model.

■ RESULTS AND DISCUSSION

HSI Spectral Signature of Aβ1−42 Aggregates. Net
uptake of N-terminal fluorescein isothiocyanate labeled Aβ1−42

(FITC−Aβ1
−42) into SH-SY5Y cells at 0−1000 nM exposure

levels led to proportional rise in intracellular fluorescence,
confirming intracellular accumulation of Aβ1−42 (data not
shown).23 Organelle distribution data is inconsequential to the
purpose of this experiment, but excellent reports are available
from others discussing trafficking of Aβ into late lysosomes and
derivative vesicles.24 Figure 1 shows a HSI spectrum of SH-
SY5Y cells that were treated with scrambled Aβ1−42 (scr-Aβ1−42,
nonaggregation prone control), juxtaposed with cells treated

Figure 1. Cytoplasmic changes caused by the uptake of Aβ1−42 peptide
(250 nM) in SH-SY5Y cells were detected by hyperspectral imaging
after an incubation period of 24 h. Spectral information in the range of
400−1000 nm was extracted from cytoplasmic regions of interest
(ROIs) as described under Methods. The figure shows a “mean
spectrum” (i.e., arithmetic means of intensities at all measured
wavelengths vs wavelengths) of 15 ROIs from the cytoplasm of Aβ1−42

treated (red) and nontreated (scrambled Aβ1−42 peptide treated,
green) cells.
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with Aβ1−42 peptide itself. Upon Aβ1−42 treatment, HSI spectra
of the cells over the 400−1000 nM region (Figure 1) exhibited
extinction of wavelengths between 450 and 550 nm relative to
cells treated with scr-Aβ1−42. Sample standard deviations in
these data over the entire wavelength range are depicted in
Figure S1 (Supporting Information). The wavelength range of

480−530 nm carried deviations that satisfied the predefined
criterion for significance (p < 0.05). This effect commenced at
4 h post-treatment and reached its peak at 48 h (Figure 2). Past
the 48 h mark, extinction progressively decreased with that at
72 h tending toward the negative control. Volume of inoculum
being held constant (1 mL), this extinction could be

Figure 2. (A) Time-dependence of cytoplasmic changes caused by Aβ1−42. SH-SY5Y cells were exposed to Aβ1−42 peptide (250 nM) for varying time
intervals, and hyperspectral data was collected from the cytoplasm of cells. Spectral changes were apparent as early as 4 h of incubation with Aβ1−42

with maximal spectral change being observed at the 48 h mark. (B) Spectral differences between cells treated and not-treated with Aβ1−42 began
reducing beyond 48 h, with this trend persisting until the end of 1 week.

Figure 3. Proposed model for the observed light extinction variation in hyperspectral imaging spectra over time during amyloid invasion and
intracellular aggregation. Diffuse low order aggregates or protofibrils of colloidal size increase until 48 h (resulting in increased scatter), beyond
which fibril or plaque formation causes increased absorption or reflectance (leading to apparent light extinction in dark-field conditions).
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reproduced only at concentrations ≥250 nM (Supporting
Information, Figure S2). This progressive extinction has two
components: scattering and absorption. Scattering is a
noncolligative property (i.e., a function of each distinct particle)
influenced by particle size and polarizability (which implicates
the physical and chemical constitution of the particle). Net
absorption depends on the permittivity of the medium along
the light propagation path, making it dependent on physical
and chemical constitution of a particle. Figure 3 illustrates a
possible model for the temporally varying extinction between
480 and 520 nm. From 0−24 h, Aβ1−42 diffuses into the cell.
Aggregation may very well occur during this period, but its
optical effects are either nonexistent or are not detectable
through our technique. Between 24 and 48 h, aggregation
reaches orders that correspond to particle sizes and molecular
conformations capable of scatter. Low order aggregates (≤55
nm) can lead to a high degree of Rayleigh scattering in the
wavelength region subject to extinction in this experiment
(scattering efficiency ∝ λ−4). While Rayleigh scattering would
be even higher below 480 nm, the content of this wavelength in
the source lamp (halogen−quartz aluminum reflector) is
relatively negligible. The particle sizes of the aforementioned
soluble Aβ1−42 aggregates including the pathogenic glob-
ulomers, protofibrils, and globular colloids with polarizable α-
sheets can lie in the Rayleigh size regime.25 Particle size-
dependent Mie scattering by larger particles in the 300−600
nm range (large protofibrils and insoluble fibrils) would also be
relevant with greater scattering at wavelengths close to the
particle size.26 The latter type of scattering, if present, would be
a relatively lesser contributor to extinction since its
directionality is clustered in the direction of light propagation
(forward scatter, but with deflection away from the path of the
incident beam), while Rayleigh scattering occurs equally in all
directions. At 48 h, the population density of sAβ1−42 oligomers
causing the extinction is maximal. The decrease of extinction
beyond this point may be a result of the following two events:
(1) Coalescence begins, involving collapse of metastable
protofibrils into fibrils and aggregation of fibrils into
increasingly higher orders. The total quantity of available
Aβ1−42 being limited by the amount of inoculum, increased
density of aggregates would mandate decrease in the exposed
surface area of each aggregate that was responsible for
extinction (and thus, extensive clearing of cytoplasm). (2)
Mie scattering increasingly becomes the predominant contrib-
utor to extinction and therefore leads to a net reduction in
extinction because of lowered backscatter and greater scatter in
directions aligned with the forward direction.
The model proposed may be simplistic; cytoskeletal damage

due to accumulating amyloid can also change optical properties
and so can leakage of cytoplasmic content caused by amyloid
induced cell membrane damage. An entry into attributions of
such damage to specific spectral features is not readily apparent
(at least to us). The time-dependent spectral change described
above may prevail in all techniques utilizing HSI imaging for
molecular aggregations. It would seem then that all HSI-based
imaging should be interpreted in the light of the possibility of a
false-negative based on the phenomenon apparent in this
experiment. Cell structure damage in the intact animal from
chronic Aβ exposure has not been accounted for yet in this
experiment; additional spectral artifacts and anomalies are to be
expected.
Specificity of the HSI Spectral Signature. The change in

light absorbance between the 400 and 1000 nM wavelength

range in the HSI spectra of cells (specifically, between 480 and
550 nm) exposed to Aβ1−42 appears to be highly specific for the
aggregation-prone form of the peptide, because the sequence-
scrambled form of Aβ1−42, although accumulating (but not
aggregating) to an equal extent inside the cell, fails to produce
the characteristic HSI spectral shift. On the other hand, not
enough information is apparent to us from these results to
ascribe a specific spectral feature to a specific class of aggregate.

Utility of the HSI Spectral Signature in Inhibitor
Screening. Having identified a unique HSI signature for
Aβ1−42, it was tempting to test the utility of this finding for
screening of inhibitors. Guanidine, guanosine, and urea are
known to obstruct amyloid aggregation through sequestration
of electrophilic species that form amyloidogenic advanced
glycation end-products (AGEs) with proteins.27−29 Cells co-
incubated with these inhibitors showed attenuation of amyloid-
induced HSI spectral change, with some reaching that of cells
not treated with Aβ1−42 (Figure 4). The magnitude of

signature-attenuation corresponded to the reported potency
of the test inhibitor; thus, guanidine was found to afford the
greatest attenuation in HSI spectral change followed sequen-
tially by guanosine and urea.

HSI Spectral Signatures in Amyloid Aggregate
Mapping and Quantitation. Spectral angle comparison, as
described at length in Methods, allows for the comparison of
two spectra by expressing them as vectors and calculating the
angle between them from a simple dot product. The software
front for the HSI instrumentation used in this study (ENVI,
version 4.4) implements natively the calculation of spectral
angles and comparison across matrices of spectral angles (the
spectral angle mapper (SAM)). We accumulated a library of
spectra cast by 50 distinct aggregates with a minimum of 10
pixels within an aggregate. The spectra were derived from
incubation of SH-SY5Y cells with FITC-labeled Aβ1−42 to
directly visualize the local concentrations of the peptide, and at
48 h, HSI spectra of the detected Aβ1−42 clusters were collected.
The values of spectral map of various aggregates were
qualitatively similar, attesting to the spectral features being
defining characteristics of Aβ1−42 aggregates. It follows that
detection of such a spectral feature within an unknown
specimen strongly suggests the presence of Aβ1−42. As a test
case, we exposed cells to a known amyloid aggregation inhibitor
(guanidine) and a known amyloid aggregation promoter
(Zn2+).30 The number of intracellular amyloid aggregates was

Figure 4. HSI spectra of the cytoplasm of SH-SY5Y cells incubated
with Aβ1−42 for 48 h in the presence of known Aβ1−42 aggregation
inhibitors (1 mM). The 480−500 nm portion that bore statistically
significant normalized intensity differences is magnified to showcase
spectral changes. Magnitude of scattered light deviation in Aβ1−42-
treated cells is inversely proportional to inhibitor potency.
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lowered to 62% in the case of cells treated with guanidine
(Figure 5) compared with cells treated with Aβ1−42 alone. This
number rises to 280% in case of Zn2+ treated cells,
demonstrating that HSI coupled with spectral signature
matching is able to differentiate between amyloid aggregation
promoters and inhibitors. The implied ability to characterize
compounds for their propensity to perturb or promote
amyloidogensis is being used currently in our drug discovery
program.
Ex Vivo Amyloidogenesis Observation Employing HSI.

HSI spectral signatures from brain samples of patients with AD
(full blown) varied from those acquired from age-matched
normal individuals (Figure 6A). The pattern of spectral
variation with respect to wavelength was similar to the
characteristic differences observed between normal cells and
Aβ1−42 treated cells. Total scattering in the samples from
Alzheimer’s patients was lower, reflecting dispersion of amyloid
aggregates and accompanying morphological and biochemical
changes. Examination of retinal tissue samples from normal and
Alzheimer’s afflicted patients offered similar results (Figure 6B).
Diagnostically, the retina can be considered an extension of

the CNS that offers noninvasive access. Consequently, retinal
imaging is an emerging mode of identification of neuro-
degenerative disorders like AD.31 The consistent, reproducible,
and tangible differences observed in retinal samples in the
present experiments and, importantly, the lack of a requirement
for an extraneous xenobiotic encouraged us to explore their
utility for diagnosis of AD and eAD. Progress toward this goal
began with the ex vivo imaging of retinae from transgenic APP/
PS1 mice with the HSI technique as described in Methods. HSI
spectra of mouse brain tissue and retinae were acquired at 2, 4,
6, and 8 months of age (Figure 7). Differences between normal
and APP/PS1 mice retinae reached the predefined statistical

significance criterion (p < 0.05) at 4 months of age, and
continued to increase with age. At 4 months of age, amyloid
aggregates were not detected in the brains of the transgenic
Alzheimer’s or normal mice (Figure 8B). At 6 months and
onward, the spectral differences between the WT and
transgenic APP/PS1 mice grew exponentially (Figure 8C). At

Figure 5. (A) Effects of Aβ1−42 aggregation inhibitors and promoters on the levels of higher order Aβ1−42 oligomers in SH-SY5Y cells. The cells were
treated with FITC−Aβ1−42 for 48 h in the presence of an aggregation promoter (zinc, 100 μM) and inhibitor (guanidine, 1 mM), and hyperspectral
scans were acquired at the end of the experiment. The presence and location of Aβ1−42 aggregates was identified correctly by spectral angle
mapping (SAM), whereby a spectral library of FITC−Aβ1−42 aggregate was compared with the treated cells and the matching pixels are colored red.
(B) Numerical representation of results from panel A. The number of red dots per unique area of an HSI image for each treatment group were
plotted as a percentage of Aβ1−42 exposed cells that were not treated with inhibitors.

Figure 6. (A) Differences between the HSI spectra of Alzheimer’s-
afflicted and normal human brain tissue. (B) Differences between the
HSI spectra of Alzheimer’s-afflicted and normal human retina.
Variations are most prominent for wavelengths between 450 and
580 nm (green, normal tissue; red, Alzheimer’s tissue).
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8 months, spectral differences became glaringly obvious, at
which time plaque was clearly observable in brain tissue (Figure
8D). Thus-demonstrated is the independence of HSI spectral
differences in the retina from frank amyloid plaque deposition
in the brain. Early detection of amyloidogenesis independent of
symptomology is paramount to the development of a successful
(i.e., curative) address for Alzheimer’s disease, since even early
Alzheimer’s disease reflects metastasized amyloid aggregates

and portends irreversible destruction of neuronal tissue. To this
end, the detection of amyloid HSI signature in the retina
warrants aggressive developmental pursuit.
Retinal vasculature dystrophy,32 retinal cell loss and

denervation, and overt Aβ1−42 deposits in retinal tissue of
transgenic APP/PS1 mice33−35 have been reported in the past
as representative of early onset Alzheimer’s disease. Koronyo-
Hamaoui et al.’s elegant demonstration31 of curcumin-staining
of retinal Aβ followed by imaging shows that retinal plaques are
present (and were detected) as early as 2.5 months of age, while
brain Aβ aggregates were detectable only after 5−6 months in
APP/PS1 APP/PS1 mice. Our findings, although derived from
a technique based on a completely different physical principle,
corroborate that retinal Aβ can be observed far before overt
plaque deposition in the brain of the APP/PS1 transgenic
mouse. A reviewer made us aware of the possibility of using
tomographical data for amyloid characterization in the retina.
Optical coherence tomography (OCT) is a well-known tool for
the measurement of reticular nerve fiber layer (RFNL)
thickness and topography. To our understanding, the current
axial resolution achieved during clinical ophthalmic OCT
imaging has reached the single-digit micrometer range.36

Spectral domain OCT could potentially be an excellent
complementary technique to HSI signature-mapping since the
former would yield physical parameters of the optical feature
being characterized.
An ongoing treatment program with our experimental anti-

Alzheimer’s drug candidate, ψ-GSH, presented us the
opportunity to monitor differential Alzheimer’s progression in
real time.37 Wild-type (WT) mice (10, female) and transgenic
(APP/PS1) mice (two groups, 10 females treated with ψ-GSH
and another 10 females treated with vehicle control) were
employed. ψ-GSH was administered for 12 weeks (ip) to the
treatment group beginning at three months of age. Every 4
weeks, retinae of two mice from all three groups were isolated
and HSI spectra were acquired according to the technique
described in Methods (Figure 9). One month following

Figure 7. HSI spectra of retinae isolated from wild type (green) and APP/PS1 (red) mouse at (A) 2, (B) 4, (C) 6, and (D) 8 months of age (n = 6).
Consistent and progressive variation is seen for scattering of wavelengths between 480 and 560 nm.

Figure 8. Fluorescent Aβ1−42 antibody-stained brain tissue from WT
(A) and APP/PS1 mouse (B = 6 months, C = 7 months, D = 8
months). While staining of APP/PS1 mouse brain is hardly
noteworthy at six months, that at eight months shows alarmingly
increased number and size of Aβ plaques. The details of the antibody
used and the protocol for immunohistochemistry are described under
Methods.
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treatment initiation, retinae from the two transgenic mouse
groups did not exhibit statistically significant differences.
However, the differences between the transgenic mouse retinae
and the age-matched WT mouse retinae were significant. HSI
spectra from the retina of the ψ-GSH treated mice began to
differ from the APP/PS1 mice at 2 months of treatment. The
spectra from the retinae of mice treated with ψ-GSH tended
toward those from normal mice. This difference persisted
throughout the experiment until the end of the treatment.
At the conclusion of the preclinical study, we examined the

relationship between retinal HSI spectra and cognitive-
histochemical parameters (reported elsewhere37 but summar-
ized briefly here). Cognitive aspects were quantified using the
Morris water maze, which regards the escape latency and path
length for successful memory recall of a stationary object as
cognitive parameters.38 Wild-type (WT) mice and ψ-GSH ip
treated mice were subject to successful learned behavior
inculcation, as exemplified by escape latencies significantly
lower than and path lengths significantly shorter than saline
treated transgenic mice. HSI scans of the WT and ψ-GSH
treated mice did not show retinal HSI signatures indicative of
amyloidopathy, while the saline control transgenic mice did.
Across the same groups, Aβ load was quantitated by staining
brain sections with anti-Aβ antibody. Untreated mice whose
brain showed significant amyloid load also afforded amyloido-
genesis-positive HSI signatures, which were in turn negative for
ψ-GSH treated transgenic mice with insignificant amyloid load.
Conclusion and Future Directions. As it stands, we

believe that HSI spectral imaging is sufficiently validated as a
modality for (1) ex vivo Aβ aggregate detection in mouse brain
and retina, (2) ex vivo monitoring of treatment progress in
mouse retina, and (3) in vitro screening of chemical entities for
amyloidogenesis modulatory activity. Of particular note is the
independence from an externally applied or administered
labeling agent. The detection of amyloid aggregates in the
retina well before brain plaque deposition attests to the
technique’s sensitivity. Acquisition of a unique signature for Aβ
plaque attests to its specificity. These findings have served as
the basis for an extensive ongoing program on in vivo HSI

imaging of live mouse retina. Preliminary experiments employ-
ing a spectral imaging instrument devised to look directly into
live mouse eye revealed (after a large number of instrumental
and algorithmic modifications) spectral trends in live transgenic
mouse similar to those found in isolated retinas. This very
encouraging follow-up will be presented in a subsequent report.

■ METHODS
Reagents. Aβ1−42, scrambled Aβ1−42, FITC−Aβ1−42, and FITC−

scrambled-Aβ1−42 were purchased from American Peptide Company
(Sunnyvale, CA, USA). All other chemicals were purchased from
Sigma (St. Louis, MO, USA). For all experiments, a stock solution of
Aβ1−42 (1 mg/mL) prepared in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) was sonicated in a water bath at ambient temperature for
10 min and dried under vacuum. The HFIP-treated Aβ1−42 was then
dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 1
mM before storage at −20 °C. Stock solutions of scrambled Aβ1−42,
FITC−Aβ1−42, and FITC−scrambled-Aβ1−42 were prepared in a
similar manner. The cell culture media minimum essential medium
(MEM), F12, and fetal bovine serum (FBS) were obtained from
Invitrogen (Carlsbad, CA).

Cell Culture and Cellular Uptake. All the cell culture
experiments described in the present study employed a human
neuroblastoma cell line, SH-SY5Y, which was obtained from American
Type Culture Collection (Manassas, VA). The cells were maintained
in MEM/F12 (1:1) medium supplemented with 10% FBS, 100 units/
mL penicillin, 100 units/mL streptomycin, and 1% NEAA
(nonessential amino acids). Cells were grown at 37 °C in a humidified
atmosphere with 5% CO2. Aβ

1−42 and scrambled-Aβ1−42 were added to
SH-SY5Y cultures for 24 h. For time-dependence experiments, 250
nM Aβ1−42 was added to SH-SY5Y cells plated in 4-well Lab-Tek
chamber slides (Nunc), and images as well as HSI spectral scans were
acquired at varying times (0−7 days) after addition of the labeled-
Aβ1−42. For dose-dependence experiments, Aβ1−42 and FITC−Aβ1−42
were added at varying concentrations (0−1000 nM), and cells were
imaged 24 h thereafter. In some experiments, SH-SY5Y cells were
incubated with FITC−Aβ1−42 for 48 h in the presence and absence of
inhibitors or promoters of β-amyloid peptide.

Hyperspectral Imaging Principles and Instrumentation.39

Illumination Technique. This technique is illustrated in Figure 10.
The image of the source is eliminated by passing the light through a
liquid light-guide (eliminating source image). Emergent rays are
allowed to expand to the desired diameter and collimated. A diffuser

Figure 9. Monitoring of drug treatment effects in APP/PS1 mice retinae by HSI. An advanced candidate therapeutic, ψ-GSH, was administered to
age-matched APP/PS1 and WT mice ip for 12 weeks. Panels A, B, and C demonstrate a mean of spectral images acquired after 1, 2, and 3 months of
drug treatment, respectively, and compared with vehicle controls in APP/PS1 and WT groups. Green, saline treated WT mice; red, saline treated
Alzheimer’s mice; blue, Alzheimer’s mice + ψ-GSH ip. Shift in the HSI spectral pattern of the retinae of drug-treated mice from closer to the pattern
from the APP/PS1 group, progressively toward that from the WT group suggested positive outcome of the treatment. This was corroborated by the
results of cognition test and Aβ1−42 immunohistochemistry on the brain tissue.37
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then produces a solid cylinder of collimated, diffuse light that is
reflected by 90° onto an annular slit that blocks all but the periphery of
the light cylinder. A hollow cylinder of light thus proceeds to the
condenser assembly that converges it into a hollow cone. The
specimen is placed at the focal point of this cone, effectively achieving
convergence of all light into one intense spot. Adjustment of a focused
objective lens above the specimen to a numerical aperture (NA) of
≤1.2 with a diaphragm restricts passage of light to only that emerging
from scatter (i.e., “dark-field” conditions are implemented).
Spectrophotometry. A holographic grating (sandwiched between

two prisms) receives, diffracts, and projects light onto a detector array.
The direction of the resultant light propagation being a function of
incident wavelength, the spatial location of the light incident on the
detector array is used to generate a set of monochromatic points of
varying intensity corresponding to locations on the specimen. This
arrangement provides for a spectral resolution of 2.5 nm through a 30
μm slit. The actual image pixel size attained with a 40× objective (2 ×
2 binning) is 322 nm × 322 nm.

=
×

× × ‐

pixel dimensions
objective magnification binning

camera pixel size lens magnification c mount

The spectrum of light scattered during transmission through the
specimen, which contains effects of light absorption, is obtained at
each image pixel. In the present study, the 400−1000 nm wavelength
region was scanned, yielding intensity readings at 467 well-resolved
wavelengths.
At any given point of time, a single line along the x axis of the

specimen (first spatial dimension) is subjected to spectral
quantification (spectral “dimension”). Movement of the sample stage
along the y axis (at 90° to the irradiated line) yields the second spatial
dimension, yielding three-dimensional spatiospectral stack.
Data Acquisition and Processing. Environment for Visualization

(ENVI), version 4.4 (Exelis, McLean, VA), served as the software front
for directing spectral acquisition. Five regions of interest (ROIs)
consisting of randomly selected groups of ≥150 pixels each were
scanned with the aforementioned optical arrangement. In order to
render data suitable for comparison across different samples,
intensities at each wavelength were subjected to two corrections: (1)
for “dark current” aberrations, through subtracting values obtained
without illumination, and (2) for differing mass extinction coefficients
across ROIs, by expressing intensity emitted by the illuminated sample

at each wavelength as a fraction of the intensity at the most intense
wavelength in that ROI. In other words, the parameter whose variation
with wavelength is being studied here is Lλi/Lλmax

, where Lλi and Lλmax
correspond to the emergent intensity at the ith wavelength and at the
wavelength that is maximally intense. Distance of the sample from the
objective and intensity of incident light being held constant, this
parameter is inversely proportional to the ratio of the exponents of the
mass extinction coefficients at the respective wavelengths (Lλi/Lλmax ∝
e−μλ/e−μmax). Standard errors in the mean values at each wavelength
from the five ROIs/specimen (triplicate readings) yielded p-values less
than 0.05. Scatter plots (x(̅Iλ/Imax) vs λ) of the specimen and the
corresponding control (data from specimens exposed to scr-Aβ1−42)
were overlaid. The refined data were utilized for comparison with a
spectral library of FITC−Aβ1−42 aggregate. The latter was prepared by
recording the spectra of intracellular Aβ1−42 aggregates.

The spectral “signature” of an optical feature in a specimen is the
pattern of intensity variance across distinct wavelengths within the
same spectrum. A true pattern is necessarily invariant with
multiplicative intensity scaling (i.e., the relative intensity ratios
between wavelengths of a particular pattern should remain constant
irrespective of absolute magnitudes). Such scaling can emerge from
specimen illumination intensity, nonuniformity of illumination, varying
optical density arising from dissimilar specimen thickness, and
fluctuations in detector sensitivities that are uniform across the entire
wavelength range. We employed the “spectral angle (SA)” metric for
coalescing the spectra into a single scalar quantity. It can be described
in the current context as follows: (1) a spectrum emerging from a
single pixel is considered to be a vector with dimensions equal to the
number of wavelengths and the components in each dimension equal
to the respective intensities, (2) the inner product of the two vectors is
stated, and the cosine of the angle between the two vectors (i.e., the
cosine similarity) is calculated (eq 1). Since both wavelength and
intensity are positive numbers, cos θ assumes values between 0 and 1.
While a number of comparison indices exist that may be applicable to
the present work, the spectral angle is one of the two most reliable
indices (the other being the correlation coefficient) prefixed with
“spectral”.40 Since (1) wavelength shifts (e.g., the detector erroneously
reading light of wavelength a as that of wavelength b) are negated by
repeated calibration and (2) a very small value of SA was assigned as
the threshold for similarity, the SA was deemed most appropriate and
sufficient.41 By its definition, the spectral angle is inversely propor-
tional to spectral pattern similarity. The spectral angle mapping
(SAM) algorithm as implemented in ENVI was utilized to rapidly
calculate the spectral angle between the spectrum of each pixel in a
specimen and that of each pixel in a reference sample. A very narrow
spectral angle threshold (0.1°) was regarded as a pixel “match”.
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where Lsλ and Lrλ are luminosities of the sample (s) and the reference
(r) at the wavelength λ.

Animals. Female APP and PS1 double transgenic mice (6−8 weeks
old, catalogue no. 005864) and WT C57BL6 mice were purchased 2
weeks before use from Jackson Laboratories (Bar Harbor, ME) and
housed in SPF conditions, which included filtered air and sterilized
food, water, bedding, and cages. All experiments were approved by the
Institutional Animal Care and Use Committee at the University of
Minnesota. All experimental and animal handling procedures were in
accordance with national ethical guidelines. Mice were maintained on
standard food and water ad libitum.

Hyperspectral Analysis of Mouse Brain and Retina. Brain and
retina tissues were isolated from transgenic Alzheimer’s and age-
matched WT mice at 2, 4, 6, and 8 months of age (six mice).

Isolation and Analysis of Brain Tissue. Brains were removed from
WT and APP/PS1 mice and postfixed in Zamboni’s fixative (4%

Figure 10. Schematic light-path diagram of the instrument used for
hyperspectral imaging. For clarity, the condenser components beneath
the specimen/microscope stage have been represented by two pairs of
mirrors (these would be a series of lenses).
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paraformaldehyde (PFA) and 15% picric acid in 0.25 M sodium
phosphate, pH 7.5) for 48 h before being cryopreserved in a 30% (wt/
vol) sucrose/0.1 M sodium phosphate-buffered saline (PBS) solution.
Frozen sections (10 μm) in OCT were cut on a sliding microtome and
brought to room temperature, and covered with hardset Vectashield
mounting medium with the nuclear stain DAPI (catalogue no. H-
1500; Vector Laboratories, Burlingame, CA). The whole-mount brain
slides were scanned with a Cytoviva microscope, and spectral
signatures were collected from wavelengths in the 400−1000 nm
range as described before.
Isolation and Analysis of Retina Tissue.42 Eyes were enucleated

from WT and APP/PS1 mice at the desired age. For whole-mount
retinas, eyes were fixed in ∼2 mL of freshly prepared 4% PFA−PBS at
room temperature for 45 min. This was followed by washing with ice-
cold PBS solution (2 mL) at least five times. The anterior eye portion,
cornea, was dissected out under a surgical microscope. The iris was
then removed followed by the sclera, lens, and hyaloid vessels. The
isolated retinas were then washed with ice-cold PBS and divided into
four quadrants by making four radial incisions. The whole mounts
were prepared by transferring the dissected retinas onto a microscope
slide and covering with hardset Vectashield mounting medium with
the nuclear stain DAPI. The whole-mount retina slides were scanned
with the Cytoviva microscope, and spectral signatures were collected
from wavelengths in the 400−1000 nm range as described before.
Immunohistochemistry of Mouse Brain and Retina Samples.37

For immunofluorescence studies, brain section slides and retina
sample slides were preincubated for 1 h in 5% normal goat serum
(NGS) in 1× PBST (1× PBS containing 0.3% Triton X-100) at room
temperature. A primary antibody against β-amyloid peptide (Cell
Signaling, Cat. no. 2454) was employed at a dilution of 1:200 in 1%
NGS in 1× PBST. After an overnight incubation at 4 °C, the slides
were rinsed 3 times for 10 min with 1× PBST and then incubated for 2
h in goat anti-rabbit IgG conjugated to Cy3 diluted to 1:1000 in 1%
NGS in 1× PBST. The sections were rinsed in PBST 3 times for 10
min and in PBS for 5 min. Samples were then dehydrated in ethanol,
cleared with methyl salicylate, and mounted in DEPEX (Electron
Microscopy Science, Poole, UK), and the staining of β-amyloid
aggregates and plaques was visualized with the Cytoviva microscope.
Hyperspectral Imaging To Follow Drug-Treatment Out-

comes in APP/PS1 Mice. As reported previously,37 we treated APP/
PS1 and WT mice with our lead candidate drug, ψ-GSH, 3×/week for
12 weeks beginning at 3−4 months of age. The study was divided into
three 10-mice groups: group 1, APP/PS1 mouse (vehicle control);
group 2, APP/PS1 mouse (ψ-GSH ip 500 mg/kg); group 3, WT
mouse (vehicle control). At the end of the study, animals were
euthanized, and retinae were isolated from animals in each group
followed by hyperspectral imaging as described under Hyperspectral
Analysis of Mouse Brain and Retina.
Statistical Analysis of Data. Spectral data were analyzed to

characterize differences between cells treated with β-amyloid peptide
and untreated cells in the presence or absence of inhibitors. The
differences between the normalized mean intensities at each
wavelength for samples under various treatments were compared by
the unpaired Student’s t test (two-tailed test) or the multivariate
analysis of variance (ANOVA), as appropriate. Values for each
wavelength were reported as means ± SD. A p value lower than 0.05
was considered as indicative of significant difference. Similarly, for
tissue samples, spectral differences between Alzheimer’s and WT
mouse tissue at a particular time point were analyzed by the unpaired
Student’s t test with p < 0.05 considered to indicate differences of
significance.
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