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a protein often results in the enrichment of its 3D struc-
ture in hydrophobic β sheets. Polypeptide chains adopt-
ing a hydrophobic conformation in an aqueous cytosolic 
environment are prone to self-assembly into higher-order 
aggregates to reduce their free energy, at the same time 
becoming insoluble with a tendency to precipitate in cells 
and tissues. Importantly, misfolded proteins can propa-
gate their pathological structure onto naïve, physiologi-
cally folded monomers. Such structural transitions not 
only decrease the number of functional proteins available 
for normal cell function, but can also create new toxic 
protein species.

The abovementioned features were first described in 
prion diseases, which are characterized by misfolding of 

Introduction
Intricate and tightly regulated protein synthesis fol-
lowed by proper folding are the core processes required 
for the development and physiological function of living 
organisms. Disruption of proteostasis can contribute to 
pathological states as a causal factor in disease, or as a 
consequence of the disease-initiating event. Misfolding of 
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Abstract
Protein misfolding is a prominent pathological hallmark of neurodegenerative disorders, including Alzheimer’s 
disease (AD). Studies have shown that the diversity of β sheet-rich protein deposits (such as amyloid β plaques 
and neurofibrillary tangles), present across different brain regions, might underlie different disease phenotypes and 
only certain types of aggregates might be associated with cognitive decline. Conformationally sensitive fluorescent 
amyloid probes have the ability to report different structures of protein aggregates by virtue of their shifting 
emission spectra. Here we defined the binding affinity of the fluorescent amyloid probes BSB and MCAAD to 
disease-relevant protein aggregates, and combined the two probes to examine formalin-fixed paraffin-embedded 
mouse and human brain samples. Coupled with quantitative spectral phasor analysis, the dual-probe staining 
approach revealed remarkable heterogeneity of protein aggregates across the samples. Distinct emission spectra 
were consistent with certain types of deposits present in the mouse and human brain sections. The sensitivity of 
this staining, imaging and analysis approach outperformed conventional immunohistochemistry with the detected 
spectral differences between the greater parenchyma of cognitively normal and AD cases indicating a subtle yet 
widespread proteopathy associated with disease. Our method offers more sensitive, objective, and quantitative 
examination of protein misfolding pathology using conventional tissue sections.
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the cellular prion protein into a toxic, aggregation-prone 
“scrapie” form. This concept has now been expanded to 
a large family of protein misfolding disorders (PMDs), 
with the key criteria including the adoption of an aber-
rant tertiary structure by one or more proteins, “prion-
like” templating of the misfolded structures onto cognate 
monomers, and assembly into high-molecular-weight 
toxic oligomers and insoluble aggregates. Currently, most 
if not all neurodegenerative diseases – with Alzheimer’s 
disease (AD) exerting the greatest clinical burden – are 
thought to be based on the above protein misfolding 
principles [4, 19, 32] .

The classical triad of pathological features – amyloid 
plaques, neurofibrillary tangles, and cortical atrophy – 
are used for post-mortem diagnosis of AD. Though the 
presence of amyloid β and tau deposits is not a definitive 
predictor of cognitive decline, recent evidence suggests 
that structural polymorphisms of protein aggregates cor-
relate with different disease phenotypes [7, 11, 13, 29, 
31, 36, 47]. Moreover, the structural and pathological 
diversity of toxic protein assemblies applies not only to 
visible aggregates but also to smaller subfibrillar oligo-
mers [9, 18]. Accumulation of soluble aggregated species 
of amyloid β has been shown to occur much earlier than 
symptom onset in AD patients and could contribute to 
the increasing load of subtle pathology in the aging brain, 
eventually leading to progressive cognitive decline [23, 
42].

Conventional methods used to assess various protein 
aggregates generally cannot distinguish structural poly-
morphs, detect prefibrillar species of misfolded proteins, 
while at the same time preserving tissue architecture. 
Following development of silver impregnation tech-
niques, staining of tissue sections with the small organic 
dye Congo red is one of the routinely used methods for 
amyloid detection [14]. The specificity of this approach, 
and the “apple-green” birefringence, to this day used 
as a marker of β  sheet assemblies, have been subject of 
discussion in recent years due to staining artifacts and 
difficulties in the interpretation of results [16, 26, 27]. 
Despite its peculiarities, Congo red inspired the synthesis 
of new conformationally sensitive dyes with more desir-
able properties for the detection of protein pathology in 
biological materials. Unlike with immunohistochemistry, 
small organic amyloid fluorophores intercalate between 
stacks of misfolded peptides within hydrophobic binding 
pockets. Most of the novel dyes typically report the pres-
ence of amyloid via increased fluorescence quantum yield 
(and thus brightness), and/or via shifts in the fluores-
cence lifetime, excitation, and emission spectra. Mecha-
nisms of dye binding to protein aggregates are complex 
and not fully understood, and have been characterized 
for a few of the probes synthesized to date, but generally 
dyes with similar chemical structures tend to have similar 

binding mechanisms, affinities, and amyloid reporting 
properties [1].

Owing to their molecular makeup, amyloid probes 
exhibit different binding affinities to protein aggregates, 
also changing their fluorescence emission spectra when 
bound to certain types of assemblies. We reasoned that 
two dyes deliberately selected to have distinct chemical 
structures could be used simultaneously for improved 
detection of amyloid pathology [44]. Derived from Congo 
red, BSB ((trans,trans)-1-bromo-2,5-bis-(3-hydroxycar-
bonyl-4-hydroxy)styrylbenzene) has an emission pro-
file that occupies the blue and green range of the visible 
spectrum [2, 38, 41]. MCAAD-3 is a near-infrared probe 
derived from DANIR-2c and reports aggregated amyloid 
β with high affinity [17]. Upon binding to β sheets, both 
dyes exhibit a significant increase in fluorescence inten-
sity and shifts in their emission spectra, making them 
very good candidates for sensitive amyloid detection 
with rich spectral variance. We employed such a dual-
probe staining approach using these two dyes on mouse 
and human brain sections for a systematic examination 
of misfolded protein pathology. By measuring the binding 
affinities of the probes for different protein aggregates, 
we developed a staining method that maximized amy-
loid binding while keeping non-specific signal to a mini-
mum. Spectral phasor analysis [15, 20] not only allowed 
for quantitative and unbiased assessment of prominent 
amyloid β and tau deposits, but also revealed unexpected 
subtle but widespread pathology involving the tissue 
background.

Materials and methods
Animals
All animal experiments were approved by the Animal 
Care Committee at the University of Calgary using stan-
dards set out by the Canadian Council on Animal Care. 
A 5xFAD mouse colony (Tg6799, stock number 34,840-
JAX, Jackson Laboratory, Bar Harbor, ME, USA) was 
maintained by crossing heterozygous transgenic mice 
with wild type mice, with genotyping performed by PCR 
analysis of ear notch samples.

Mouse Tissue Processing
9-month-old male 5xFAD and wild type mice were euth-
anized with sodium pentobarbital and harvested brains 
were fixed in 10% neutral buffered formalin for at least 
24 h. Tissues were then paraffin-embedded and sectioned 
onto VWR Superfrost Plus slides using a microtome at 
8 μm thickness.

Human Tissue Procurement
Formalin-fixed, paraffin-embedded brain sections of 
cognitively normal and Alzheimer’s cases were obtained 
from the Calgary Brain Bank. 4–6  μm-thick cortical 
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sections (Brodmann area 9 of the frontal lobe) from 
sporadic AD and non-AD controls (death from can-
cer, myocardial infarction) were examined with amy-
loid fluorophores and standard immunohistochemical 
techniques.

Amyloid Staining
BSB was obtained from Anaspec (cat. number AA-88300) 
and MCAAD-3 was obtained from Abcam (cat. num-
ber ab216983) (chemical structures shown in Fig. 1), and 
stock solutions prepared in DMSO.  Mouse and human 
brain sections were first deparaffinized and rehydrated 
using xylene and descending ethanol concentrations. 
Mouse and human tissues were then incubated with 
BSB (5 nM to 1 µM) and/or MCAAD-3 (5 nM to 2 µM) 
in PBS with 10% ethanol in 50 mL glass jars on a shaker 
at 50 RPM for 24 h at room temperature protected from 
light. Sections were then rinsed in PBS and mounted in 
50% PBS:ethylene glycol. After confocal imaging, cover-
slips were removed, samples were incubated with 98% 
formic acid for 7 min to disrupt β sheet structures, rinsed 
in PBS, re-stained for 24 h in a new solution of BSB and 
MCAAD-3, then re-mounted in 50% PBS:ethylene glycol 
and imaged again.

To determine the affinity of BSB and MCAAD-3 for 
amyloid, tissue samples were incubated with ascending 
concentrations of each dye separately for 24 h using the 
staining method described above and imaged after each 
concentration increase. Affinity curves were generated by 

measuring fluorescence intensity for each dye concentra-
tion. Care was taken to maintain all microscope acquisi-
tion parameters constant.

Immunohistochemistry
Human tissues stained with BSB + MCAAD-3 and sub-
sequently treated with formic acid were then incubated 
with anti-amyloid β (clone 4G8, 1:1000; Biolegend) and 
anti-tau (clone K9JA, 1:500; Agilent) antibodies over-
night at 4°C. Tissues were then labeled with secondary 
antibodies Alexa Fluor 488 and 594 and counterstained 
with DAPI.

Spectral Confocal Imaging
Images were acquired on a Nikon A1R confocal micro-
scope with a Nikon Apo 25 × 1.1 NA objective lens. Spec-
tral images were acquired with 405-nm laser excitation 
using a 20/80 beamsplitter and a Nikon A1-DUS spectral 
detector unit. Emission wavelengths from 400 to 720 nm 
were collected in 10-nm increments then converted into 
a 32-channel spectral image using ImageTrak written by 
PKS (https://stysneurolab.org/imagetrak).

Spectral Phasor Analysis
Images were analyzed using phasor analysis which is a 
method to reduce the dimensionality of spectral data 
for easier visualization and quantitation [15, 20]. Briefly, 
image pixels (typically 2 × 2) were first averaged into ker-
nels for noise reduction. Spectra from each image kernel 

Fig. 1 Chemical structures of BSB and MCAAD-3
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underwent Fourier transformation, and the two Fou-
rier coefficients at a chosen harmonic order (typically 
harmonic 1) were then plotted as a 4D histogram along 
real (G) and imaginary (S) axes. In this manner, spec-
tral shape can be captured by a single point on the GS 
plane, with intensity plotted on the z-axis and kernel fre-
quency at each GS location coded as a heat map on the 
phasor surface (see example in Fig. 2D&H). GS locations 
can also be expressed as polar coordinates where r (dis-
tance from the origin) represents the overall width of the 
spectrum (greater r denoting a narrower spectrum) and 
θ (counterclockwise angle from the G axis) represent-
ing how blue- or red-shifted the spectrum is (greater θ 
denoting a redder spectrum). In effect, phasor analysis 
reduces the dimensionality from 32 wavelength bins per 
pixel to just two coordinates (G and S) while preserving 
most of the spectral information. Phasor optimization 
was performed by scanning an ROI across the surface of 
two groups of phasor plots (e.g., WT vs. 5xFAD, Fig. 5), 
calculating a metric (r*θ) from all kernels enclosed by the 
ROI at each position, from each phasor individually, then 
calculating statistical significance using a 2-tailed t-test. 
In this way an optimal ROI could be determined that best 
separates the two groups thereby identifying the kernels 
(image pixels) that contributed most to the inter-group 
difference.

Results
Spectral detection of cross-β-sheet protein aggregates by 
BSB and MCAAD-3
5xFAD Alzheimer’s mouse and human AD brain sections 
were first stained with either BSB or MCAAD-3 alone 
and imaged using spectral confocal microscopy (Fig. 2). 
As expected, protein aggregates were easily observable by 
virtue of increased fluorescence intensity of the probes. 
In addition, the variable emission spectra associated with 
deposits allowed for improved differentiation and quanti-
tative analysis of the amyloid plaques and tangles. Mouse 
and human samples stained with the blue-green dye BSB 
(Fig. 2A, B) predominantly exhibited three different emis-
sion spectra. Owing to the differences in the amino acid 
sequences, and, consequently, different organization of 
peptide stacks in the amyloid fibrils, BSB showed distinct 
emission spectra in human amyloid plaques (emission 
peak at 520nm) and tangles (peak at 475nm). Interest-
ingly, despite human amyloid β peptide making up both 
human AD and mouse 5xFAD plaques, their spectra also 
differed, with the latter being more blue-shifted (Fig. 2C). 
For visualization of spectral content, images were trans-
formed into a 4D plot using phasor analysis. The two 
distinct BSB emission signatures from the bright plaques 
and tangles in Fig.  2B are represented by two peaks on 
the phasor plot shown in Fig. 2D (arrows).

Emission spectra of the near-infrared amyloid probe 
MCAAD-3 also differed between mouse and human 
plaques (Fig. 2E-G). As was seen with BSB, the spec-
trum from 5xFAD plaques was blue-shifted compared 
to human amyloid β deposits. The binding of this dye to 
neurofibrillary tangles in human AD samples was much 
weaker compared to plaques (Fig. 2F). As a result, the 
phasor plot showed much less spectral heterogeneity 
of high-intensity kernels (Fig.  2H), with the single peak 
on the phasor surface mainly reflecting the bright pixels 
from the plaque deposits, without an obvious peak rep-
resenting tangles. Taken together, BSB and MCAAD-3 
exhibited clear spectral shifts upon binding to different 
protein deposits in human and mouse samples.

Different affinities of BSB and MCAAD-3 for distinct 
disease-relevant features
Preferential binding of a dye molecule to amyloid aggre-
gates is one of the key factors contributing to its sensi-
tivity and specificity. The dissociation constants for the 
amyloid dyes are typically determined using cuvette 
experiments with synthetic fibrils prepared from the 
recombinant peptide or protein. However, considering 
conformational and biochemical diversity of the depos-
its found in human AD tissue [34, 35, 49], together with 
important influences of the cellular and tissue environ-
ment on ultimate protein misfolding [8, 48], we examined 
how the heterogeneity of cross-β-sheet assemblies in 
tissue sections would also affect dye binding properties. 
Mouse and human sections were sequentially stained 
with increasing dye concentrations and spectral images 
from the same regions of interest were taken at each 
concentration step. The maximum fluorescence intensi-
ties reached within the tested dye concentration ranges 
were used to estimate the binding affinity of the dyes to 
the amyloid plaques and the greater tissue parenchyma 
(Fig. 3). Plaques reached maximum intensity at lower dye 
concentrations compared to background parenchyma, 
indicating a more specific higher affinity binding. For 
BSB, the fluorescence saturation point was ≈ 100–300 
nM (Fig. 3A, B, red solid traces), while MCAAD-3 plaque 
signal plateaued at ≈ 100–1000 nM, after which no fur-
ther increase in fluorescence intensity was seen with 
either dye (Fig. 3C, D, red solid traces). The background 
parenchyma showed a slower increase in relative fluo-
rescence intensity with concentration. Interestingly, the 
background of the 5xFAD brain sections exhibited a 
significantly steeper increase in fluorescence within the 
100–1000 nM concentration range of MCAAD-3, com-
pared to the wild-type sections (Fig. 3C, dashed traces). 
Additionally, both BSB and MCAAD-3 showed a slightly 
higher affinity to the background parenchyma of the 
human AD tissue (Fig. 3B, D, purple and red dashed 
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traces) compared to cognitively normal parenchyma (Fig. 
3B, D, blue traces).

These affinity curves guided selection of optimal probe 
concentrations for quantitative analysis of bright amy-
loid deposits and dimmer background parenchyma. For 
plaques we chose lower concentrations of BSB (100 nM) 
and MCAAD-3 (25 nM) where the intensity spread vis-
à-vis background was greatest. In contrast, to maximize 
signal from background parenchyma, higher concentra-
tions of BSB (300 nM) and MCAAD-3 (1000 nM) were 
used.

Dual-probe staining revealed remarkable spectral 
heterogeneity of amyloid deposits
Considering the distinct emission ranges of the two dyes 
and their different chemical structures, together with 
their dissimilar affinities for various components of the 
brain parenchyma shown in the previous section, we rea-
soned that combining the two probes in a simultaneous 
staining paradigm would yield very rich and informa-
tive spectral images. Based on the affinity curves in Fig. 3 
(maximum separation between plaques and background), 
BSB and MCAAD-3 were applied at 100 nM and 25 nM, 
respectively. The phasor method was well suited for unbi-
ased analysis of the complex spectral data generated 
using this approach. A representative truecolor spectral 
image of a human AD case simultaneously stained with 

both probes is shown in Fig.  4A. The bright deposits 
morphologically consistent with amyloid plaques and 
neurofibrillary tangles (Fig.  4A, asterisks and arrows) 
exhibited striking heterogeneity in their emission spectra 
(Fig. 4D). In order to confirm that the dyes reported amy-
loid deposits, samples were then treated with formic acid 
which has been shown to disrupt cross-β-sheet struc-
tures [21, 25, 28], destroying the binding sites for the dye 
molecules while simultaneously retrieving the epitopes 
for immunohistochemistry. The same region re-imaged 
following formic acid treatment showed complete elimi-
nation of BSB and MCAAD-3 signal from the amyloid 
deposits (Fig. 4B), and immunohistochemistry confirmed 
their identity. Blue tangle-like deposits apparent in the 
truecolor image co-localized with anti-tau immunolabel-
ing (K9JA), consistent with different cross-β-sheet orga-
nization of the neurofibrillary tangles (Fig. 4A, C).

From the highly variable emission spectra, dual-probe 
staining suggested conformational heterogeneity of the 
amyloid plaques which was not detectable using standard 
antibody labeling (Fig. 4E1, E2). Spectral phasor analysis 
of the image in Fig. 4E2 revealed distinct peaks corre-
sponding to the different plaque types in the image (Fig. 
4F). Overall, the probes behaved in a highly complemen-
tary manner in detecting and differentiating both amy-
loid plaques and neurofibrillary tangles with rich spectral 
heterogeneity.

Fig. 2 Example spectral images of BSB- and MCAAD-3-stained 5xFAD mouse and human AD brain sections. (A,B) With 100 nM BSB, plaques and neu-
rofibrillary tangles (in the human, arrowheads) were well seen over a dark background. (C) Average spectra from the three features exhibited obvious 
differences, with tangles blue-shifted compared to plaques. (D) Phasor plot from the spectral image in B shows characteristic peaks reflective of plaques 
(labeled in B with asterisks) and tau tangles (labeled in B with arrowheads). (E,F) Staining of 5xFAD and human AD sections with 25 nM MCAAD-3 revealed 
similar patterns of amyloid plaque deposition in both mouse and human tissue with similar degrees of spectral shift between species as was the case with 
BSB (G) In contrast to BSB however, tangles were barely seen with MCAAD-3 underscoring differences in the ability of various amyloid probes to detect 
different amyloid deposits. (H) In contrast to BSB, the phasor plot of the human AD MCAAD-3 image exhibited a single narrow peak that corresponded 
to bright amyloid β deposits, with no obvious tangles. Scale bars: 50 μm
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Background 5xFAD parenchyma is abnormal by dual-probe 
staining
The concentration series of BSB and MCAAD-3 (Fig. 3) 
indicated a lower affinity of the background parenchyma 
compared to amyloid plaques, therefore to interrogate 
non-plaque regions we stained 9-month-old WT and 
5xFAD mouse brain sections with higher concentrations 
of BSB (300 nM) and MCAAD-3 (1000 nM) (Fig. 5A, D). 
After excluding bright plaques in the 5xFAD images by 
intensity thresholding, the images were transformed into 
phasor plots. Without the high-intensity peaks repre-
senting bright amyloid plaques, the plots from wild-type 
and 5xFAD mice appeared very similar, therefore requir-
ing a more sophisticated tool to examine the groups for 
potential numerical differences. Phasor optimization (see 
Methods) was used for unbiased analysis of the spectra 
from the background parenchyma in both groups. Results 
showed significant differences in the ROI indicated in 
Fig.  5B, E, which enclosed ≈ 85% of all background ker-
nels, discounting the possibility of a small spurious 
cluster producing the difference. These were randomly 
distributed in the background indicating a widespread 
and diffuse abnormality in the 5xFAD brain (Fig. 5C, F). 

The r*θ value, representing the shapes of emission spec-
tra (width and relative position of the spectrum along the 
wavelength axis), suggested that spectra from the greater 
parenchyma in the 5xFAD mice moved in the same direc-
tion as amyloid plaques (Fig.  5G). Formic acid hydroly-
sis abolished the spectral differences between WT and 
5xFAD background parenchyma, consistent with a back-
ground amyloid signature in the latter (Fig. 5H).

Human AD background parenchyma is also abnormal by 
dual-probe staining and phasor analysis
As with 5xFAD brain, given the higher affinity of the 
dyes for the background parenchyma of the AD cases 
compared to controls, and given the spectral differ-
ences detected between WT vs. 5xFAD mice using a 
higher concentration staining paradigm (300 nM BSB 
and 1000 nM MCAAD-3), the same approach was then 
used for human post-mortem sections of frontal cor-
tex (Brodmann area 9, representative spectral images 
shown in Fig.  6A, D). As with 5xFAD samples, pha-
sor plots (Fig. 6B, E) calculated for the dim background 
parenchyma (selected by intensity thresholding) were not 
noticeably different between the control and AD cases. 

Fig. 3 BSB and MCAAD-3 exhibited different affinities for amyloid plaques vs. background parenchyma. Plaques in both 5xFAD mouse and human AD 
brain were efficiently stained with both probes at nanomolar concentrations, with fluorescence intensity reaching a plateau at ≈ 100 nM. Interestingly, 
plaques from sporadic human AD had the highest affinity exhibiting substantial staining even at 5 nM (B,D). While background parenchyma required 
higher probe concentrations which did not plateau even at 1µM, this background exhibited a higher affinity in AD cases compared to non-AD controls 
(dashed plots in B and D). Finally, BSB stained plaques much more effectively at the lowest concentration from sporadic AD (sAD) cases compared to 
familial AD (fAD). Error bars indicate SEM
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Using the same optimized ROI calculated for mouse data 
above, ≈ 90% of all background kernels were included 
(Fig. 6B&E). The features of the images corresponding to 
these kernels, masked in blue in Fig. 6C, F, again showed 
a diffuse widespread pattern. As for mouse 5xFAD brain, 
r*θ values were significantly lower in human AD back-
ground indicating wider emission spectra compared 
to control cases (Fig.  6G). The trend was similar to the 
mouse background analysis (Fig.  5), however the differ-
ences were even more pronounced in human samples. 
Upon tracing the kernels in the ROI of the plots back to 
the original images, the average spectra of the AD back-
ground exhibited a higher MCAAD-3 peak compared 
to controls (Fig.  6I, arrow). Formic acid treatment and 
subsequent restaining of the tissue completely abolished 
the differences between the groups, also reflected by the 
average spectra (Fig. 6H, J). Intriguingly, and in contrast 
to mouse brain, even the background from age-matched 
control samples moved in the “normal” direction (higher 
r*θ values) after formic acid hydrolysis (compare blue 
boxes in Fig. 6G vs. H), potentially indicating subtle amy-
loid deposition in otherwise normal aged human brain.

Discussion
Protein misfolding and aggregation is a prominent path-
ological hallmark and a major contributor to disruption 
of cell and tissue homeostasis in a number of disorders, 
including Alzheimer’s disease. Recent studies have shown 
that protein misfolding begins well before the symptom-
atic stage of the disease [24, 42, 43]. Therefore, having a 
tool that objectively assesses the overall state of protein 
misfolding and aggregation would be highly desirable, 
complementing existing histopathological and immu-
nohistochemical methods that are largely agnostic to 
the folding state of proteins. Current criteria used to 
routinely assess the degree of Alzheimer’s pathology 
rely on techniques that include methods developed and 
used for the initial discovery of the disorder, with mod-
erate improvement in sensitivity or specificity over the 
decades. Methods like hematoxylin and eosin staining, 
silver impregnation, immunohistochemistry, Thiofla-
vin S, or Congo red birefringence have been repeatedly 
shown to provide an incomplete picture of the dis-
ease-induced changes in the brain, requiring an expert 
observer to interpret the results or introducing staining 
artifacts which complicates pathological assessment [14, 
27, 40].

Fig. 4 Different β-sheet-rich assemblies were revealed by widely varying emission signatures using the dual-probe approach. (A) Staining of human AD 
brain sections resulted in remarkable spectral heterogeneity of amyloid plaques (yellow and green asterisks) and tangles (arrows), shown as truecolor 
spectral images. (B) Formic acid treatment disrupted the β sheet structures thereby eliminating BSB and MCAAD-3 signal. (C) Immunohistochemistry 
for anti-amyloid β (4G8) and anti-tau (K9JA) confirmed the identity of the proteins stained with the amyloid dyes (same field of view in A-C). (D) Visually 
different amyloid β plaques and tangles in panel A exhibited striking differences in their emission spectra. Amyloid β deposits that appeared similar using 
antibody labeling (E1) had distinct emission signatures with the dual-probe staining method (E2), also reflected by distinct peaks on the phasor plot (F). 
Scale bars: 50 μm
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Deposition of protein aggregates in AD follows an 
anatomical progression, with amyloid plaques typically 
spreading from neocortex and allocortex to the basal 
ganglia and later to the brainstem and cerebellum, and 
with neurofibrillary tangles typically beginning in the 
limbic system and accumulating in different brain regions 
across stages of disease [3, 5]. Additionally, the structural 

organization of deposits varies, similarly to prion strains, 
affecting different types of cells and pathways with dif-
ferent speed and resulting in different clinical disease 
phenotypes [10, 13, 19, 37, 47]. While conventional 
immunohistochemistry is well suited for revealing the 
presence of a specific protein in the tissue (e.g., amyloid β 
and phosphorylated tau), it is generally unable to identify 

Fig. 5 Dual staining with BSB and MCAAD-3 detected subtle pathology in the greater non-plaque parenchyma of 5xFAD mouse brains. (A, D) Repre-
sentative spectral micrographs of gray matter sections from WT and 5xFAD mice. (B, E) The greater parenchyma (all plaques omitted) was analyzed with 
spectral phasor. In contrast to plaques (Figs. 2 and 4), the distributions did not show obvious differences. Instead, the ROI (pink rectangle) shown on the 
phasor surface was determined using phasor optimization to find the population of kernels which were most significantly different between the WT and 
5xFAD groups. These kernels are shown in blue in C and F, comprising ≈ 85% of the background area, suggesting diffuse and widespread subtle deposi-
tion of amyloid in the 5xFAD samples. (G) Based on phasor analysis, a significant parenchymal difference was observed between WT and 5xFAD based 
on the calculated r*θ values (Wilcoxon signed-rank test, p = 0.04). Notably, the r*θ values of the 5xFAD background moved in the direction of the amyloid 
plaques. The difference between the backgrounds was abolished using formic acid (FA) treatment (r*θ values calculated for the same ROIs of the samples 
that were treated with formic acid and restained shown in H), supporting the notion that the differences in G were driven by subtle amyloid deposition. 
Scale bars: 50 μm, error bars indicate SEM
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Fig. 6 Dual staining with BSB and MCAAD-3 detected subtle pathology in the background parenchyma of human AD brain. (A,D) Representative spec-
tral micrographs of frontal cortex (Brodmann area 9) from sporadic AD and non-AD controls labeled with 300 nM BSB and 1000 nM MCAAD-3. Only the 
dim background pixels were selected for phasor analysis, leading to a similar appearance for both control and AD plots (B,E). The ROI on the phasor plot 
was the same as in mouse samples (Fig. 5), and selected the majority of background pixels shown in blue in C, F. r*θ metrics revealed significant differ-
ences between control and AD background ((G), p = 0.025 Wilcoxon signed-rank test), which were completely abolished by formic acid hydrolysis (H). The 
average emission spectra of the kernels enclosed by the ROI showed a subtle red-shift of the AD background parenchyma compared to controls due to a 
relatively higher MCAAD-3 peak (I, arrow), which was reduced by formic acid treatment (J). Taken together, as in 5xFAD mouse background, these results 
are consistent with a subtle but widespread amyloid deposition in the non-plaque human AD parenchyma. Scale bars: 50 μm, error bars indicate SEM
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different conformations these proteins might assume. 
Small fluorescent amyloid probes such as pFTAA, K114, 
BSB, MCAAD-3 and others address the challenge of 
revealing conformational heterogeneity of deposits by 
altering their emission signatures depending on the bind-
ing pockets of the fibrils they ligate.

Spectral confocal microscopy is well suited for imaging 
tissue architecture while detecting changes in the emis-
sion spectra of fibril-bound amyloid probes. To enhance 
the ability to distinguish different morphotypes of protein 
aggregates, we combined two dyes with distinct spectral 
characteristics to cover a broader range of emission spec-
tra. The amyloid dyes BSB and MCAAD-3 (derived from 
Congo red and DANIR-2c, respectively) have both been 
shown to detect fibrillar deposits of amyloid β and tau in 
previously published studies [17, 41, 45]. While BSB and 
MCAAD-3 each on their own reported a degree of spec-
tral heterogeneity among protein aggregates, dual stain-
ing captured a remarkable variation in spectral signatures 
of the deposits (Fig. 4D). Using variation of the emission 
spectra of BSB and MCAAD-3 as a means to distinguish 
different structural assemblies of amyloid β and tau, we 
were able to illustrate the prevalence of differently aggre-
gated conformers in AD brain sections to a degree that 
surpassed any single probe [6, 39].

Harnessing the full reporting potential of complex 
spectral data requires advanced analytical approaches 
with capabilities extending well beyond linear spectral 
unmixing for instance. Fourier transformation of emis-
sion spectra and phasor analysis coupled with automated 
optimization were developed for quantitative and unbi-
ased assessment of spectral images. In this way, the con-
formational heterogeneity reflected by distinct emission 
signatures of mouse vs. human amyloid plaques, amyloid 
plaques and tangles and even protein deposits within 
the same image could then be quantified using phasor 
analysis, which transformed complex spectral data from 
the whole image into a 4D plot, considering the inten-
sity, spectral shape and the frequency of various emission 
signatures.

Preferential binding of the aforementioned amyloid 
probes to the hydrophobic pockets of fibrils has been 
previously used in staining techniques for visualization 
of high-molecular-weight assemblies [1]. However, the 
parameters used in the staining protocols to date have 
been somewhat arbitrary, with high concentrations, short 
staining times and harsh washing steps for stain differ-
entiation [12, 17, 22, 46]. Such approaches risk produc-
ing non-specific overstaining or loss of lower affinity but 
still informative labeling by overly aggressive washing. 
Our staining paradigm instead relied on first establish-
ing the affinities of the probes for the protein aggregates 
in-situ, extending the incubation times to allow time 
for equilibration with less accessible binding sites, and 

specifically selecting working concentrations tailored to 
the misfolded protein pathology of interest. This method-
ical search for optimal dye concentrations using protein 
aggregates present in diseased tissue samples challenges 
the relevance of synthetic fibrils in establishing the actual 
affinities of the dyes to disease-relevant species (for 
example, approximate affinity of MCAAD-3 to biolog-
ically-derived amyloid plaques is ~ 10 nM, compared to 
the previously published Kd= 100 nM established in syn-
thetic fibril experiments) [17]. Based on experimentally 
determined binding affinities, the absolute and relative 
concentrations of the dyes were adjusted to specifically 
target and emphasize different aggregates. The striking 
emission differences seen in amyloid plaques and tangles 
likely resulted from the different preferential binding of 
either BSB and/or MCAAD-3 to these deposits in addi-
tion to the influence of the nanostructure of the aggre-
gates on their emission spectra.

The concept of conformational heterogeneity of mis-
folded proteins is not limited to readily visible, high-
molecular-weight assemblies. In fact, it is even more 
applicable to low-molecular-weight aggregates, with 
metastable oligomers and a variety of protofibrils poten-
tially also exerting different toxic effects on the brain. 
Increased affinities of BSB and MCAAD-3 for the dis-
eased parenchyma of both mouse AD model and human 
AD samples (Fig. 3) point to subtle disease-driven pathol-
ogy extending well beyond the visible plaques and tan-
gles. This observation was supported by phasor analysis 
that also confirmed significant differences in spectral 
signatures in the seemingly unaffected background 
parenchyma of both 5xFAD mice and human AD cortex 
(Figs. 5 and 6). With recent studies showing the presence 
of subresolution prefibrillar amyloid in AD [30, 33], it is 
likely that the abnormal background spectra reflect wide-
spread protein misfolding pathology, providing more 
evidence for AD being a pan-encephalopathy. With the 
ability of formic acid treatment to remove the visible 
protein deposits, it is also possible that this treatment 
dissolved smaller subfibrillar aggregates, morphologi-
cally unresolved by the imaging system, yet detectable 
by virtue of their distinct spectral shifts underscoring the 
power of fluorescence spectroscopy to uncover pathol-
ogy that cannot be otherwise resolved morphologi-
cally at the light microscopic level. Interestingly, while 
the spectral shifts in AD background parenchyma were 
more pronounced than controls (Fig.  6G), indicating a 
more extensive diffuse amyloidosis, the fact that formic 
acid normalized both to the same level, that was none-
theless different from baseline even for the control group 
(Fig. 6H), suggests that even these cognitively unaffected 
subjects harbored a degree of age-related amyloid depo-
sition that our method could measure.



Page 11 of 12Stepanchuk et al. Acta Neuropathologica Communications          (2022) 10:153 

In conclusion, quantitative spectral pathology 
described in this study showcases the potential of spec-
troscopic tools for interrogating protein misfolding, with 
the capability of surpassing the performance of conven-
tional methods, while still preserving the architecture of 
histological sections. Importantly, our method has the 
potential to report overt and subtle pathological changes 
in an objective and quantitative manner, with a sensitiv-
ity that surpasses traditional methods. While this proof-
of-principle study focused on Alzheimer’s pathology in 
transgenic mice and human samples, this method will 
likely be applicable to a broad range of proteopathies 
affecting the CNS and other organ systems.
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