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A B S T R A C T   

Background: Alzheimer's disease (AD) is a neurodegenerative disease that exacts a huge toll on the patient, the 
healthcare system and society in general. Abundance and morphology of protein aggregates such as amyloid β 
plaques and tau tangles, along with cortical atrophy and gliosis are used as measures to assess the changes in the 
brain induced by the disease. Not all of these parameters have a direct correlation with cognitive decline. Studies 
have shown that only particular protein conformers can be the main drivers of disease progression, and con-
ventional approaches are unable to distinguish different conformations of disease-relevant proteins. 
Methods and results: Using the fluorescent amyloid probes K114 and CRANAD-3 and spectral confocal micro-
scopy, we examined formalin-fixed paraffin-embedded brain samples from different control and AD cases. Based 
on the emission spectra of the probes used in this study, we found that certain spectral signatures can be 
correlated with different aggregates formed by different proteins. The combination of spectral imaging and 
advanced image analysis tools allowed us to detect variability of protein deposits across the samples. 
Conclusion: Our proposed method offers a quicker and easier neuropathological assessment of tissue samples, as 
well as introducing an additional parameter by which protein aggregates can be discriminated.   

1. Introduction 

In the past two decades the hypothesis proposing amyloid plaques as 
the main drivers of AD has been challenged, based in part on the failure 
of clinical trials testing drugs designed to remove these deposits (Reitz, 
2012; Vaz and Silvestre, 2020). Recent data instead suggest that low 
molecular weight assemblies in the presymptomatic stages of disease 
might contribute to or trigger initial neurodegeneration (Cline et al., 
2018; Sengupta et al., 2016; Esparza et al., 2013). In addition, there is 
mounting evidence supporting the idea that amyloid β (Aβ) and tau 
might have prion-like properties, whereby misfolded species template 
their conformations onto naïve proteins, causing not only a loss of 
physiological function, but also a gain of toxic function by these 
improperly folded morphotypes (Langer et al., 2011; Holmes and Dia-
mond, 2014; Meyer-Luehmann et al., 2006; Gaspar et al., 2010). It was 
shown that certain types of misfolded Aβ and tau aggregates exhibit 
higher levels of neurotoxicity, and can cause different deficits in brain 

cell function, supporting strain variability of proteins involved in AD 
progression (Condello et al., 2018; Aoyagi et al., 2019; Fändrich et al., 
2018). 

Detection of misfolded states of tau and Aβ, along with discrimina-
tion of different misfolded conformers of these proteins early in the 
disease course has been the focus of intense research, as this could help 
shed light on the earliest pathophysiological stages of the disease. The 
methods that are widely used for protein aggregation assessment in 
tissue at post-mortem analysis do not present an adequate solution to 
this challenge; routine neuropathological examination of human brains 
employ methods that have a limited ability to distinguish different types 
of aggregates formed by the same protein. Immunohistochemistry (IHC) 
is a well-established staining technique, but in general only reports the 
presence of a protein, without regard to its folding state, that is now 
known to be critical for pathogenesis of a variety of diseases. 

Staining of brain sections with small organic molecules that prefer-
entially bind to β-sheet-rich protein deposits were introduced at the 

* Corresponding author. 
E-mail address: pstys@ucalgary.ca (P.K. Stys).  

Contents lists available at ScienceDirect 

Neurobiology of Disease 

journal homepage: www.elsevier.com/locate/ynbdi 

https://doi.org/10.1016/j.nbd.2021.105540 
Received 17 June 2021; Received in revised form 7 October 2021; Accepted 27 October 2021   

mailto:pstys@ucalgary.ca
www.sciencedirect.com/science/journal/09699961
https://www.elsevier.com/locate/ynbdi
https://doi.org/10.1016/j.nbd.2021.105540
https://doi.org/10.1016/j.nbd.2021.105540
https://doi.org/10.1016/j.nbd.2021.105540
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neurobiology of Disease 161 (2021) 105540

2

beginning of the 20th century with the textile dye Congo Red. Detection 
of Alzheimer's amyloid plaques and neurofibrillary tangles by this dye is 
typically based on its birefringence induced after binding to highly or-
dered protein aggregates (Howie and Brewer, 2009; Howie et al., 2008; 
Howie and Owen-Casey, 2010). Since the introduction of Congo Red, 
multiple classes of dyes have been synthesized to improve sensitivity 
and specificity of such staining approaches; when contacting amyloid 
the majority of probes described to date, rather than inducing birefrin-
gence into the image, instead exhibit a change in fluorescence proper-
ties, such as increased quantum yield, shifts in excitation and emission 
spectra and alterations of fluorescence lifetime (Aliyan et al., 2019). 
Compared to immunohistochemistry, the mechanisms that govern the 
binding of amyloid probes to protein aggregates are highly dependent 
on the structure of both the dye molecule and the aggregate itself. For 
example, docking of the thioflavin T molecule to restricted hydrophobic 
pockets between peptide chains of the β sheet reduces its internal mo-
lecular rotation thereby increasing fluorescence quantum yield and 
therefore brightness, with little change in shape of emission spectrum 
(Khurana et al., 2005; Biancalana and Koide, 2010). In contrast, certain 
dyes, such as luminescent conjugated oligothiophenes, were shown to 
change emission spectrum depending on the structure of the protein 
aggregate to which they bind (Aslund et al., 2009; Nilsson et al., 2018; 
Sigurdson et al., 2007). 

K114 ((trans,trans)-1-bromo-2,5-bis(4-hydroxystyryl)benzene) is a 
Congo Red derivative that was shown to bind to aggregates formed by 
Aβ, tau and alpha synuclein (Crystal et al., 2003; Levine, 2005; Burré 
et al., 2015). As we have recently shown (Stepanchuk et al., 2021), 
owing to the presence of titratable phenol rings in its structure, the 
change in K114 emission spectrum is able to report different types of 
amyloids by shifts in emission spectrum. Another fluorescent amyloid 
probe, CRANAD-3 is a derivative of curcumin, capable of detecting 
different species of Aβ assemblies with high affinity (Zhang et al., 2015). 
Though both fluorophores were previously reported to have amyloid- 
binding properties, the mechanisms of their interactions with protein 
aggregates are not precisely understood. Due to significantly different 
chemical structures of these two dyes, we posited that the potentially 
distinct mechanisms of reporting amyloid deposition would allow for a 
more complete detection of protein aggregates and better strain 
discrimination. In addition, distinct excitation and emission spectra of 
K114 and CRANAD-3 made it possible to differentiate between the 
signal originating from each dye. Here we combine these two probes 
from different classes in a single staining to examine amyloid pathology 
in human samples and cross-validate the amyloid staining by immuno-
histochemistry. We found that our approach not only reduced the 
number of steps required to detect Aβ and tau aggregates compared to 
immunochemical techniques, but also provided more information about 
conformational variability of protein deposits. Using advanced spectral 
analysis tools, we were able to characterize and distinguish the aggre-
gates of the same protein based on different emission signatures. Taken 
together, our method has significant potential to augment existing 
techniques of histological tissue examination, providing more detail 
about accumulation of protein aggregates in a time- and cost-effective 
manner. 

2. Materials and methods 

2.1. Reagents 

Dimethyl sulfoxide (DMSO), Na2CO3, Tween-20, formic acid 
(95–97%) and glycerol were obtained from Sigma-Aldrich (St. Louis, 
MO). K114 was purchased from Tocris Inc. (Fremont, CA). Stock solu-
tion of K114 (5 mM) was prepared in DMSO. CRANAD-3 was synthe-
sized in house and stored as a 10 mM stock solution in 100% ethanol. 
Both dye stock solutions were stored at +4 ◦C. Mouse anti-Aβ antibody 
(1–16, clone 6E10), was purchased from Covance (Princeton, NJ, cat. 
number SIG-39320) and rabbit pan-tau antibody K9JA was from Agilent 

(Santa Clara, CA, cat. number A002401-2). Goat anti-mouse Alexa Fluor 
488 was acquired from Thermo Fisher Scientific (Waltham, MA, cat. 
number A-11029) and donkey anti-rabbit Alexa Fluor 594 secondary 
antibody was purchased from Jackson ImmunoResearch (West Grove, 
PA, code 711-895-152). Normal goat serum and bovine serine albumin, 
as well as Fluoromount were obtained from Sigma-Aldrich (St. Louis, 
MO, cat. numbers G 9023, A 2153 and F 4680 respectively). 

2.2. Human tissue selection 

Formalin-fixed, paraffin-embedded tissue samples were obtained 
from 6 AD patients and 6 cognitively normal control cases. All samples 
were obtained through the brain donation program of the Queen Square 
Brain Bank for Neurological disorders, UCL. The ApoE status was ob-
tained as described previously (Toomey et al., 2020). Six μm thick brain 
sections of anterior cingulate, temporal cortex and hippocampus were 
used for amyloid probe staining and subsequently immunohistochem-
istry. Alpha-synuclein pathology was assessed using the current diag-
nostic criteria (Attems et al., 2021), four cases were found to fulfil the 
diagnostic criteria for neocortical pathology. One case only contained 
Lewy bodies in the amygdala and the remaining case was negative for 
alpha-synuclein pathology. TDP-43 pathology was assessed according to 
the current criteria (Josephs et al., 2016). One case had TDP-43 pa-
thology present in the subiculum reaching stage 2, two cases contained 
TDP-43 pathology in the amygdala (stage 1) and the remaining cases 
were negative for TDP-43 pathology. No TDP-43 or α-synuclein pa-
thology was identified in the control cases used in this study. The de-
mographic data for all cases are shown in Table A.1. 

2.3. Amyloid probe staining and imaging 

Tissue samples were deparaffinized and rehydrated using xylene and 
an ethanol:water series followed by equilibration in distilled water. 
Sections were mounted in 50% glycerol 0.1 M Na2CO3 buffer pH 9.5 
containing 20 μM K114 and 30 μM CRANAD-3 (structures shown in 
Fig. 1). Due to the differences in their chemical structure, we reasoned 
that these dyes would have different affinities and mechanisms of 
binding to β sheet-rich protein aggregates. K114 emission spectrum 
occupying the 400–550 nm range with 405 nm excitation and CRANAD- 
3 covering 550–700 nm range with 488 nm excitation also allowed for 
good separation of fluorescence originating from either fluorophore. 
Slides were coverslipped and sealed with UV-curable Bondic liquid 
plastic sealant to avoid evaporation. The samples were imaged after two- 
day incubation in the mounting medium containing amyloid dyes. 
Spectral imaging was performed on an upright Nikon A1R confocal 
microscope equipped with a 32-channel multianode spectral detector 
and a 25×, 1.1 NA water dipping objective (Nikon, Japan). Images were 

Fig. 1. Chemical structures of K114 and CRANAD-3.  
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acquired using NIS Elements software version 4.30 with 405 nm exci-
tation, and the spectral detector configured to collect emission ranging 
from 400 to 720 nm in 10 nm steps. Imaging fields were exposed to 10 
passes of high-intensity laser excitation (300 μW measured at the sample 
at 405 nm) to induce photoconversion of protein aggregates and 
enhance staining contrast (example in Fig. A.1) (Stepanchuk et al., 
2021). CRANAD-3 was imaged using 488 nm excitation and the spectral 
detector set to collect emission from 495 to 750 nm in 10 nm steps. 

2.4. Immunohistochemistry 

Amyloid probe staining and imaging were always performed prior to 
immunohistochemistry because certain steps associated with the latter 
method (e.g. antigen retrieval) disturb the protein aggregation states on 
which amyloid dye staining depends. Coverslips of slides previously 
stained and imaged with amyloid probes were removed and the slides 
were immersed in distilled water for 5 min to wash off the residual 
mounting medium. For antigen retrieval, sections were incubated in 
95–97% formic acid for 5 min at room temperature and washed in 
distilled water. Sections were then incubated in blocking solution con-
taining 10% normal goat serum, 1% bovine serum albumin and 0.3% 
Triton X-100 for 1 h at room temperature. After blocking, the samples 
were incubated with primary antibodies (mouse anti-amyloid β 6E10, 
1:1000 dilution, rabbit anti-tau K9JA, 1:500 dilution in PBS) for 15–17 h 
at 4 ◦C. Following three washes (15 min each) with PBS-T (0.05% 
Tween-20), the slides were incubated with secondary antibodies (Alexa 
Fluor 488 goat anti-mouse and Alexa Fluor 594 donkey anti-rabbit, 
1:500 dilution in PBS) for 1 h at room temperature. After three 15- 
min washes with PBS-T, slides were mounted in Fluoromount, left for 
1 h to cure and imaged on the Nikon A1R confocal microscope. Anti- 
amyloid β staining with Alexa Fluor 488 conjugated secondary anti-
body was imaged using 488 nm excitation and spectral detector set up 
for collection of emission from 495 to 750 nm. Anti-tau staining with 
Alexa Fluor 594 conjugated secondary antibody was imaged with the 
561 nm laser and spectral detector collected emission from 575 to 750 
nm. 

2.5. Spectral unmixing and analysis of images 

At least six separate fields of view were imaged for each slide. 
Spectral micrographs representing K114 staining, CRANAD-3 staining 
and both antibodies for immunohistochemistry were acquired for each 
field of view. Subsequent image processing and analysis were performed 
using custom-written software (ImageTrak; written by P.K.S. http: 
//stysneurolab.org/imagetrak/). 

2.5.1. K114 analysis 
Mean emission spectra of amyloid plaques and tau tangles were 

derived from all images across the AD samples (example in Fig. 4C). 
Based on our observation that aggregates with a tangle-like morphology 
exhibited peak K114 emission at 450 nm vs. 520 nm for amyloid pla-
ques, emission spectra with peak maxima at 450 nm and 520 nm were 
used for linear unmixing and separation of tangle- and plaque-like fea-
tures from the background parenchyma respectively. The pixels in each 
image were separated based on the similarity of their emission to 
background or either of the plaque or tangle spectra. 

2.5.2. CRANAD-3 analysis 
Average emission spectrum of CRANAD-3 bound to putative diffuse 

plaques (peak emission at 630 nm, see Fig. 8J) was extracted from im-
ages of AD samples. Pixels with predominantly red-shifted CRANAD-3 
spectrum were unmixed from the background using the same linear 
unmixing algorithm as for K114. 

2.5.3. Immunohistochemistry 
Spectral images of antibody staining were assessed for the presence 

of emission spectra characteristic of Alexa Fluor 488 and Alexa Fluor 
594. As described above, the features of the image were separated based 
on the similarity of their emission to background or either of the anti-
body spectra using linear unmixing (Fig. 2). 

2.5.4. Spectral analysis of K114 fluorescence 
Variability of emission spectra of K114 bound to amyloid plaques 

allowed for quantitative spectral analysis of these images (Fig. 3). A 
band ratio was calculated by dividing integrated emission intensity over 
the 500–720 nm range by the 400–500 nm intensity band (i.e. a 500 nm 
split point, Fig. 3D). Based on the band ratio for each pixel, pseudo-
colored images were generated, emphasizing subtle changes in emission 
spectra at different locations of the image, including the differences of 
plaque emission spectra. The features were colour-coded from violet 
(low band ratio values, blue-shifted emission spectrum) to red (high 
band ratio values, red-shifted emission). 

For quantitative analysis images were subdivided into kernels, con-
sisting of 3 × 3 pixels to improve the signal-to-noise ratio. Spectral 
Scatter Analysis (SSA) plots were generated using fluorescence intensity 
(Y axis) and band ratio (X axis) for each kernel (Fig. 3C). Each plot was 
normalized by dividing the intensity value of each kernel by the most 
frequent intensity value in the image. Such dynamic normalization 
corrected for the absolute intensity variability across different sections 
and subregions. The kernels were displayed as a 2D histogram, whereby 
the more frequent kernels with more frequent intensity/band ratio were 
coded in warmer colors. Thus, the main cluster of kernels colour-coded 
in red on each plot represented the background parenchyma, that 
occupied the majority of the pixels in the image. The presence of high- 
intensity clusters of kernels on the resulting SSA graphs reflected K114 
emission signatures associated with different protein aggregates (Aβ 
plaques and tau tangles). Quantitative analysis of CRANAD-3 images 
was performed in a similar manner using a 595 nm split point for the 
band ratio and red-shifted kernels were selected for quantification of 
diffuse amyloid deposition. 

Weighted scores were calculated by selecting the same region of 
interest (ROI) across all SSA graphs, computing a mean score (=band 
ratio × intensity), then multiplying by the proportion of kernels within 
the ROI (Stepanchuk et al., 2020). This correction was necessary to 
avoid having a small number of rogue kernels resulting in widely 
ranging score values. 

3. Results and discussion 

3.1. Aβ and tau deposits can be distinguished by different emission 
signatures of K114 

K114 exhibited two distinct emission signatures when bound to two 
morphologically different types of protein aggregates (truecolor image 
shown in Fig. 4A1). The blue-shifted spectrum with peak emission at 
450 nm characteristic of spindle-shaped neurofibrillary tangles and the 
red-shifted signature with peak emission at 520 nm seen in more diffuse 
amyloid plaques were unmixed into separate channels and compared 
with immunohistochemistry (Fig. 4A, B). Notably, such spectral 
unmixing revealed clear presence of tangle-like pathology within the 
senile plaques, 

that is not readily apparent in the truecolor images. Immunostaining 
of the same section showed significant correlation between 450 nm 
K114 unmixing results and tau-positive IHC signal, as did 520 nm 
unmixing with anti-Aβ antibody staining (Fig. 4A, B). Interestingly, 
there were substantial differences in the labeling intensity of certain 
K114 and IHC-positive features. For example, immunostaining of some 
plaque cores was much weaker compared to K114 staining of the same 
deposits (Fig. 4A3 and B3, arrow). Tau tangles exhibited even more 
drastic differences between K114 and immunolabeling, whereby some 
aggregates were detected by both methods and others were not stained 
with antibodies at all (Fig. 4D, asterisks). This underscores the 
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complementarity of the two methods: K114 reports aggregates of mis-
folded amyloids (both Aβ and tau, yielding different emission spectra), 
whereas antibody staining will be agnostic to the misfolding state of its 
cognate protein, reporting only the density of the deposit with no 
spectral shift from the fluorescent secondary antibody. Moreover, being 
a small organic molecule, K114 will be better able to access tight amy-
loid binding pockets and emit bright fluorescence, whereas these sites 
may be inaccessible to much larger IgG molecules even after antigen 
retrieval, leading to an underestimate of high-density amyloid deposits. 
Taken together, the propensity of K114 to label β-sheet-rich amyloids, 
rather than proteins independent of their folding states, together with 
robust spectral shifts, allows quantitative and unbiased estimates of 
disease-relevant amyloid accumulation in tissue sections as illustrated in 

the next section. 

3.2. Quantitative assessment of Aβ and tau pathology using K114 and 
Spectral Scatter Analysis 

Spectral micrographs are very information-rich, containing large 
variations in emission wavelengths and intensities. However, unlike 2 or 
3 channel fluorescence images where simply comparing intensities and 
co-localizing various labels, objective analysis of spectral images can be 
challenging. We addressed this problem by assigning an intensity and 
spectral shape (reflected by band ratio, see Methods) to each pixel, then 
plotting these numerical pairs on a Spectral Scatter Analysis (SSA) 
graph. Fig. 5A1 shows a spectral micrograph of a human amyloid plaque 

Fig. 2. Spectral imaging and unmixing of human brain samples improves specificity of immunofluorescence staining. Single channel confocal images of Aβ im-
munostaining (A) were degraded by tissue autofluorescence. Acquisition of spectral images (B) and subsequent unmixing of antibody emission spectra from the 
autofluorescent brain parenchyma allows for better separation of the antibody signal and prevents unwanted tissue autofluorescence from interfering with specific 
antibody staining (C: results of unmixing; D: emission spectra recorded from spectral images and used for unmixing). Scale bar: 50 μm. 

Fig. 3. Example of quantitative spectral analysis of 
K114-stained human AD brain sections. Based on the 
band ratio of emission intensities with a 500 nm split 
point, spectral images (A: truecolor image) can be 
pseudocolored to enhance subtle changes in emission 
spectra in various regions, including intraplaque 
emission differences (B). The same principle is used 
to calculate Spectral Scatter Analysis (SSA) plots (C) 
for quantitative image analysis, where each pixel of 
the image is plotted based on its emission band ratio 
(X axis) and integrated intensity (Y axis). An example 
of two different K114 emission spectra from neuro-
fibrillary tangles (blue) and amyloid plaques (red) is 
shown in D. Scale bar: 50 μm. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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stained with K114, which appears bright green against a dark back-
ground. The corresponding SSA is shown in Fig. 5B1, with pixel in-
tensities plotted along the Y-axis, and band ratios along the X-axis, with 
more red-shifted spectra assuming higher band ratios. The SSA repre-
sents in effect a 2D histogram with the most frequent pixels colored in 
red. The main red cluster at the bottom left of the graph therefore rep-
resents the majority of dim background pixels, while pixels originating 
from the plaques occupy a very distinctive position on the SSA being at 
the same time much more intense, and spectrally red-shifted compared 
to the weak background fluorescence. An ROI can be drawn to select this 
plaque cluster, with the corresponding pixels in the original image 
enclosed by this ROI shown by the green mask in C1. Quantitative 
analysis can now be performed on the selected plaque pixels. For 
instance, these pixels represent 9.9% of the total, which can be an es-
timate of plaque density; their mean index is 2.08 compared to 0.79 for 
the background indicating a distinctly different red-shifted spectrum, 
and a mean normalized intensity of 5.7 indicating that this feature is ≈5 
fold brighter in relative terms than the background. 

The above example was deliberately selected as a simple image 
containing mainly dim background and spectrally homogeneous pla-
ques. The SSA method is very well suited for analysis of more complex 
spectral micrographs. Fig. 5A2 shows an example of a human AD brain 
section containing both plaques and tangles. As shown in Fig. 4 these 
deposits exhibit very distinct emission spectra when stained with K114 
under our conditions, with tangles being bluer (yielding lower band 
ratios) vs. amyloid plaques exhibiting longer wavelength fluorescence 
(higher band ratios). In addition to the dim main background cluster, the 
corresponding SSA (Fig. 5B2) now shows two distinct high-intensity 
populations representing the tangles (blue ROI) and plaques (green 
ROI), and confirmed by the masks in 5C2. Quantitation showed that the 

plaque pixels had a mean index of 1.31 ± 0.18 and comprised 4.6% of 
total pixels, while the tangles had a mean index of 0.39 ± 0.01 and 
occupied 2.5% of the total area. 

While the colour differences between plaques and tangles are visu-
ally obvious, we also observed spectral variations within a single plaque. 
These shifts were more subtle so that visually all plaques appeared 
uniformly green (Fig. 5A1–3). However, quantitative SSA analysis 
revealed significant spectral variation even within the same plaque, as 
shown in the example in Fig. 5A3–C3. In contrast to the plaques in 5A1 
and 5A2, the plaques in 5A3 exhibited much larger spectral variation as 
shown by the spread of points along the X-axis in Fig. 5B3, with a mean 
of 1.5, but with a considerable variance spanning a range of 0.6 to 2.5 
(SD: 0.35). Here the large plaque exhibited a core that had lower band 
ratio values (blue-shifted fluorescence) likely corresponding to tighter 
more hydrophobic amyloid assemblies (Stepanchuk et al., 2021) 
compared to the rim that emitted at longer wavelengths. The continuous 
distribution of points along the X axis in 5B3 confirms a continuous 
spectral spread in the plaque, and therefore likely a continuum of am-
yloid assemblies. These findings underscore the major advantage of our 
approach compared to conventional immunostaining: not only can K114 
labeling distinguish deposits formed by different proteins, but it can also 
reveal fundamentally different structural assemblies made of the same 
protein, such as the vascular and parenchymal amyloid in 6A1-C1, or 
compact vs. more diffuse amyloid within the same plaque in Fig. 5C3. 

3.3. K114 exhibits significant spectral variability when bound to different 
types of amyloid deposits 

In Alzheimer's brain, Aβ not only appears as distinct extracellular 
deposits in the parenchyma in the form of senile plaques, but also 

Fig. 4. Different emission spectra of K114 can be 
attributed to morphologically and biochemically 
distinct protein aggregates. Staining a 
neuropathologically-confirmed section of AD brain 
with K114 revealed, within a single spectral image, a 
more complete picture of misfolded protein deposi-
tion compared to immunohistochemistry. Two emis-
sion colors associated with morphologically different 
aggregates (green senile amyloid plaques and blue 
neurofibrillary tangles) are visible in the truecolor 
image (A1), with corresponding spectra in (C). Their 
distinctiveness allowed a reliable unmixing of the two 
emissions into separate channels as shown in A2 and 
A3. Immunohistochemistry confirmed the protein 
composition of the two deposits with Aβ-rich plaques 
(6E10, green) and tau-rich tangles (K9JA, red) 
(B1–B3). Of interest is that K114 signal and IHC 
staining were often but not always concordant, e.g., 
V-shaped deposit marked with arrows across the 
panels within the plaque core in A1 was strongly 
labeled by K114, exhibiting a spectrum consistent 
with Aβ (A3), whereas this feature exhibited rela-
tively weak immunolabeling with 6E10 (B3); simi-
larly, not all tangles were labeled equally with K114 
and the anti-tau antibody K9JA: tangles that were 
detected by both methods - arrows; tangles that were 
not detected by IHC – asterisks (D1, D2). Scale bars: 
50 μm. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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frequently accumulates in the walls of blood vessels resulting in cerebral 
amyloid angiopathy (CAA). Moreover, plaques are enriched in aggre-
gated Aβ(1–42) peptide, whereas in vascular amyloid the shorter 
cleavage product Aβ(1–40) predominates (Gravina et al., 1995; Serrano- 
Pozo et al., 2011; Greenberg et al., 2020). Given the different peptide 
constituents, it is likely that the resulting amyloid assemblies might 
differ at the nanostructural level. We explored whether K114 spectros-
copy could distinguish between these two amyloid types, as well as 
revealing different spectral characteristics of various plaques (also see 
the comparison of CAA autofluorescence with normal vessel fluores-
cence and K114 staining in Fig. A.2). Fig. 6 shows examples of an am-
yloid plaque together with an amyloid-laden blood vessel (top row), and 
dense core plaques exhibiting different spectral character (bottom row). 
Column A indicates that all these amyloid deposits were enriched in Aβ 
as evidenced by robust immunolabeling with 6E10. K114 truecolor 
images (column B) hint at some variability in hue, with the vascular 
amyloid appearing bluer than the plaque (B1), and the two large plaques 
exhibiting different hues in B2. The pseudocolor images in column C 
confirm the different emission spectra, quantitatively plotted in the 
corresponding SSA graphs (column D). Two distinct clusters are seen in 
D1 corresponding to the blue-shifted vascular amyloid and a redder 
emission from the plaque. D2 also shows two distinct clusters corre-
sponding to the two plaques which clearly exhibit spectrally distinct 
amyloid accumulation. Note that the bluer plaque (#4) has a similar 
emission to the plaque in B1 (#1), and plaque #3 in B2 has a much 
redder spectrum with band ratios approaching 3. Importantly however, 
although plaques exhibited significant intra- (Fig. 5A3–C3) and inter- 
(Fig. 6A2–D2) plaque variability, vascular amyloid tended to emit with 
the shortest wavelength fluorescence strongly supporting the idea of 
fundamentally different amyloid assemblies in these structures, that 

could be driven by a different aggregation mechanism. 

3.4. Quantification of pathological protein deposition across cases using 
Spectral Scatter Analysis 

While plaque pathology characteristically involves cortical regions 
in AD, there are also reports of white matter amyloid deposition in this 
disease (Collins-Praino et al., 2014; Iwamoto et al., 1997). We applied 
the SSA method to analyze gray and white matter regions from 6 control 
and 6 AD cases confirmed by standard neuropathological examination 
(Table A.1). Representative K114-stained spectral micrographs of con-
trol vs AD cortex, and subcortical white matter, are shown in Fig. 7D–G. 
For this analysis, cortical regions and subcortical white matter from the 
anterior cingulate, hippocampus and temporal cortex were used. 
Fig. 7A1–B2 shows aggregate SSAs, combined from all control and AD 
gray and white matter regions. ROIs were drawn to select plaque-like 
structures in both gray and white matter. In the control gray matter 
group, a few high-intensity clusters (Fig. 7A1, arrows) were seen cor-
responding to infrequent amyloid plaques found in otherwise healthy 
older brains (Rodrigue et al., 2009; Armstrong et al., 1996; Dickson 
et al., 1992). Notably, this cluster was much less heterogeneous 
compared to the amyloid plaque signal in the gray matter AD SSA, which 
was far more prevalent in the AD cases (0.04% of total kernels in control 
vs. 0.2% of total kernels in AD, p = 0.002, Wilcoxon signed-rank test) 
showing higher intensities and a much broader spectral range (Fig. 7B1). 
Because plaques exhibited both higher intensities and red-shifted 
spectra (higher band ratios), in order to capture both features we 
calculated a score which was the product of intensity and band ratio for 
each point, which will capture both an increase in intensity and a red- 
shift of the spectrum. Mean scores were weighted by frequency as 

Fig. 5. Band Ratio Spectral Scatter Analysis of K114- 
stained AD samples. Representative truecolor spectral 
images of human AD plaques and tangles are shown 
in panels A1–A3. Quantitative analysis of plaque and 
tangle deposition was performed by plotting pixels 
from each image based on their band ratio (X axis) 
and intensity (Y axis) on SSA graphs (B1–B3). When 
bound to protein deposits, K114 exhibited a signifi-
cant increase in fluorescence intensity, which was 
reflected by the presence of high intensity kernels in 
all three graphs enclosed by the ROIs. Selection of the 
high-intensity red-shifted cluster in B1 (green ROI) 
selected the pixels corresponding to the plaque in the 
original image (C1). Two different types of aggre-
gates (blue tangles and bright green plaques, A2) are 
reflected in the SSA graph as two separate high in-
tensity clusters located at different band ratios along 
the X axis (B2). These clusters (blue and green ROIs) 
correspond to respective tangle- and plaque-like fea-
tures in the original image (C2). Band ratio can be 
also used for pseudocoloring for visual emphasis of 
the subtle differences in tissue emission spectra even 
within a single deposit. A truecolor image that hints 
at intraplaque spectral differences (A3), clearly shows 
the heterogeneity of emission signatures both on the 
SSA graph (B3) and the pseudocolored rendition 
(C3). Scale bars: 50 μm. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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explained in Methods, to mitigate effects of infrequent outliers. Mean 
weighted scores for each of the 6 controls and 6 AD cases are plotted in 
Fig. 7C1&2, confirming in a quantitative manner the large excess of 
amyloid pathology in the AD cases. A similar analysis of white matter 
regions also revealed significant amyloid pathology (large neocortical 
plaques in the immediate subcortical white matter) in AD vs controls (p 
= 0.002, Wilcoxon signed-rank test for both gray and white matter 
weighted scores, Fig. 7C2). 

An unexpected and striking observation was the marked difference in 
spectral variance between age-related vs AD-associated amyloid de-
posits. Variances (rather than mean band ratios) are plotted for gray and 
white matter regions in Fig. 7H, with the AD samples showing much 
greater heterogeneity (p = 0.002 for gray and white matter, Wilcoxon 
signed-rank test). This suggests that age-related plaques might be driven 
by a different process, resulting in not only less amyloid accumulation, 
but also a more homogeneous type of amyloid deposition compared to 
AD, whereas AD might have a mix of age- and disease-related pathology. 
Alternatively, different plaque morphologies could represent distinct 
plaque maturation stages, with the diffuse plaques forming at the 
earliest point, and the more complex and heterogeneous plaques 

occurring stochastically over time due to multiple mechanisms. The 
pathophysiological implications for neurodegeneration and clinical 
deficits are unclear at this time, but this raises the intriguing possibility 
that different varieties of amyloids, driven by different biological pro-
cesses, could underlie benign normal aging vs. more pathological dis-
ease states, with K114 spectroscopy having the ability to distinguish 
between the two. 

3.5. K114 and CRANAD-3 revealed different aspects of amyloid 
pathology in 5xFAD brain 

As illustrated above, K114, like a number of other fluorescent amy-
loid probes (Levine, 2005; Styren et al., 2000; Zhang et al., 2018; Crystal 
et al., 2003; Hammarström et al., 2010) exhibited significant and highly 
informative spectral shifts when contacting various amyloid deposits. 
However, it is also known that different dyes stain different protein 
aggregates with widely varying efficiency (Magnusson et al., 2014; Zhou 
et al., 2019). We reasoned that combining K114 with a second amyloid 
dye, selected from a different chemical family than derivatives of Congo 
Red, and having different excitation/emission spectra, could provide 

Fig. 6. Spectral analysis of various Aβ deposits in AD brain sections. Examination of K114-stained Alzheimer's samples reveals a variety of emission signatures 
associated with different types of amyloid deposits. For example, 6E10-positive (A1) vascular amyloid and amyloid plaque appear to have different colors in the K114 
truecolor image (B1, parenchymal amyloid plaque – #1, vascular amyloid – #2), which is further enhanced using band ratio pseudocoloring (C1). Vascular amyloid 
had a blue-shifted emission spectrum compared to the plaque, which is reflected in the corresponding SSA graph as two distinct clusters of high- intensity kernels: one 
with band ratios from ~0.3–1.0 representing deposits in the vessels and a cluster spanning 1.2–2.0 from the amyloid plaque (D1, blue and orange ROIs). Significant 
variation of emission signatures can also be seen in different amyloid plaques located in the same tissue section. Despite roughly similar morphological appearance 
(A2), these plaques exhibit different colors when stained with K114 (B2) and this difference is further enhanced in the pseudocolored image (C2). Two clusters 
enclosed by green and red ROIs on the SSA graph (D2) correspond to the plaques in A2-C2. Scale bars: 50 μm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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additional information about misfolded protein aggregation in tissues. 
We chose CRANAD-3, an analog of curcumin having excitation and 
emission spectra that are red-shifted by ≈100 nm compared to K114, as 
a complementary reporter. Examples of 5xFAD mouse brains of various 
ages, double-stained with both K114 and CRANAD-3, are shown in 
Fig. 8, together with whole brain images in Fig. A.3. 

Staining of 5xFAD brain sections with K114 (A,C,E,G) showed an 
increase in plaque burden with age, typical for this strain (also see 
Fig. A.3 for whole brain overviews). The spectral signatures of K114 
fluorescence associated with amyloid plaque deposits became slightly 
more red-shifted with age, exhibiting a characteristic broad peak at 
≈550 nm (Fig. 8I) (Levine, 2005; Stepanchuk et al., 2021; Crystal et al., 
2003). Co-staining of the same sections with CRANAD-3 (B, D, F, H) 
revealed a very different pattern compared to K114. At younger ages, 
plaque cores were only weakly labeled by CRANAD-3 compared to 
K114. In contrast, CRANAD-3 reported prominent red-shifted diffuse 
plaque rims surrounding K114-positive amyloid cores, first appearing in 
6 month-old samples (D) and increasing with age. These satellite de-
posits were far more extensive by CRANAD-3 fluorescence compared to 
K114. Neither of the two distinct signatures of CRANAD-3, whenever 
present, changed with age. The mean emission spectra of K114 and 

CRANAD-3 associated with different features are shown in Fig. 8I and J 
respectively. Interestingly, while K114 exhibited a single albeit variable 
emission peak associated with 5xFAD plaques, CRANAD-3 revealed two 
distinct emission spectra when bound to amyloid deposits: a relatively 
blue-shifted spectrum with a main peak in the 525–550 nm range, 
originating from plaque cores, and a much redder emission (≈630 nm 
peak) from plaque rims. The differences in the excitation wavelengths of 
the two dyes as well as their ability to label distinct types of amyloid 
aggregates allowed us to use K114 and CRANAD-3 simultaneously for 
staining human brain samples without the ambiguity of fluorescence 
overlap, as shown in the next section. 

3.6. CRANAD-3 complements K114 by detecting diffuse Aβ deposits in 
human AD samples 

Having confirmed that K114 and CRANAD-3 label different types of 
Aβ deposits in 5xFAD mouse brain sections, we used the same staining 
approach on human tissue. In the example shown in Fig. 9, the images 
acquired using 488 nm (CRANAD-3) and 405 nm (K114) excitation were 
strikingly different. Panel 9A1 shows a truecolor image of a human AD 
brain sample stained with CRANAD-3 and excited at 488 nm. Notably, 

Fig. 7. Quantitation of protein aggregation in control and AD cases using Spectral Scatter Analysis on K114-stained brain sections. A1-B2 are pooled SSAs from gray 
and white matter regions, from all control and AD cases for overall comparison. The same region of interest (green rectangle) was applied to the four plots to enclose 
higher-intensity kernels that excluded the background parenchyma. Such high intensity kernels, occasionally seen in gray matter of control cases (A1, arrows; 0.04% 
of total kernels) were much more abundant and variable in the pooled AD gray matter SSA (B1; 0.2% of total kernels). While white matter of control cases was 
practically devoid of bright aggregates (A2), the AD SSA reflected a significantly higher load of subcortical white matter amyloid pathology (B2). The kernels 
enclosed within the ROIs were then quantified for both gray and white matter for each case separately. The weighted scores of three brain regions (anterior cingulate, 
temporal cortex and hippocampus, each represented by a separate dot) are shown for each case in panels C1 and C2 for gray and white matter images respectively. 
The variance of weighted scores across the cases was highest for AD gray matter (H, p = 0.002, Wilcoxon signed-rank test). Representative images of gray and white 
matter of control and AD cases are shown in panels D-G. Scale bar: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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this wavelength also excites fluorophores inherently present in the tis-
sue, such as lipofuscin, often leading to autofluorescence bleed-through 
and false-positive contribution to the detected signal in conventional 
four-channel confocal microscopy. As a result, in addition to the two 

main plaque types labeled by CRANAD-3 (asterisk and arrow), the image 
also contains numerous bright yellow lipofuscin granules. The differ-
ences in emission spectra of lipofuscin and CRANAD-3 bound to both 
dense core plaques (asterisk, 530 nm peak) and diffuse red-shifted de-
posits (arrow, 630 nm peak) allowed for the separation of amyloid- 
related signal from unwanted tissue autofluorescence using spectral 
unmixing (Fig. 9A2). Interestingly, CRANAD-3 emission signatures in 
human AD plaques were similar to the spectra in 5xFAD deposits 
(Fig. 8J). 

Compared to 488 nm that strongly excites lipofuscin (among other 
autofluorescent species), 405 nm predominantly excites NAD(P)H and 
flavins. K114 signal produced by 405 nm excitation was much less 
contaminated by autofluorescence from the latter species, the contri-
bution of which was also minimized due to overall brightness of this dye 
(Fig. 9B1). Interestingly, although mature plaques (marked with an 
asterisk at the bottom of the field of view) were labeled very strongly, 
the red diffuse plaque (arrow), that was robustly detected by CRANAD- 
3, was not labeled by K114 at all, which was further confirmed by 
spectral unmixing shown in Fig. 9B2. An overlay of the unmixing results 
from both dyes underscores the complementarity of the dual probe 
approach (Fig. 9C). Neither of the dyes alone matched the sensitivity of 
IHC (Fig. 9D), however, co-staining of the sample with both K114 and 
CRANAD-3 not only surpassed the sensitivity of the Aβ immunolabeling, 
but also provided valuable information about conformation, which 
antibody labeling was unable to provide. 

We found that human samples exhibited much less dense core am-
yloid with 530 nm CRANAD-3 maximum emission peak than mice. In 
contrast, human AD cases had more red-shifted diffuse deposits that 
were present predominantly as separate clusters in the parenchyma, not 
in close proximity to the dense yellow cores, nor to K114-positive 
mature amyloid plaques. This observation provides further evidence 
for different underlying mechanisms of Aβ aggregation in the 5xFAD 
mouse model compared to human sporadic AD. Quantitative analysis 
using SSA of CRANAD-3 staining across all human samples is shown in 
Fig. A.4. 

3.7. CRANAD-3 does not stain K114-positive neurofibrillary tangles 

We showed above that CRANAD-3 could detect diffuse K114- 
negative Aβ aggregates and the cores of some mature plaques. As 
shown in Fig. 10, abundant K114 signal in both plaque- (arrows) and 
tangle-like (asterisks) features, overlapped with the immunolabels 
(K114 truecolor image shown in 10A, Aβ IHC – 10C, tau IHC – 10D). In 
contrast, CRANAD-3 showed no affinity towards any of the above- 
mentioned deposits in this sample (Fig. 10B). No neurofibrillary tangle 
staining by CRANAD-3 was detected in any of the cases in this study. 
Different affinity of K114 and CRANAD-3 towards various misfolded 
protein deposits in AD samples – with tangles a particularly notable 
example – supports the complementary nature of the dual probe staining 
approach. 

4. Discussion 

Protein aggregation in Alzheimer's disease brain can exhibit variable 
patterns, including differential deposition of the characteristic extra-
cellular Aβ-rich amyloid plaques and intraneuronal neurofibrillary tan-
gles composed of hyperphosphorylated and aggregated tau filaments 
(Arnold et al., 1991; Braak and Braak, 1991). This deposition is not 
random, but follows a stereotyped anatomical progression with amyloid 
plaque accumulation beginning in the neocortex, and tangles first 
appearing in the entorhinal cortex (Thal et al., 2002). Interestingly, 
recent evidence suggests that heterogeneity exists not only at the 
anatomical level, but also at the molecular level, with evidence of a 
number of Aβ strains or “morphotypes”, akin to the better known strain 
variability of prion protein conformers (Condello et al., 2018; Watts 
et al., 2014; Cohen et al., 2016). Using conformation-dependent 

Fig. 8. K114 and CRANAD-3 are complementary in their reporting of different 
types of amyloid deposits in 5xFAD mouse brain sections. Increase of plaque 
burden with age is characteristic of the 5xFAD mouse model of AD. Comparing 
3, 6, 9 and 12-month-old brain sections shows that both K114 (A, C, E, G) and 
CRANAD-3 (B, D, F, H) detected this progression of amyloid pathology. Starting 
from 6 months of age, CRANAD-3-stained diffuse aggregates surrounding pla-
que cores that were not labeled by K114. The abundance of these red-shifted 
deposits increased in older mice. I - average emission spectra of K114 in 
background tissue parenchyma and amyloid plaques across different ages. J – 
average emission spectra of CRANAD-3 in background parenchyma, plaque 
cores across all ages and plaque rims (6 months and older). Error bars in I and J 
are SEM. Scale bar: 200 μm. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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immunoassay, Cohen and colleagues reported that differences in Aβ 
(1–42) conformation may underlie differences in the rate of Alzheimer's 
progression (Cohen et al., 2015). Moreover, it has been proposed that 
such plasticity of Aβ and tau conformers might underlie different clinical 
disease phenotypes, such as predominantly amnestic syndromes, pos-
terior cerebral atrophy affecting visuospatial function, logopenic pre-
sentations (language dysfunction) and frontal lobe syndromes 
(personality changes, apathy) (Villain and Dubois, 2019; Lam et al., 
2013). Taken together, data now strongly suggest that not only spatial 
heterogeneity of plaque and tangle deposition, but also nanostructural 
variability of prion-like Aβ and tau strains, both play a role in deter-
mining the pathological and clinical phenotypes (Holmes and Diamond, 
2014; Lau et al., 2020; Jucker and Walker, 2018; Prusiner, 2012). 
Established histological methods such as silver staining and immuno-
histochemistry are well suited for studying the distribution of traditional 
Alzheimer's pathology at the microscopic level, but are unable to reveal 
conformational heterogeneity of Aβ and tau aggregates, which is 
emerging as a potentially important aspect of disease pathogenesis. 
Elucidating this “nanostructural pathology” is more challenging, 
requiring sophisticated methods such as conformation-dependent 
immunoassay, cryo-EM or solid-state NMR spectroscopy (Lau et al., 
1777; Shewmaker et al., 2011; Cohen and Calkins, 1959), which do not 
preserve tissue morphology. 

Certain classes of small organic fluorophores are known to exhibit a 
high affinity for amyloid, and are very useful for detecting such deposits 
in a variety of neurodegenerative disorders. These dyes have been used 
for visualization of aggregated β-sheet-rich deposits in brain sections for 
almost a century (Kollmer et al., 2019). The phenomenon of preferential 
binding of amyloid fluorophores to the tight hydrophobic pockets in 
fibrils has been harnessed to develop a variety of probes with unique 
physicochemical properties (Bennhold, 1922; Nesterov et al., 2005; 
Verwilst et al., 2018; Reinke and Gestwicki, 2011). The new generation 
of amyloid probes aims to improve our ability to detect different 

amyloid species, including those that are not readily visualized by 
conventional techniques (e.g., prefibrillar species and oligomers). The 
key difference that sets labeling with amyloid probes apart from 
immunohistochemistry is the ability to report and distinguish different 
types of β-sheet-rich protein aggregates, with simultaneous preservation 
of tissue morphology. Indeed, as illustrated in this report and others 
(Cao et al., 2018; Chu et al., 2017), amyloid staining can be combined 
with immunohistochemistry to take advantage of the specificity for 
detection of different proteins that the latter method offers. 

The ability to change the structure of amyloid fluorophores to in-
crease the affinity towards certain aggregates, combined with the very 
different chemical structures of amyloid probe families, implies that no 
single molecule would detect all species of misfolded proteins equally 
well. We took advantage of this heterogeneity of amyloid dye behavior 
and reasoned that combining two probes from different dye families 
(K114, a Congo Red derivative; and CRANAD-3, based on curcumin) 
(Crystal et al., 2003; Brelstaff et al., 2015; Ran and Moore, 2012) would 
increase our ability to detect a broader range of misfolded protein ag-
gregates reported by spectral variation of the emitted fluorescence. Our 
data from 5xFAD Alzheimer's mice confirmed this prediction. While 
K114 alone exhibited very interesting behavior in terms of spectral 
variation in different amyloid deposits (Figs. 3–7), including the ability 
to report marked heterogeneity within a single plaque (Fig. 5), we show 
that co-staining the sections with these two probes revealed a much 
richer picture of misfolded protein pathology than either dye alone. 
While K114 stained the cores and the fibrillar threads of the amyloid 
plaques better than CRANAD-3 at all ages, the curcumin derivative 
additionally reported diffuse red-shifted plaque rims that started 
appearing in 6-month-old sections and increased with age; these were 
not detectable by K114 (Fig. 8). In turn, phospho-tau-rich neurofibrillary 
tangles were not stained by CRANAD-3, but were brightly labeled by 
K114 with a characteristic blue-shifted emission spectrum (Figs. 4 and 
10), further underscoring the complementarity of these two dyes and the 

Fig. 9. Comparison of dual amyloid probe staining with immunofluorescence of Alzheimer's plaques. This sample was notable for abundant diffuse plaques with 
fewer dense core plaques. CRANAD-3 (A1: truecolor image, A2: unmixed 530 nm and 630 nm peaks) revealed distinct diffuse orange deposits (arrow) indicative of 
diffuse senile plaques, as well as the yellow centers of the dense-core plaques (asterisk). In contrast, K114 preferentially reported the dense-core plaques, showing no 
labeling of the diffuse plaque (arrow in B1) (B1: truecolor image, B2: unmixed 520 nm peak). The overlay of K114 and CRANAD-3 unmixing results is shown in C. The 
diffuse deposits were mainly red corresponding to CRANAD-3 signal, whereas dense core and more mature plaques were mainly green, reported by K114, with a 
significant overlap of the 530 nm CRANAD-3 peak and K114 520 nm peak revealing that both probes were able to bind to these species. Overlaying both dyes shows 
their complementary reporting abilities with respect to plaques, confirmed by 6E10 immunostaining (D). Scale bar: 50 μm. 
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utility of the dual-probe approach. While these fluorescent reporters 
cannot inform on the precise structure of such amyloid deposits, the 
consistent and complementary nature of the staining provides strong 
evidence for important differences in the make-up of these aggregates at 
the nanoscale level. 

In human samples, we found that both K114 and CRANAD-3 
exhibited preferential binding to different types of aggregates. For 
instance, we found two distinct K114 emission peaks corresponding to 
tangles and plaques, confirmed by immunohistochemistry (Fig. 4). 
Notably, anti-tau immunostaining and tau-associated emission spectrum 
of K114 were not perfectly correlated, raising questions about the 
effectiveness of antigen retrieval for revealing the full pathology of 
protein aggregates. Besides deposits detected by both methods, we noted 
the presence of tangle-like features that were selectively reported either 
by anti-tau immunolabeling or by K114 with morphological features and 
a characteristic blue-shifted spectrum strongly suggesting tau-rich 
neurofibrillary tangles. We interpret such discrepancies as suggesting 
that some tangles were aggregated but had not yet “matured” with high 
β-sheet content (immunopositive but K114-negative) vs. others that are 
highly aggregated so that even our antigen retrieval steps did not allow 
antibody penetration (immunonegative but K114-positive). Together 
these two approaches indicate marked structural heterogeneity of 
neurofibrillary tangles. Finally, the combination of K114 and CRANAD- 
3 staining not only surpassed the sensitivity of anti-amyloid β immu-
nolabeling, but also provided rich spectral information, by virtue of 
inter- and intra-plaque spectral differences (K114) as well as differential 
binding to particular protein aggregates (CRANAD-3). This gain in 
sensitivity came without an increase in technical complexity, requiring a 
simple staining procedure without antigen retrieval, blocking, etc. 

In addition to providing excellent morphological detail, the spectral 
variance yielded reliable quantitative information about the underlying 

protein aggregates, with different species occupying defined spectral 
positions (e.g. Aβ vs. tau, Fig. 5, or vascular vs parenchymal amyloid, 
Fig. 6). A challenge arises from the richness of spectral information 
requiring novel analytical methods that could yield objective informa-
tion about the underlying amyloid content. Spectral Scatter Analysis 
(SSA) allowed for quantitative assessment of both the degree and the 
types of protein aggregate deposition reported by the dyes used in our 
study, providing greater insight into the accumulation of misfolded 
protein pathology in both gray and white matter. For instance, the 
analysis in Fig. 7 revealed that both control and AD gray matter 
exhibited high intensity K114-dependent staining, but the prevalence of 
such signals was both more frequent in AD owing to higher plaque load, 
and exhibited a different spectral distribution. This suggests not only a 
difference in the amount of amyloid deposition, but also in the character 
of accumulated protein aggregates (Zhang et al., 2013). This is further 
underscored by the strikingly greater spectral variance in AD (Fig. 7H) 
hinting at the intriguing possibility that normally aging brain accumu-
lates a more homogeneous age-related (presumably less toxic) amyloid, 
whereas AD gray matter harbors not only a greater amyloid load, but 
also a much larger variety of (some presumably pathogenic) aggregates. 
Thus, although cognitively normal cases are known for accumulating 
cerebral amyloid (Dickson et al., 1992; Piccini et al., 2005), one could 
speculate based on our results and previously published studies that the 
structural organization of these aggregates is fundamentally different 
compared to the conformations present in amyloid plaques and neuro-
fibrillary tangles of AD cases (Zhang et al., 2013; Price and Morris, 
1999). Using the differences in K114 emission signatures as a proxy of 
conformational heterogeneity of Aβ deposits, our findings could be 
viewed as further evidence for the strain variability hypothesis (Lau 
et al., 2020), with different conformers arising in controls vs AD brain, 
or different conformers arising at different stages over time, with the AD 
disease state potentially promoting a more rapid accumulation of 
pathogenic species than would occur with regular aging. While the 
amyloid hypothesis has been questioned due in part to the observation 
that non-AD cases may also accumulate substantial amyloid load, based 
on the above we would argue that the molecular makeup, rather that 
sheer quantity, of the deposited amyloid is an important factor in dis-
tinguishing cognitively intact and AD cases. Finally, while subtle Aβ 
deposition has been reported in AD white matter (Collins-Praino et al., 
2014), we were surprised to see the degree to which this was the case 
when analyzed using our methods (Fig. 7C2). Because detection of AD 
pathology by conventional means is largely dependent on identification 
of characteristic amyloid plaques on morphological grounds, the fact 
that such plaques were rarely seen in white matter would likely result in 
a substantial underestimate of amyloid load in this region. This sur-
prisingly robust white matter amyloid accumulation might be directly 
toxic to myelinated axons and could underpin a primary white matter 
injury that is not merely due to Wallerian degeneration from adjacent 
gray matter atrophy or from concomitant subcortical microangiopathic 
pathology (Esparza et al., 2013; de la Monte, 1989). This notion is 
further supported by a specific microglial activation in AD white matter 
(Salat et al., 2010; Gouw et al., 2008) suggesting an underlying primary 
pathological process that is difficult to detect using conventional means. 

In conclusion, we report a method that combines two amyloid dyes 
from different chemical families, K114 and CRANAD-3, to increase the 
ability to quantitatively detect a broader array of misfolded protein 
pathology in a tissue section. As we have previously shown, the Congo 
Red derivative K114 exhibits great spectral variability when bound to 
different types of amyloid deposits (Stepanchuk et al., 2021), which was 
confirmed and extended in this study. Importantly, what we show here is 
that properly selected dye combinations can provide sensitive and 
highly complementary readouts of amyloid pathology, with a single 
probe providing only an incomplete picture of the true degree of mis-
folded protein accumulation. Because these probes reported not only by 
changes in intensity, but more importantly by spectral shifts, analysis of 
such spectral images using SSA provided reliable and highly quantitative 

Fig. 10. Comparison of dual probe staining of Aβ plaques and neurofibrillary 
tangles with immunofluorescence. Abundant amyloid plaque (arrows, green) 
and tangle pathology (asterisks, blue) revealed by K114 staining (A) is con-
trasted by the lack of corresponding signal in the CRANAD-3 panel (same field 
of view, B). Immunohistochemistry performed on the same section (C: anti- 
amyloid β, D: anti-tau) confirms the protein composition of each deposit. This 
example further emphasizes the complementary properties of the two probes at 
reporting not only differences between Aβ plaques, but also tau-rich neurofi-
brillary tangles. Scale bar: 50 μm. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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measures of amyloid accumulation, even in regions traditionally 
considered to have only sparse amyloid pathology such as subcortical 
white matter. Our quantitative metrics hinted at intriguing and possibly 
fundamental differences in the character of amyloid deposition between 
aged control and AD brain, indicating that such fluorescence spectro-
scopic techniques will be useful and powerful tools for exploring the 
pathobiology of protein misfolding disorders. 
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Appendix A  

Table A.1 
Demographic data of cases used in this study.  

Case 
number 

PM 
delay 

AAO AAD Duration Gender Clinical 
Diag 

Path 
Diag 

Thal 
Phase 

Braak 
and 
Braak 
stage 

CERAD ABC 
score 

CAA ApoE TDP-43 
pathology 

α-syn 
pathology 

P1 16 51 63 12 F AD AD 5 6 3 A3B3C3 1 34 0 Neocortical 
P2 88.15 63 74 11 M CBD/PD AD 4 5 2 A3B3C2 1 33 0 Neocortical 
P3 78.15 69 81 12 M AD AD 5 6 3 A3B3C3 2 33 Stage 2 0 
P4 44 59 75 16 M PICK'S AD 5 5 3 A3B3C3 1 34 Stage 1 Neocortical 
P5 46.58 65 70 5 F AD AD 5 5 3 A3B3C3 0 33 Stage 1 Amygdala 
P6 62.1 68 80 12 M VASC 

DEM 
AD 6 6 3 A3B3C3 1 34 0 Neocortical 

P7 88.5 N/A 79 N/A F Control Control 2 1 1 A2B1C1 0 33 0 0 
P8 51.4 N/A 87 N/A F Control Control 1 1 0 A1B1C0 0 33 0 0 
P9 171 N/A 69 N/A M Control Control 3 1 1 A2B1C1 0 33 0 0 
P10 78.5 N/A 85 N/A M Control Control 0 0 0 A0B0C0 0 33 0 0 
P11 80.35 N/A 38 N/A M Control Control 1 0 0 A1B0C0 0 34 0 0 
P12 87.5 N/A 92 N/A F Control Control 3 3 1 A2B2C1 0 44 0 0  

Fig. A.1. K114-stained human AD brain samples before and after exposure to high laser power. Human AD section stained with K114 before (A) and after (B) high 
intensity laser irradiation (plaques - pink arrows, tangles - asterisks). The absolute emission spectra of plaques, tangles and the background parenchyma before 
(dashed) and after (solid) photoconversion protocol are shown in panel C. Both β-sheet-rich amyloid plaques and tangles underwent significant fluorescence 
enhancement after high intensity laser exposure together with a blue-shift of their emission spectra. This is due to a unique photophysical property of amyloid dyes 
containing Br atoms (Stepanchuk et al., 2021). The overall fluorescence intensity from the background tissue became weaker after photoconversion. The imaging 
paradigm used for increasing fluorescence of amyloid-bound K114 resulted in better contrast and separation of protein aggregates from the greater tissue paren-
chyma, decreasing the influence of autofluorescence (including lipofuscin) on spectral analysis of K114 stained samples. Scale bar: 50 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)  
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Fig. A.2. Human AD brain vessel sample before and after staining with K114. Prior to staining, the vessels in human AD sections (A) exhibited distinct auto-
fluorescence signatures. The vessel with putative cerebral amyloid angiopathy (white asterisk) had a significantly blue-shifted emission spectrum compared to a 
normal vessel (pink arrow). The features with blue-shifted autofluorescence subsequently exhibited high K114 fluorescence (B), confirming their amyloid nature. 
Normalized emission spectra are shown in panel C. Scale bar: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. A.3. Whole brain images of K114 and CRANAD-3-stained sections from 5xFAD mouse. 5xFAD Alzheimer's mouse model exhibits a characteristic increase of 
plaque load with age. The progression of plaque deposition was evident across 3-, 6-, 9- and 12-months old sections, stained with K114 (A, C, E, G) and CRANAD-3 (C, 
D, F, H). Scale bar: 1 mm. 
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Fig. A.4. CRANAD-3 Spectral Scatter Analysis of human brain samples. Quantitative analysis of CRANAD-3-stained human brain sections. A1-B2 represent aggregate 
Spectral Scatter Analysis of gray and white matter of all control and AD samples (N = 6 subjects in each group). Comparing the pooled SSAs, only gray matter from 
AD cases exhibited red- shifted kernels of moderate intensity. Mirroring the region of interest (ROI, green rectangle) enclosing these kernels across all SSA graphs 
resulted in highly variable weighted scores for gray (C1) and white matter (C2) in AD cases (representative images D-G), with a lower variability in control. This 
contrasted with K114 labeling which yielded very distinct populations that allowed clear separation between controls and AD samples (Fig. 7). Though infrequent 
compared to K114-positive amyloid deposits, the diffuse red-shifted Aβ aggregates in the AD gray matter (E) were only detected by CRANAD-3 and, to a lesser extent, 
by immunohistochemistry. Scale bar: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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