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Different types of deposits comprised of amyloid-b (Ab)
peptides are one of the pathological hallmarks of Alzheimer’s
disease (AD) and novel methods that enable identification of a
diversity of Ab deposits during the AD continuum are essential
for understanding the role of these aggregates during the
pathogenesis. Herein, different combinations of five fluorescent
thiophene-based ligands were used for detection of Ab deposits
in brain tissue sections from transgenic mouse models with
aggregated Ab pathology, as well as brain tissue sections from
patients affected by sporadic or dominantly inherited AD.
When analyzing the sections with fluorescence microscopy,
distinct ligand staining patterns related to the transgenic
mouse model or to the age of the mice were observed. Likewise,
specific staining patterns of different Ab deposits were revealed
for sporadic versus dominantly inherited AD, as well as for
distinct brain regions in sporadic AD. Thus, by using dual-
staining protocols with multiple combinations of fluorescent
ligands, a chronological and spatial histological designation of
different Ab deposits could be achieved. This study demon-
strates the potential of our approach for resolving the role and
presence of distinct Ab aggregates during the AD continuum
and pinpoints the necessity of using multiple ligands to obtain
an accurate assignment of different Ab deposits in the neuro-
pathological evaluation of AD, as well as when evaluating
therapeutic strategies targeting Ab aggregates.

More than 100 years ago, abnormal brain deposits were
identified as the essential neuropathological features of Alz-
heimer’s disease (AD) (1). During the 1980s it was shown that
the main components of these extracellular plaques and
intracellular tangles were the amyloid-b (Ab) peptide and the
tau protein, respectively (2–4). The deposits of Ab are mainly
found in the brain parenchyma and in the cerebral blood
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vessels, where different Ab peptide species can be found. Ab1-
42 is the most abundant peptide in parenchymal deposits,
whereas blood vessel deposits are enriched in Ab1-40 (5–10).
Structural studies of in vitro generated Ab filaments have
revealed a conformational heterogeneity (11–15). Likewise, Ab
filaments derived from seeded fibril growth using brain extract
from AD patients with different disease phenotypes or distinct
clinical subtypes have shown a structural variation when
analyzed by solid state nuclear magnetic resonance (16, 17).
Lately, cryo-EM studies of brain derived Ab filaments have
revealed the existence of various Ab folds (18–23). Paren-
chymal Ab1-42 filaments extracted from AD brains showed
two different filament types (19). The type I filament was
found to be more prevalent in individuals with sporadic AD
(sAD), whereas the type II filament was more pronounced in
individuals with dominantly inherited AD (diAD). Alternative
Ab folds have also been observed for Ab filaments derived
from patients with the Arctic (APP E693G) mutation (20), as
well as for Ab1-40 filaments in meningeal deposits (18, 21).
Moreover, a variety of Ab folds have been observed by cryo-
EM when analyzing Ab fibrils isolated from different trans-
genic mouse models displaying aggregated Ab pathology (19,
20, 22). Overall, cryo-EM studies have demonstrated a varia-
tion of Ab folds, which in combination with their post-
translational modifications most likely explains the different
types of Ab deposits found in AD. Thus, novel methods that
enable identification of a diversity of Ab deposits during the
AD continuum are essential for a more precise neuropatho-
logical diagnosis, as well as for understanding the role of these
species during the pathogenesis.

From a histological perspective, Ab deposits are routinely
identified using immunohistochemistry, and a variety of
different fluorescent amyloid ligands have also been presented
(24). However, antibodies mainly identify the total amount of
Ab, and a variety of Ab deposits might go undetected by
conventional amyloid ligands. Carbon-11 labeled Pittsburgh
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Chronological and spatial assignment of amyloid-b deposits
compound-B ([11C]PiB), the first ligand to be used clinically as
a PET tracer for imaging of Ab deposits (25), has shown poor
binding to Ab deposits in certain brain regions and reduced
binding to brain homogenates despite evidence of an overall
high Ab load (26–28), as well as a limited ability to detect
cotton wool plaques (CWPs), a certain type of Ab deposits
found in cases of diAD associated with presenilin-1 (PSEN1)
mutations (29–31). Thus, neither immunohistochemistry nor
the use of a single ligand can result in an accurate histological
assignment of diverse aggregated Ab deposits. In this regard,
staining protocols using multiple ligands, or hyperspectral
analysis with a single ligand, have been used for optical
assignment of different Ab deposits in brain tissue sections
from transgenic mouse models or patients diagnosed with sAD
or diAD (32–41). These studies have revealed a variation of Ab
aggregates in brain tissue sections from transgenic mouse
models (32, 33, 36, 38, 40, 41), as well as the existence of
different types of Ab deposits in human AD brain tissue sec-
tions (33–38, 40). However, many of these previously reported
approaches involved ligands with overlapping photophysical
characteristics and competitive binding modes, as well as the
need for advanced microscopy systems or complex data
analysis.

In this work, we have applied several dual-staining protocols
comprised of combinations of five previously reported
thiophene-based ligands denoted HS-84 (42, 43), HS-169 (43),
HS-259 (44), HS-276 (45), and HS-335 (44) (Figs. 1A and S1),
for histological staining of Ab deposits in brain tissue sections
Figure 1. Schematic overview of the study. A, chemical structure of the fiv
suggestive binding mode to type I sporadic Alzheimer’s disease filaments (P
(44–46). B, the brain tissue sections with Ab pathology included in the study. C,
the stained tissue sections with fluorescence microscopy. The figure was crea
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from transgenic mouse models and individuals diagnosed with
sAD or diAD. The ligands were selected and combined based
on their photophysical characteristics with the aim of avoiding
spectral overlap. In addition, these ligands have shown dif-
ferential binding modes toward Ab deposits (44–46). HS-84
and HS-169 share the same binding mode as the conven-
tional amyloid ligand Congo red and thus detect both Ab
deposits and aggregated tau in AD brain tissue sections
(frontal cortex) (43, 46). HS-259 has shown binding to tau
aggregates and some Ab deposits, such as cored Ab plaques
and cerebral amyloid angiopathy (CAA) lesions, whereas HS-
276 and HS-335 have displayed a high selectivity toward Ab
aggregates (44, 45). Furthermore, it has previously been re-
ported that HS-276 demonstrates a different binding mode
than HS-169 (45). For HS-335, theoretical calculations have
suggested two distinct binding modes on the Ab filaments,
corresponding to residues Gly 25 and Ser 26 or to Lys 16, Val
18, and Phe 20 (44). Herein, fluorescence molecular imaging of
Ab deposits in mouse brain tissue sections revealed specific
ligand binding patterns for distinct mouse models, as well as
for mice at different ages. Likewise, imaging of brain tissue
sections (frontal cortex) from individuals with sAD or diAD
displayed distinct ligand staining patterns of Ab deposits.
Furthermore, when examining different brain regions from
individuals with sAD, various fluorescent patterns were
observed for the distinct regions. Thus, the newly developed
protocols for multiple-ligand fluorescence microscopy facili-
tated chronological and spatial assignment of Ab deposits in
e different thiophene-based ligands included in the study, as well as their
DB:7Q4B) (19) based on previous experimental and computational studies
graphic presentation of the dual-staining protocols, as well as the analysis of
ted with BioRender.com. Ab, amyloid-b; PDB, protein data bank.
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Chronological and spatial assignment of amyloid-b deposits
brain tissue sections from transgenic mouse models and in-
dividuals with AD. These findings support and emphasize the
necessity of using several ligands to obtain a precise assign-
ment of different Ab deposits, and we foresee that our pro-
tocols can be used to achieve a greater understanding of the
presence of distinct Ab deposits during the AD continuum and
aid in developing novel diagnostic tools for AD.

Results

Design of dual-staining protocols comprised of two ligands
for histological assessment of Ab deposits with fluorescence
microscopy

To meet the criteria of having dual-staining protocols
comprised of two ligands with tentative differential binding
modes toward Ab deposits (Fig. 1A), as well as separate pho-
tophysical properties enabling analysis by conventional
confocal microscopy using a channel mode setup, the
following six combinations of ligands were selected: HS-84/
HS-259, HS-84/HS-169, HS-276/HS-259, HS-276/HS-169,
HS-335/HS-259, and HS-335/HS-169. Given that the ligands
might exhibit multiple concentration-dependent binding
modes to Ab aggregates, a concentration of 200 nM of each
ligand in PBS (pH 7.4) was used to increase the probability of
assessing the high-affinity binding mode for the respective
ligand, as well as to avoid micelle formation or solubility issues
of the ligands that might occur at higher concentrations. In
addition, comparable concentrations (100 or 200 nM) have
been used previously for identification of distinct protein ag-
gregates in tissue samples with similar ligands (44, 45). A
representation of the dual-staining protocols, as well as the
analysis of the stained tissue sections with fluorescence mi-
croscopy, is shown in Figure 1.

Dual-ligand staining protocols comprised of HS-84/HS-259 or
HS-335/HS-169 identify mouse model-specific and age-related
Ab deposits in brain tissue sections from APP mice

The dual-ligand protocols were initially evaluated by stain-
ing brain tissue sections from three different mouse models:
amyloid-beta precursor protein (APP) transgenic mice with
the Swedish mutation (APP23) (47), APP transgenic mice with
the Swedish and Arctic mutations (APPArcSwe) (48), and
knock-in mice that harbor the Swedish, Beyreuther/Iberian,
and Arctic mutations in the APP gene (APPNL-G-F/NL-G-F) (49).
To investigate if the dual-staining protocols could assess an
age-dependent variation of Ab deposits, brain tissue sections
from two different ages of each mouse model were evaluated
(Table S1). When analyzing the HS-84/HS-259 stained brain
tissue sections, different staining patterns could be observed
depending on the mouse model, as well as the age of the
mouse within the same model (Figs. 2 and S2–S4). In young
APPArcSwe (7 months) and APP23 (8 months) mice, a nearly
perfect colocalization between the ligands could be observed
from the Ab aggregates (Fig. 2, B and D), including the
vascular deposits in the APP23 mice (Fig. 2D). In contrast, in
old (22 months) APPArcSwe mice, fibrillar deposits that were
only stained by HS-84 could be observed (Fig. 2C) and these
aggregates were also positive for the Ab antibody 6E10
(Fig. S5), which has an epitope mapped to residues 5 to 7 of the
Ab peptide (50). In these mice, HS-259 fluorescence was only
observed from larger HS-84 positive cored plaques and
vascular deposits (Figs. 2C and S5). Hence, in the APPArcSwe
mice, some age-dependent aggregated Ab deposits that were
only recognized by HS-84 were identified. A similar phe-
nomenon was observed for the APP23 mice, but in contrast to
the APPArcSwe model, deposits that were solely stained by HS-
259 could be detected (Fig. 2E). Fluorescence from both li-
gands was clearly observed from large Ab plaques, as well as
from vascular deposits, whereas a larger amount of fibrillar
deposits with a smaller size only displayed HS-259 staining
(Fig. 2E) and these deposits were also labeled by the 6E10
antibody (Fig. S6). Thus, in old APP23 mice, Ab deposits that
were solely identified by HS-259 were presented. A similar
age-dependent transition of Ab deposits in APP23 mice has
previously been observed when using a dual-staining protocol
with a tetrameric oligothiophene, q-FTAA, and a heptameric
oligothiophene, h-FTAA (32). When adding HS-259 to this set
of ligands, a clear correlation between HS-259 and h-FTAA
staining could be detected, whereas q-FTAA fluorescence was
lacking from these aggregated species (Fig. S7). In young
APPNL-G-F/NL-G-F mice (4 months), HS-259 only labeled small
cored Ab deposits, whereas HS-84 fluorescence could be
observed from the HS-259 positive cores as well as several
additional fibrillar structures (Fig. 2F). This labeling pattern
was even more pronounced in the old (18 months) APPNL-G-F/

NL-G-F mice, since HS-84 fluorescence was displayed from a
larger number of Ab aggregates compared to HS-259 (Fig. 2G).
Fluorescence from HS-259 was only seen from vascular de-
posits and a small number of cored plaques, which were
slightly larger than those observed in the young APPNL-G-F/NL-

G-F mice. The differential staining of the respective ligand in
the old APPNL-G-F/NL-G-F mice was also verified by the 6E10
antibody and HS-84 showed perfect colocalization with 6E10,
whereas HS-259 only labeled a small number of 6E10 positive
Ab deposits (Fig. S8). Overall, the staining experiments
showed that the dual-ligand staining protocol comprised of
HS-84 and HS-259 could be used to assign a difference be-
tween Ab deposits in the respective mouse model, since Ab
aggregates solely stained by HS-84 were observed in APPArcSwe
and APPNL-G-F/NL-G-F mice, whereas Ab deposits merely
stained by HS-259 were found in APP23 mice. In addition,
age-related differential ligand staining patterns of Ab aggre-
gates were displayed within the APPArcSwe and APP23 mouse
models (Fig. 2).

Distinct staining patterns for the different mouse models, as
well as for different ages of the mice within the same model,
could also be observed when analyzing brain tissue sections
stained by a second combination of ligands, HS-335/HS-169
(Figs. 3 and S9–S11). In young APPArcSwe and APP23 mice,
the Ab deposits were stained by both ligands (Fig. 3, B and D),
whereas in old APPArcSwe mice, HS-169 fluorescence was
observed from the Ab aggregates previously identified by HS-
84, and the HS-335 staining pattern was comparable to HS-
259 (Fig. 3C). Likewise, in old APP23 mice, HS-169 labeled
J. Biol. Chem. (2025) 301(1) 108032 3



Figure 2. Dual-staining of brain tissue sections from APP mouse models with ligands HS-84 and HS-259. A, chemical structures and emission spectra
of HS-84 (magenta) and HS-259 (green) bound to Ab deposits. B–G, fluorescence images of brain tissue sections from 7 months (B) or 22 months (C) old
APPArcSwe mice, 8 months (D) or 22 months (E) APP23 mice, and 4 months (F) or 18 months old (G) APPNL-G-F/NL-G-F mice. Ab aggregates stained by both
ligands are indicated by white arrows, whereas Ab aggregates only stained by HS-84 or HS-259 are highlighted withmagenta arrows (HS-84) or green arrows
(HS-259), respectively. Images showing vascular Ab deposits (VD) are indicated with VD. All other images show parenchymal Ab deposits. Autofluorescence
from granular lipofuscin is indicated by blue arrow heads. The staining was performed using 200 nM of the respective ligand in phosphate buffered saline
(PBS, pH 7.4). Scale bars represent 20 mm. Ab, amyloid-b; APP, amyloid-beta precursor protein.
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Figure 3. Dual-staining of brain tissue sections from APP mouse models with ligands HS-335 and HS-169. A, chemical structures and emission spectra
of HS-335 (magenta) and HS-169 (green) bound to Ab deposits. B–G, fluorescence images of brain tissue sections from 7 months (B) or 22 months (C) old
APPArcSwe mice, 8 months (D) or 22 months (E) APP23 mice, and 4 months (F) or 18 months old (G) APPNL-G-F/NL-G-F mice. Ab aggregates stained by both
ligands are indicated by white arrows, whereas Ab aggregates only stained by HS-169 are highlighted with green arrows. Images showing vascular Ab
deposits (VD) are indicated with VD. All other images show parenchymal Ab deposits. The staining was performed using 200 nM of the respective ligand in
phosphate buffered saline (PBS, pH 7.4). Scale bars represent 20 mm. Ab, amyloid-b; APP, amyloid-beta precursor protein.

Chronological and spatial assignment of amyloid-b deposits
similar Ab aggregates as HS-84, but HS-335 fluorescence was
only seen from the cores of these deposits (Fig. 3E). In addi-
tion, the HS-169 positive vascular deposits were only partially
labeled with HS-335 (Fig. 3E). In young and old APPNL-G-F/NL-

G-F mice, the smaller fibrillar Ab aggregates previously iden-
tified by HS-84 were solely stained by HS-169. HS-335
J. Biol. Chem. (2025) 301(1) 108032 5



Chronological and spatial assignment of amyloid-b deposits
fluorescence was only displayed from similar cored plaques as
previously observed with HS-259 (Fig. 3, F and G). Hence, the
fibrillar HS-84 positive Ab aggregates in young and old
APPNL-G-F/NL-G-F mice, as well as in old APPArcSwe mice were
only labeled with HS-169. Taken together, these staining ex-
periments confirmed that dual-ligand staining protocols
could be used to assign different types of Ab deposits in
the respective mouse model (APPArcSwe, APP23, and
APPNL-G-F/NL-G-F), as well as to reveal age-related Ab aggre-
gates within the same model (APPArcSwe and APP23).
Dual-ligand staining protocols comprised of HS-335/HS-259,
HS-84/HS-169, HS-276/HS-259, or HS-276/HS-169 confirm the
presence of mouse model-specific and age-related Ab deposits
in brain tissue sections from APP mice

To verify the results from the first two sets of ligand com-
binations, the four ligands were combined in a different fashion
rendering staining protocols comprised of HS-335/HS-259 or
HS-84/HS-169. When using HS-335/HS-259 (Figs. S12–S15),
fluorescence from both ligands was displayed from the same
types of Ab deposits in the APPArcSwe mice (Fig. S12, B and C).
Hence, in accordance with the results from the first two sets of
ligand combinations (Figs. 2 and 3), staining of the fibrillar HS-
84 and HS-169 positive Ab aggregates in old APPArcSwe mice
was lacking (Fig. S12C). Colocalization of the ligands was also
observed for Ab deposits in young APP23 mice (Fig. S12D).
However, the previously identified HS-259 positive Ab aggre-
gates in old APP23 mice were again only stained by HS-259,
whereas the vascular deposits displayed fluorescence from
both ligands (Fig. S12E). In addition, as observed previously,
HS-335 and HS-259 only stained small cored plaques and
vascular deposits in APPNL-G-F/NL-G-F mice (Fig. S12, F and G).
The dual-staining protocol comprised of HS-84/HS-169
showed similar results as obtained for these ligands when
used in combination with HS-259 or HS-335. In APPArcSwe and
APP23 mice, Ab aggregates displayed characteristic fluores-
cence from both ligands (Figs. S16–S19). In contrast, the
fibrillar Ab aggregates in APPNL-G-F/NL-G-F mice that were
solely stained by HS-84 or HS-169 when using these ligands in
combination with HS-259 or HS-335, respectively, only dis-
played fluorescence from HS-84 (Fig. S16, F and G). HS-169
fluorescence was only observed from small cored plaques and
vascular Ab deposits. Thus, HS-84 and HS-169 could bind
simultaneously to most Ab deposits except for the fibrillar Ab
aggregates in young and old APPNL-G-F/NL-G-F mice. For these
deposits, the amount of accessible binding sites for the ligands
might be restricted and since these ligands have similar binding
modes, HS-84 displays a higher affinity than HS-169 toward
these aggregates. As shown above, when used in combination
with HS-335, HS-169 readily labeled these fibrillar Ab aggre-
gates (Fig. 3, F and G). In addition, when applying only HS-169
for staining, these fibrillar Ab deposits were clearly labeled by
this ligand (Fig. S20).

Dual-staining protocols with ligand HS-276 in combination
with HS-169 or HS-259 were also used on mouse brain tissue
sections. HS-169 and HS-259 displayed similar staining
6 J. Biol. Chem. (2025) 301(1) 108032
patterns of Ab deposits as when used in combination with HS-
84 or HS-335 (Figs. S21–S28). Overlapping HS-276 fluores-
cence was observed from Ab deposits in young APPArcSwe and
young APP23 mice (Figs. S21, B and D, S25, B and D). How-
ever, for the Ab deposits solely detected by HS-169 (Fig. S21C)
or HS-259 (Fig. S25E) in old APPArcSwe or APP23 mice,
respectively, fluorescence from HS-276 was lacking. In these
older mice, HS-276 fluorescence was only observed from
vascular Ab deposits and some partially stained large cored Ab
plaques (Figs. S21, C and E, S25, C and E). A similar phe-
nomenon was shown in APPNL-G-F/NL-G-F mice, in which HS-
276 only labeled small HS-169 and HS-259 positive cored
plaques and vascular Ab deposits (Figs. S21, F and G, S25, F
and G). Hence, similar to the observations for HS-259 and HS-
335, HS-276 fluorescence from the HS-169 and HS-84 positive
fibrillar Ab aggregates in APPNL-G-F/NL-G-F mice was lacking.
Overall, the histological analysis of brain tissue sections from
different APP mouse models clearly showed that dual-staining
protocols comprised of two different ligands can be used to
assign distinct Ab aggregates by fluorescence microscopy us-
ing an ordinary channel mode setup. Different ligand staining
patterns were observed for each mouse model, and in two of
the models, APPArcSwe and APP23, age-related Ab deposits
that were solely identified by one (HS-259 in APP23) or two
ligands (HS-84 and HS-169 in APPArcSwe) could be observed
(Fig. 4).
Dual-ligand staining protocols identify distinct Ab deposits in
brain tissue sections from individuals with sAD and diAD

Next, the same protocols were used to stain brain tissue
sections (frontal cortex) from individuals with sAD (n = 3) and
diAD. To represent the latter, cases (n = 3) from individuals
with the PSEN1 A431E mutation (51–53) or the Arctic mu-
tation (APP E693G) (n = 2) (54, 55) were selected, since these
mutations are known to induce a variety of different Ab de-
posits, such as CWPs, that have alternative morphologies and
different compositions of Ab peptides than those observed in
sAD (30, 56–58). When examining the sections stained by HS-
276/HS-169, strikingly different staining patterns could be
observed for the distinct cases of AD (Figs. 5 and S29). For
sAD cases, weak HS-276 fluorescence was observed from CAA
lesions in blood vessel walls (Fig. 5B), whereas intense HS-276
fluorescence was displayed from cored (Fig. 5C) and diffuse
(Fig. 5D) Ab plaques, as well as from Ab deposits in the white
matter (Fig. 5E). In contrast, HS-169 only stained CAA lesions
(Fig. 5B), cored Ab plaques (Fig. 5C) and tau aggregates, such
as neurofibrillary tangles, dystrophic neurites, and neuropil
threads (Fig. 5). Thus, these ligands recognized different Ab
deposits in sAD, and these observations agree with previous
studies in which each individual ligand was used for staining of
brain tissue sections (frontal cortex) from sAD cases (43, 45).
In the PSEN1 A431E cases, a laminar staining pattern corre-
lating to the fluorescence from the respective ligand could be
observed (Figs. 5F and S29). Comparable to the sAD cases,
aggregated tau pathology was only visualized by HS-169
fluorescence, whereas both ligands labeled CAA lesions



Figure 4. Schematic presentation of different parenchymal and vascular Ab deposits that were identified with the dual-ligand staining protocols
in mouse brain tissue sections. Ab deposits identified by all five ligands are shown in white, whereas aggregated Ab species solely identified by HS-84 and
HS-169 or HS-259 are shown in magenta (HS-84 and HS-169) or green (HS-259). Different ligand staining patterns were observed for each mouse model. In
APPArcSwe and APP23, age-related parenchymal Ab deposits that were solely identified by HS-84 and HS-169 (APPArcSwe) or HS-259 (APP23) could be
observed. The figure was created with BioRender.com. Ab, amyloid-b; APP, amyloid-beta precursor protein.
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(Fig. 5G) and cored Ab plaques (Fig. 5H). However, for the
CAA lesions, the fluorescence from the respective ligand was
only partly overlapping. A similar phenomenon was observed
for Ab assemblies in the white matter (Fig. S30). Most of these
Ab deposits were solely stained by HS-169, but some of the
deposits also displayed HS-276 fluorescence. Moreover, the Ab
deposits in the gray matter that only showed HS-276 fluores-
cence had an appearance similar to the structures denoted as
diffuse plaques in sAD (Fig. 5I), whereas the round aggregates
that were lacking a core and solely displayed HS-169 fluores-
cence resembled CWPs (Fig. 5J). Within a few of these as-
semblies, minor amounts of HS-276 fluorescence could also be
observed (Fig. 5J). In cases from individuals with the Arctic
APP mutation, the ligands showed strikingly different staining
patterns (Figs. 5K and S29). For the Ab plaques resembling
CWPs, which are hereafter referred to as cotton wool-like
plaques, a term previously used for these types of deposits in
cases with the Arctic APP mutation (57, 58), as well as
aggregated tau pathologies, only HS-169 fluorescence was
observed, whereas CAA lesions were stained by both ligands
(Fig. 5, L–O). For the latter, the HS-276 fluorescence was
rather weak and only partially overlapping with the fluores-
cence from HS-169. Immunohistochemistry (6E10 antibody)
confirmed that HS-169 was labeling cotton wool-like Ab pla-
ques to some extent, and that these Ab deposits were negative
for HS-276 (Fig. S31). Overall, the experiments verified that
the dual-ligand staining protocol comprised of HS-276 and
HS-169 could be used to assign diverse types of Ab deposits in
different types of AD, since distinct ligand staining patterns
were observed for the respective AD type. In sAD, HS-276
stained Ab deposits were most abundant, whereas the oppo-
site, HS-169 stained Ab aggregates, were mainly observed in
diAD associated with the Arctic mutation (APP E693G).
Moreover, in diAD associated with the PSEN1 A431E muta-
tion, a laminar staining pattern of the ligands was displayed
(Fig. 5).

Variations in the ligand staining patterns for the sAD and
diAD cases could also be observed when using the ligand
combination HS-84/HS-259 (Figs. 6 and S32). As reported
previously for the individual ligands in sAD (43, 44), CAA
lesions (Fig. 6B) and cored Ab plaques (Fig. 6C) exhibited
strong fluorescence from both ligands, whereas diffuse Ab
plaques (Fig. 6D) and white matter deposits (Fig. 6E) were only
stained by HS-84. Both ligands also recognized tau aggregates.
When examining brain tissue sections from individuals with
the PSEN1 A431E mutation, a remarkable difference was seen
compared to sAD, since only HS-84 staining was observed
from the Ab deposits (Figs. 6F and S32). CAA lesions (Fig. 6G),
cored Ab plaques (Fig. 6H), CWPs (Fig. 6J), and white matter
Ab deposits (Fig. S33) displayed strong HS-84 fluorescence.
Moreover, the diffuse Ab aggregates that solely displayed HS-
276 staining when using the protocol comprised of HS-276/
HS-169, showed weaker HS-84 fluorescence compared to the
other types of HS-84 positive Ab deposits (Fig. 6I). Similar to
the observation in sAD, tau aggregates were stained by both
ligands. For the second type of diAD cases (Arctic E693G APP
mutation), both ligands labeled cotton wool-like Ab plaques,
CAA lesions and tau aggregates (Fig. 6, L–O). HS-259 dis-
played intense fluorescence from both cotton wool-like Ab
plaques and tau aggregates, however, as previously reported
for sAD (44), HS-259 showed distinct spectral signatures from
these aggregates (Fig. S34). As confirmed with the 6E10 anti-
body, HS-259 fluorescence was observed from the majority of
the cotton wool-like plaques that were identified by immu-
nohistochemistry, whereas HS-84, in a similar fashion as HS-
169, only labeled these aggregated Ab species to some extent
(Fig. S31). Compared to the CAA lesions, cotton wool-like Ab
plaques showed less intense HS-84 fluorescence, but in close
vicinity to these deposits, some fibrillar Ab aggregates that
only displayed strong HS-84 fluorescence could be observed
(Fig. 6O). Taken together, the observations from the HS-84
and HS-259 staining experiments, verified that this dual-
ligand staining protocol could also be used to differentiate
distinct Ab deposits found in sAD or different types of diAD.
HS-84 showed labeling of all Ab deposit types in sAD and in
diAD associated with the PSEN1 A431E mutation but limited
J. Biol. Chem. (2025) 301(1) 108032 7
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Figure 5. Dual-staining of human brain tissue sections (frontal cortex) from individuals with sAD or diAD with ligands HS-276 and HS-169. A,
overview tile image of a brain tissue section from an individual with sAD. B–E, images of different Ab aggregates, including CAA lesions (B), cored (C), and
diffuse (D) Ab plaques, as well as Ab deposits in the white matter (E). F, overview tile image of a brain tissue section from an individual with diAD associated
with the PSEN1 A431E mutation. G–J, images of different Ab deposits, including CAA lesions (G), cored (H) and diffuse Ab plaques (I), and cotton wool
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staining in APP E693G cases. HS-259, on the other hand,
displayed restricted labeling of Ab aggregates in sAD and failed
to detect Ab in PSEN1 A431E tissue but showed strong la-
beling of Ab deposits in APP E693G samples.

To validate the observations from the first two sets of ligand
combinations, staining protocols comprised of HS-84/HS-169
or HS-276/HS-259 were next evaluated on the AD brain tissue
sections (Figs. 7, 8, S35 and S36). In sAD, the same aggregates
were identified by HS-84 or HS-169 fluorescence (Fig. 7, B–E),
as when these ligands were used in combination with HS-259
or HS-276, respectively. Fluorescence from both ligands was
detected from CAA lesions, cored Ab plaques, and tau ag-
gregates, whereas diffuse Ab plaques and Ab deposits in the
white matter were only stained by HS-84. CAA lesions and
cored Ab plaques in PSEN1 A431E brain tissue sections also
showed fluorescence from both ligands (Fig. 7, G and H).
However, in contrast to previous observations for HS-169
when used in combination with HS-276, HS-169 staining of
diffuse Ab aggregates, CWPs, and Ab aggregates in the white
matter was lacking (Figs. 7, I and J, S37). Thus, in a similar
fashion as for fibrillar Ab deposits in APPNL-G-F/NL-G-F mice
(Fig. S16), for certain Ab deposits in the PSEN1 A431E brain
tissue sections, HS-84 was preventing binding of HS-169. This
finding was also confirmed when using solely HS-169 for
staining of PSEN1 A431E brain tissue sections, since bright
fluorescence correlating to HS-169 could then be observed
from diffuse Ab aggregates, CWPs, and Ab aggregates in the
white matter (Fig. S38). For the Arctic mutation, the same
ligand staining pattern was observed as with the previous
protocols (Fig. 7, K–O). The cotton wool-like Ab plaques,
CAA lesions, and tau aggregates displayed fluorescence from
both ligands, but again some fibrillar Ab aggregates that solely
displayed strong HS-84 fluorescence was observed nearby the
cotton wool-like Ab plaques (Fig. 7N).

When using the combination of HS-276 and HS-259, the
same staining pattern was observed as when using each ligand
in combination with HS-169 or HS-84, respectively. In sAD
brain tissue sections, HS-276 fluorescence was observed from
all Ab deposits, whereas HS-259 only stained CAA lesions,
cored Ab plaques, and tau aggregates (Figs. 8, A–E and S36).
Likewise, HS-276 stained all Ab deposits except CWPs in
PSEN1 A431E brain tissue sections and HS-259 was only
observed from tau aggregates (Fig. 8, F–J). For the Arctic APP
mutation cases, HS-276 fluorescence was lacking from all Ab
deposits except CAA lesions, whereas HS-259 staining was
observed from cotton wool-like Ab plaques, CAA lesions and
tau aggregates (Fig. 8, K–O). With the two additional staining
protocols, HS-335/HS-169 and HS-335/HS-259, similar
staining patterns were observed as when using HS-276 instead
of HS-335 (Figs. S39–S43). However, in contrast to HS-276,
HS-335 fluorescence was also observed from some of the
plaques (J). K, overview tile image of a brain tissue section from an individual w
Ab deposits, including CAA lesions (L and M) and cotton wool-like plaques (L–O
Ab aggregates only stained by HS-276 or HS-169 are highlighted withmagenta
by white arrow heads and autofluorescence from granular lipofuscin is indica
respective ligand in phosphate buffered saline (PBS, pH 7.4). Scale bars represe
sporadic Alzheimer’s disease; APP, amyloid-beta precursor protein; CAA, cereb
6E10 positive cotton wool-like plaques in the Arctic cases
(Figs. S31, S40, K–O and S42, K–O). Overall, the analysis of
brain tissue sections from different AD types showed that
dual-staining protocols comprised of two different ligands can
be applied to identify distinct Ab aggregates by fluorescence
microscopy, since different ligand staining patterns were
observed for the respective type of AD.

HS-276 and HS-259 display different staining patterns in brain
tissue sections from different brain regions in individuals with
sAD

The histological assessment of brain tissue sections from the
same region, frontal cortex, clearly showed that the dual-
staining protocols could be used to identify distinct Ab de-
posits in individuals with sAD or diAD (Figs. 5–8). Therefore,
one of the dual-staining protocols, HS-276/HS-259, was next
used on tissue sections from different brain regions, frontal or
visual cortex, from individuals with sAD. As shown above, in
frontal cortex, the Ab pathology was mainly labeled by HS-
276, whereas HS-259 only labeled CAA lesions and cored
Ab plaques. (Figs. 8 and S36). When comparing the staining
pattern of frontal and visual cortex from three different in-
dividuals with sAD, a striking difference was observed between
the regions, as the visual cortex displayed a larger amount of
HS-259 fluorescence (Figs. 9A and S44). In the gray matter of
visual cortex, the dominating Ab deposits had a granular and
diffuse appearance and only displayed bright HS-259 fluores-
cence. Some of these aggregates partially colocalized with
fibrillar Ab deposits that was solely stained by HS-276
(Fig. 9B). Both types of deposits were positive for the 6E10
Ab antibody (Fig. S45), and the Ab deposits also contained HS-
259 positive tau aggregates that displayed a different emission
spectrum than the Ab deposits (Fig. S46). Furthermore, most
of the HS-259 positive Ab aggregates in the gray matter were
negative for CN-PiB (Fig. S47). Similar to the observations in
frontal cortex, the Ab aggregates in the visual cortex white
matter only displayed fluorescence from HS-276. Taken
together, the distinct staining patterns displayed by HS-276
and HS-259 when comparing the results for frontal and vi-
sual cortex within the same sAD patient showed that the dual-
staining protocol could be used to detect distinct types of Ab
deposits in different regions of the brain.

Discussion

From a diagnostic and therapeutic perspective, Ab aggre-
gates are central molecular targets in AD. Several ligands
enabling clinical diagnostics by PET imaging have been pre-
sented (25, 59, 60), and recent reports of monoclonal anti-
bodies stimulating the clearance of Ab deposits from the brain
have verified that these pathological species might be used as
ith diAD caused by the Arctic APP E693G mutation. L–O, images of different
). Ab deposits stained by both ligands are indicated by white arrows, whereas
(HS-276) or green (HS-169) arrows, respectively. Tau aggregates are indicated
ted by blue arrow heads. The staining was performed using 200 nM of the
nt 500 mm (A, F, and K) and 20 mm (B–E, G–J, and L–O). Ab, amyloid-b; sAD:
ral amyloid angiopathy; diAD, dominantly inherited AD; PSEN1, presenilin-1.
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Figure 6. Dual-staining of human brain tissue sections (frontal cortex) from individuals with sAD or diAD with ligands HS-84 and HS-259. A,
overview tile image of a brain tissue section from an individual with sAD. B–E, images of different aggregated Ab pathologies, including CAA lesions (B),
cored (C), diffuse (D), and Ab deposits in the white matter (E). F, overview tile image of a brain tissue section from an individual with diAD associated with
the PSEN1 A431Emutation. G–J, images of different Ab deposits, including CAA lesions (G), cored (H), and diffuse Ab plaques (I), and cotton wool plaques (J).
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targets for disease-modifying treatment for AD (61–63).
However, the clinical benefit achieved in these trials has been
rather modest (61–63), and PET tracers have shown limitation
in detecting different Ab deposits (26–28). Thus, a greater
understanding of the presence of distinct Ab deposits during
the AD continuum and the pathogenesis of the disease is
essential. Evidently, as several distinct folds of Ab filaments
(18–23), and also different variants of Ab peptides (64–66),
have been identified in AD, the existence of multiple types of
Ab deposits is highly likely. Therefore, it would be desirable to
expand the methodologies available for the assignment of
distinct Ab deposits, and as shown herein, dual-staining pro-
tocols comprised of ligands with distinct photophysical char-
acteristics and alternative binding modes offer a rather
straightforward and simple approach for chronological and
spatial histological assessment of different Ab aggregates in
brain tissue sections.

By using six variants of dual-staining protocols, different Ab
deposits could be assigned in brain tissue sections from APP
mouse models and individuals with sAD or diAD with fluo-
rescence microscopy (Figs. 4 and 10). In mouse brain sections,
specific ligand staining patterns could be observed for the
different mouse models, as well as for mice at different ages
within each model (Fig. 4). The latter has also been observed
when using a combination of a tetrameric oligothiophene, q-
FTAA, and a heptameric oligothiophene, h-FTAA (32, 36).
Within these studies, spectral analysis showed that the core of
the Ab deposits in young APPPS1 and APP23 mice mainly
displayed h-FTAA fluorescence whereas q-FTAA staining only
was seen from the core of Ab plaques in older mice (32, 36). In
line with the results previously reported for q-FTAA (32, 36),
HS-335 and HS-276 partially stained the core of larger Ab
plaques in old APPArcSwe and APP23 mice, but in young
APPArcSwe and APP23 mice, the Ab aggregates were identified
by all five ligands (Fig. 4). Likewise, in young and old APPNL-G-

F/NL-G-F, the cored Ab plaques were stained by all five ligands.
However, in these mice, fibrillar Ab aggregates solely labeled
by HS-84 and HS-169 were also observed. In addition, Ab
aggregates only stained by HS-84 and HS-169 or HS-259 were
observed in old APPArcSwe and APP23 mice, respectively
(Fig. 4). Thus, in mouse models, the newly developed dual-
ligand protocols seemed to identify an alternative range of
Ab aggregates than the previously reported protocol
comprised of q-FTAA and h-FTAA. Dual-staining protocols
comprised of other fluorescent amyloid ligands have also been
used to show a variation in Ab deposits in 5xAD mice (38, 40),
but a comparison of aggregates in mice of different ages was
lacking in these studies. Lately, a rather comprehensive
methodology, using multiple spectral collection from aggre-
gates stained by a single ligand followed by principal compo-
nent analysis of the data, also showed a difference between Ab
K, overview tile image of a brain tissue section from an individual with diAD cau
including CAA lesions (L and M) and cotton wool-like plaques (L–O). Ab depo
gregates only stained by HS-84 or HS-259 are highlighted with magenta (HS-
white arrow heads and autofluorescence from granular lipofuscin is indicate
respective ligand in phosphate buffered saline (PBS, pH 7.4). Scale bars repres
sporadic Alzheimer’s disease; CAA, cerebral amyloid angiopathy; APP, amyloid
aggregates in transgenic mouse models (41). The q-FTAA/h-
FTAA protocol has also been used for evaluating temporal and
spatial efficacy of anti-Ab therapies in transgenic mice (67),
and we foresee that the dual-staining protocols described
herein can be used in a similar fashion. Furthermore, two of
the ligands, HS-84 and HS-169, included in this study have
also been used for longitudinal in vivo imaging of protein
aggregates by multiphoton microscopy (68). Hence, applying
dual-ligand staining protocols for real time assignment of
distinct Ab deposits in mouse models is an additional tanta-
lizing possibility.

Distinct ligand staining patterns could also be observed on
brain tissue sections from individuals with sAD or diAD
associated with the PSEN1 A431E mutation (51–53) or the
Arctic APP E693G mutation (54, 55) (Fig. 10). For sAD, the
observed ligand staining patterns agreed with earlier studies
when the respective ligands were used (42–45), whereas
alternative ligand staining patterns were displayed from Ab
deposits in the diAD cases. Firstly, laminar staining patterns
with distinct fluorescence were seen in the PSEN1 A431E cases
and diffuse Ab plaques displayed intense fluorescence from
HS-276 and HS-335, as well as weaker emission from HS-84
and HS-169, whereas CWPs were solely detected by HS-84
and HS-169. In an earlier study, CWPs were readily identi-
fied with X-34, a fluorescent analogue of Congo red, but poorly
stained by CN-PiB (31). Hence, in agreement with our results,
ligands that share the same binding mode as Congo red, such
as HS-84 and HS-169, recognize CWPs. Furthermore, in a
recent study, CWPs were detected by the heptameric oligo-
thiophenes, h-FTAA and LL-1 (69), whereas the HS-276
positive diffuse Ab plaques were readily labeled by CN-PiB,
as well as h-FTAA. Secondly, in contrast to the other li-
gands, HS-259 did not bind to any types of Ab deposits in the
PSEN1 A431E brain tissue sections except occasionally weak
staining of the core of cored plaques. However, a strikingly
intense HS-259 fluorescence was observed from the cotton
wool-like plaques in the Arctic APP mutation cases. These Ab
plaques have been shown to be negative for Congo red and
thioflavin S (57, 58), as well as for carbon-11 labeled Pittsburgh
compound-B, [11C]PiB (70), but were to some extent labeled
by the other ligands included in our study. Hence, the CWPs in
the PSEN1 A431E cases and the cotton wool-like plaques in
the Arctic APP mutation cases displayed differential staining
patterns by the fluorescent ligands. Strikingly different ligand
staining patterns were also observed with HS-276/HS-259
when comparing different brain regions from individuals
with sAD (Fig. 10), indicating that the dual-staining protocols
can be used for gaining novel findings regarding the role and
presence of distinct Ab deposits during the AD pathogenesis.
From a histopathological perspective, it would be of great in-
terest to compare the ligand staining patterns in individuals
sed by the Arctic APP E693Gmutation. L–O, images of different Ab deposits,
sits stained by both ligands are indicated by white arrows, whereas Ab ag-
84) or green (HS-259) arrows, respectively. Tau aggregates are indicated by
d by blue arrow heads. The staining was performed using 200 nM of the
ent 500 mm (A, F, and K) and 20 mm (B–E, G–J and L–O). Ab, amyloid-b; sAD:
-beta precursor protein; diAD, dominantly inherited AD; PSEN1, presenilin-1.
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Figure 7. Dual-staining of human brain tissue sections (frontal cortex) from individuals with sAD or diAD with ligands HS-84 and HS-169. A,
overview tile image of a brain tissue section from an individual with sAD. B–E, images of different Ab deposits, including CAA lesions (B), cored (C), diffuse
(D), and Ab aggregates in the white matter (E). F, overview tile image of a brain tissue section from an individual with diAD associated with the PSEN1 A431E
mutation. G–J, images of different Ab deposits, including CAA lesions (G), cored (H), and diffuse Ab plaques (I) and cotton wool plaques (J). K, overview tile
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with different disease progression, onset of disease or clinical
symptoms, as well as analyzing several brain regions from the
same individual. Another appealing possibility is to use the
dual-staining protocols in proteopathic seed amplification as-
says, since it was recently reported that a single thiophene-
based ligand could be used to discriminate between samples
of cerebrospinal fluid from patients diagnosed with Parkin-
son’s disease and samples from patients with multiple system
atrophy (71). A seed amplification assay has also been used to
detect Ab in cerebrospinal fluid samples from AD patients
(72), and by combining this technology with the dual-ligand
staining methodology, novel insights regarding the properties
of the Ab aggregates in AD patients might be afforded. For
clinical imaging by PET, further chemical evolution of the li-
gands is required since ligands similar to HS-84 and HS-169
have shown very low brain uptake when converted to PET
tracers (73). On the other hand, PET tracers based on the HS-
259 molecular scaffold might be of great interest, since this
ligand stained the cotton wool-like plaques in the Arctic APP
mutation cases, as well as the CN-PiB negative aggregated Ab
pathologies in the visual cortex from individuals with sAD.

Clearly, the binding mode for a certain thiophene-based
ligand is only accessible on distinct Ab deposits and several
studies have shown that minor modifications of the molecular
structure of the ligand can have a substantial impact on its
ability to identify certain aggregated proteins (33, 39, 42–46).
From a biological perspective, the detection of distinct Ab de-
posits by a specific thiophene-based ligand has been correlated
to a certain composition of specific Ab peptides within the
aggregates (36, 69). Thus, specific binding modes of distinct
ligands can be afforded due to a particular content of Ab
peptides within the deposit and previous studies have shown
that the main component of the HS-84 and HS-169 positive
CWPs in PSEN1 A431E individuals are amino-terminally
truncated Ab peptide species, such as the pyroglutamate-
modified Ab peptides Ab3pE-42 and Ab11pE-42 (56, 69).
Distinct contents of modified Ab peptides have also been re-
ported for Ab deposits in cases with the Arctic APP mutation
(57, 58). In these studies (57, 58), a variation of Ab peptides
were observed within the same deposits, as well as between
different deposits. This variation might alter the ligand binding
mode, since HS-84, HS-169 and HS-335 only labeled a fraction
of the Ab aggregates identified by 6E10, whereas HS-259 fluo-
rescence was observed from the majority of the deposits. Dif-
ferential binding modes might also be obtained due to different
structures of the Ab filaments within the deposits. As shown by
cryo-EM, the fold of Ab42 filaments in sAD individuals (type I
fold) was different than the fold of Ab42 filaments in diAD
individuals (type II fold) (19), and a distinct fold was also re-
ported for Ab filaments with the Arctic APPmutation (20). Our
findings show some correlation with these folds, since HS-276
image of a brain tissue section from an individual with diAD caused by the Arc
lesions (L andM) and cotton wool-like plaques (L–O). Ab deposits stained by bo
by HS-84 or HS-169 are highlighted with magenta (HS-84) or green (HS-169) a
autofluorescence from granular lipofuscin is indicated by blue arrow heads. The
buffered saline (PBS, pH 7.4). Scale bars represent 500 mm (A, F, and K) and 20 mm
dominantly inherited AD; CAA, cerebral amyloid angiopathy; APP, amyloid-be
staining was predominantly observed in sAD (type I fold)
whereas the staining of cotton wool-like plaques in the Arctic
APP mutation cases was lacking. However, with fluorescence
microscopy, structural information regarding Ab deposits can
only be obtained within the micrometer to submicrometer
domain, whereas with cryo-EM, resolution in the Ångström
range can be achieved. Thus, to compare observations obtained
by the respective technique, correlative imaging, in a similar
fashion as used to relate ligand staining to Ab peptide content
(36, 69), is necessary. Cryogenic correlated light and electron
tomography, using the amyloid ligand methoxy-X04 to resolve
the in-tissue molecular architecture of Ab deposits in the brain
of transgenic mice, was recently presented (74), and we foresee
that our ligand dual-staining protocols can be used in a similar
fashion to identify protein aggregates that subsequently can be
assessed by electron microscopy. Evidently, the dual-staining
protocols can be used to assign distinct types of Ab deposits
in different brain regions, and in combination with cryo-EM,
spatial resolution of distinct Ab aggregates down to an atomic
level might be feasible.

In conclusion, we have shown that dual-staining protocols
comprised of different ligands with different binding modes
and photophysical properties can be used for chronological
and spatial histological assignment of distinct Ab deposits by
fluorescence microscopy. Our discoveries demonstrate the
importance of using multiple ligands for obtaining a precise
assignment of different Ab deposits. The latter would be highly
relevant from a clinical perspective, as well as for the precise
evaluation of therapeutic agents targeting Ab aggregates, and
we foresee that our findings can aid in developing novel tools
for resolving these matters.
Experimental procedures

Mouse brain tissue sections

All experimental procedures were approved by the Uppsala
County Animal Ethics board (5.8.18–20,401/2020) and the
Swedish Ethical Review Authority (Dnr 2020–01197, 2020–06–
25), carried out according to the regulations of the Swedish
Animal Welfare Agency, and complied with the European
Communities Council Directive of 22 September 2010 (2010/
63/E.U.). All mouse models were maintained on a C57BL/6
background. The APPArcSwe mice, harboring the Arctic (APP
E693G) and Swedish (APPKM670/671NL) mutations, show
elevated levels of soluble Ab protofibrils already at a very young
age and abundant and rapidly developing plaque pathology,
forming plaques that resemble those found in sAD (22),
starting at around 6 months of age (48). APPNL-G-F/NL-G-F mice,
expressing mouse APP with a humanized Ab sequence and
with the Swedish (KM670/671NL), Arctic (E693G), and Iberian
(I716F) APP mutations show Ab deposits as early as 3 to
tic APP E693G mutation. L–O, images of different Ab deposits, including CAA
th ligands are indicated by white arrows, whereas Ab aggregates only stained
rrows, respectively. Tau aggregates are indicated by white arrow heads and
staining was performed using 200 nM of the respective ligand in phosphate
(B–E, G–J and L–O). Ab, amyloid-b; sAD: sporadic Alzheimer’s disease; diAD,

ta precursor protein; PSEN1, presenilin-1.
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Figure 8. Dual-staining of human brain tissue sections (frontal cortex) from individuals with sAD or diAD with ligands HS-276 and HS-259. A,
overview tile image of a brain tissue section from an individual with sAD. B–E, images of different Ab deposits, including CAA lesions (B), cored (C), diffuse
(D), and Ab aggregates in the white matter (E). F, overview tile image of a brain tissue section from an individual with diAD associated with the PSEN1 A431E
mutation. G–J, images of different Ab deposits, including CAA lesions (G), cored (H), and diffuse Ab plaques (I), and cotton wool plaques (J). K, overview tile
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HS-276: Excitation: 405 nm Emission: 455 to 547 nm
HS-335: Excitation: 405 nm Emission: 463 to 547 nm
HS-84: Excitation: 490 nm Emission: 495 to 572 nm
HS-169: Excitation: 565 nm Emission: 585 to 712 nm
HS-259: Excitation: 565 nm Emission: 585 to 712 nm

Chronological and spatial assignment of amyloid-b deposits
4 months of age consisting of predominantly Ab42 (49). APP23
mice have a 7-fold overexpression of human AbPP with the
Swedish mutation (KM670/671NL) and produce more Ab40
than Ab42, as well as show deposits around 6 months of age
(47). In the study, frozen brain tissue samples from APPArcSwe
(n = 6), APPNL-G-F/NL-G-F (n = 6) and APP23 (n = 4) transgenic
mice with two different ages from each model (Table S1) were
included. The experiments were performed on 10 mm thick
sections from frozen brain tissue samples.

Human brain tissue sections

This study was performed in line with the principles of the
Declaration of Helsinki. The collection of post mortem human
brain tissue and their use in this project were reviewed and
approved by the Regional Ethical Committee in Uppsala, Swe-
den and the Swedish Ethical Review Authority (Dnr 2005–244;
Dnr 2020–01197; Dnr 2021–04766; 2011/962–31/1), as well as
the Indiana University Institutional Review Board. For all cases,
informed consent was obtained from the patient or their next of
kin. In the study, frozen brain tissue samples from individuals
diagnosed with sAD (n = 5) or diAD associated with the PSEN1
A431E (n = 3) or the APP E693G (Arctic) (n = 2) mutation were
included. For sAD, the analyses were carried out on brain
samples collected from frontal (n = 5) or visual (n = 3) cortex.
For diAD, brain samples from frontal cortex (n = 5) were
analyzed. The experiments were performed on 10 mm thick
sections of the included frozen brain tissue samples.

Staining of brain tissue sections with different combinations
of ligands

The synthesis of thiophene-based ligands HS-84 (42, 43),
HS-169 (43), HS-259 (44), HS-335 (44), and HS-276 (45) has
been reported previously. The ligands were dissolved in
deionized water (HS-84 and HS-169) or dimethyl sulfoxide
(HS-259, HS-276, and HS-335) to a final concentration of
1.5 mM. Prior to histological staining, these stock solutions
were diluted to a final concentration of 200 nM of the
respective ligand in phosphate buffered saline (PBS, 10 mM
phosphate, 140 mM NaCl, 2.7 mM KCl, pH 7.4). Staining
solutions comprised of ligand combinations HS-84/HS-259,
HS-84/HS-169, HS-276/HS-169, HS-276/HS-259, HS-335/
HS-169, or HS-335/HS-259 were prepared. Frozen brain tis-
sue sections (10 mm) were fixed in 99.7% EtOH for 10 min at
room temperature (RT), incubated 10 min in 50% EtOH fol-
lowed by 10 min in deionized water at RT and then 10 min in
PBS. The sections were incubated with the respective staining
solution (200 nM of each ligand in PBS) for 30 min at RT. The
sections were then washed with PBS three times and mounted
with Dako mounting medium for fluorescence (Agilent). The
mounting medium was allowed to solidify at least overnight
image of a brain tissue section from an individual with diAD caused by the Arc
lesions (L andM) and cotton wool-like plaques (L–O). Ab deposits stained by bo
by HS-276 or HS-259 are highlighted with magenta (HS-276) or green (HS-259)
autofluorescence from granular lipofuscin is indicated by blue arrow heads. The
buffered saline (PBS, pH 7.4). Scale bars represent 500 mm (A, F, and K) and 2
diAD, dominantly inherited AD; CAA, cerebral amyloid angiopathy; APP, amylo
before sealing the cover slips with nail polish. In addition to
the combination staining experiments, consecutive brain sec-
tions from APPNL-G-F mouse (18 months old) or a diAD pa-
tient with the PSEN1 A431E mutation were also stained with
only HS-84 or HS-169 (200 nM) using the same procedure as
for the dual-staining protocol.
Ligand and antibody double staining

Frozen brain tissue sections (10 mm) were fixed in prechilled
70% EtOH for 3 min at 4 �C and then incubated 2 × 2 min in
dH2O, 10 min in PBS, and 1 h in PBS with 0.1% Triton x-100
and 5% normal goat serum (blocking buffer) at RT. Anti-Aß
antibody 6E10 (BioLegend) was diluted 1:1000 in blocking
buffer and added to the sections. After incubation over night at
4 �C, the sections were washed 3 × 10 min in PBS with 0.1%
Triton x-100 and then incubated for 1 h at RT with goat anti-
mouse secondary antibody conjugated with Alexa Fluor 488/
594/647 (Thermo Fisher Scientific) diluted 1:500 in blocking
buffer. After washing in PBS, the sections were incubated with
the ligand staining solution (200 nM ligand in PBS) as
described above. The sections were then washed with PBS three
times and mounted with Dako mounting medium for fluores-
cence (Agilent). The mounting medium was allowed to solidify
at least overnight before sealing the cover slips with nail polish.
HS-259 staining together with q-FTAA/h-FTAA or CN-PiB

Staining solutions comprised of HS-259 (200 nM)/q-FTAA
(120 nM)/h-FTAA (256 nM) or HS-259 (200 nM)/CN-PiB
(1 mM) were prepared in PBS. Frozen brain tissue sections
(10 mm) were fixed in 99.7% EtOH for 10 min at RT, incubated
10 min in 50% EtOH followed by 10 min in deionized water at
RT and then 10 min in PBS. The sections were incubated with
the respective staining solution for 30 min at RT. The sections
were then washed with PBS three times and mounted with
Dako mounting medium for fluorescence (Agilent). The
mounting medium was allowed to solidify at least overnight
before sealing the cover slips with nail polish.
Fluorescence microscopy

The sections were analyzed using an inverted Zeiss LSM 780
laser scanning confocal microscope (Zeiss) using the following
channel set up for each ligand:
tic APP E693G mutation. L–O, images of different Ab deposits, including CAA
th ligands are indicated by white arrows, whereas Ab aggregates only stained
arrows, respectively. Tau aggregates are indicated by white arrow heads and
staining was performed using 200 nM of the respective ligand in phosphate
0 mm (B–E, G–J, and L–O). Ab, amyloid-b; sAD: sporadic Alzheimer’s disease;
id-beta precursor protein; PSEN1, presenilin-1.
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Figure 9. Images of human brain tissue sections, collected from frontal or visual cortex, from an individual with sAD, stained with a dual-staining
protocol comprised of ligands HS-276 and HS-259. A, overview tile image of brain tissue sections from frontal (left) or visual (right) cortex. B and C,
images of different Ab deposits in the gray (B) or white (C) matter region of visual cortex. Ab deposits only stained by HS-276 or HS-259 are highlighted with
magenta (HS-276) or green (HS-259) arrows, respectively. Tau aggregates are indicated by white arrow heads and autofluorescence from granular lipofuscin
is indicated by blue arrow heads. The staining was performed using 200 nM of the respective ligand in phosphate buffered saline (PBS, pH 7.4). Scale bars
represent 500 mm (A) and 20 mm (B and C). Ab, amyloid-b; sAD: sporadic Alzheimer’s disease.
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Figure 10. Schematic presentation of different parenchymal Ab deposits that were identified with each dual-ligand staining protocols in human
brain tissue sections. Parenchymal Ab deposits, such as cored plaques (CP), diffused plaques (DP), cotton wool plaques (CWP), and cotton wool like
plaques (CWLP) identified by both ligands are shown in white, whereas Ab deposits solely identified by one of the ligands are shown in magenta (HS-276,
HS-84, or HS-335) or green (HS-169 and HS-259). Distinct ligand staining patterns were observed between different types of AD, as well as between different
brain regions, frontal cortex (fc), and visual cortex (vc) in sporadic AD (sAD). The figure was created with BioRender.com. Ab, amyloid-b; AD, Alzheimer’s
disease.

Chronological and spatial assignment of amyloid-b deposits
For HS-259 bound to Ab and tau pathologies, full emission
spectra were also collected using an excitation at 565 nm.
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