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Aggregated forms of different proteins are common hallmarks
for several neurodegenerative diseases, including Alzheimer's
disease, and ligands that selectively detect specific protein
aggregates are vital. Herein, we investigate the molecular
requirements of thiophene-vinyl-benzothiazole based ligands
to detect a specific type of Aβ deposits found in individuals
with dominantly inherited Alzheimer’s disease caused by the
Arctic APP E693G mutation. The staining of these Aβ deposits
was alternated when switching the terminal heterocyclic moiety
attached to the thiophene-vinyl-benzothiazole scaffold. The
most prevalent staining was observed for ligands having a
terminal 3-methyl-1H-indazole moiety or a terminal 1,2-dime-
thoxybenzene moiety, verifying that specific molecular inter-
actions between these ligands and the aggregates were

necessary. The synthesis of additional thiophene-vinyl-benzo-
thiazole ligands aided in pinpointing additional crucial chemical
determinants, such as positioning of nitrogen atoms and methyl
substituents, for achieving optimal staining of Aβ aggregates.
When combining the optimized thiophene-vinyl-benzothiazole
based ligands with a conventional ligand, CN-PiB, distinct
staining patterns were observed for sporadic Alzheimer’s
disease versus dominantly inherited Alzheimer’s disease caused
by the Arctic APP E693G mutation. Our findings provide
chemical insights for developing novel ligands that allow for a
more precise assignment of Aβ deposits, and might also aid in
creating novel agents for clinical imaging of distinct Aβ
aggregates in AD.

Introduction

Protein aggregates are one of the pathological features of
several proteopathic neurodegenerative diseases,[1–4] including
Alzheimer's disease (AD), and a diversity of synthetic fluorescent
ligands that can be used for optical imaging of these proteina-
ceous aggregated species has been presented.[5–14] In AD, the
two main neuropathologic lesions resulting from protein

aggregation, i. e., the plaques and the neurofibrillary tangles,
are respectively composed of the amyloid-β (Aβ) peptide and
the tau protein. For these two proteins, ligands, which are used
for positron emission tomography (PET) imaging toward a
clinical diagnosis of AD, have been presented.[15–23] However,
different variants of Aβ aggregates have been reported[24–29] and
lately, distinct aggregated Aβ folds have been revealed by cryo
electron microscopy.[30–35] In addition, Aβ deposits found in
individuals with dominantly inherited AD (diAD) associated with
the Arctic APP mutation (E693G) have shown to be negative for
the conventional amyloid ligands Congo red and thioflavin S, as
well as carbon-11 labelled Pittsburgh compound-B ([11 C]PiB),
the first ligand to be used clinically as a PET tracer for imaging
of Aβ deposits.[36–38] This PET tracer has also shown limited
binding to Aβ deposits in some brain regions and to a certain
type of Aβ deposits found in cases of diAD with presenilin-1
(PSEN1) mutations.[39–41] Hence, a variety of ligands might be
required to accomplish an accurate assessment of different
types of Aβ aggregates in AD.

Several thiophene-based ligands have been utilized for
fluorescence imaging of protein aggregates,[42–48] and ligands
with distinct chemical compositions have also been employed
for selective detection of Aβ deposits or tau aggregates.[49–51]

The selectivity towards Aβ and tau aggregates could be
switched by chemical reprograming of the ligand, since
thiophene-vinyl-benzothiazole (TVB) based ligands with distinct
terminal groups show different binding properties to Aβ and
tau aggregates in brain tissue sections from individuals with
sporadic AD (sAD).[51] Recently, a combination of two
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thiophene-based ligands was also employed to distinguish
distinct Aβ deposits in brain tissue sections from individuals
with sporadic AD or diAD associated with the PSEN1 A431E
mutation.[52] For the latter, [11 C]PiB negative Aβ deposits,
denoted cotton wool plaques (CWPs), were clearly identified by
a thiophene-based ligand with a distinct chemical composition.
Hence, thiophene-based molecular scaffolds might serve as a
complement to existing tracers for detection of Aβ aggregates.

Herein, we have continued to explore the possibility of
generating thiophene-based ligands that can detect Aβ depos-
its that are not identified by conventional ligands such as
[11 C]PiB. A library of TVB based ligands was screened towards
brain tissue sections from an individual with diAD caused by
the Arctic APP mutation and ligands with distinct terminal
heterocyclic motifs showed superior optical detection of Aβ
deposits. Furthermore, by synthesizing additional TVB based
ligands, certain chemical determinants for TVBs to detect this
type of Aβ deposit could be assigned. We foresee that our
findings will aid in developing ligands targeting different types
of Aβ deposits, as well as facilitate the design of novel agents
for clinical imaging of these pathological hallmarks in AD.

Results and Discussion

The Chemical Nature of the Terminal Heterocyclic Moiety of
TVB Based Ligands Governs the Detection of Aβ Deposits
Associated with the Arctic APP Mutation

To identify ligands that detect Aβ deposits that go undetected
by conventional ligands, we tested a selection of previously
reported[49,51] TVB based ligands (Supporting Information (SI),
Figure S1) on brain tissue sections from an individual with the
Arctic APP mutation (E693G). All these ligands had the same TVB
building block, but different terminal heterocyclic moieties.
When analyzing the tissue sections, different staining pattern
could be observed for the respective ligand and similar patterns
as displayed by two different Aβ antibodies, 6E10,[53] which has
an epitope mapped to residues 5–7 of the Aβ peptide, and
mAb158,[54] an Aβ conformation dependent monoclonal anti-
body, were only obtained for some ligands (SI, Figure S2).
bTVBT2, which has a terminal methyl thiophene-2-carboxylate
moiety, displayed selective staining of structures resembling tau
aggregates, whereas staining of immunopositive Aβ deposits
was lacking (Figure 1A–D and SI, Figure S3). In contrast, for HS-
259, the ligand with a terminal 1,2-dimethoxybenzene moiety,
intense fluorescence from the ligand was observed from
immunopositive Aβ deposits, as well as tau aggregates (Fig-
ure 1E–H and SI, Figure S3). Ligands HS-208 and HS-258 showed
only partial overlap with the anti-Aβ antibody 6E10 and from
the Aβ deposits that were labelled, the fluorescence intensity
from the ligand was rather weak compared to the intensity
from the tau aggregates (SI, Figure S4). Furthermore, ligands
HS-205, HS-212, HS-253 and HS-332 showed a similar selectivity
towards tau aggregates as bTVBT2 (Figure 2A–D and SI,
Figures S5–S6). HS-336, which has a terminal 3-methyl-1H-
indazole moiety, displayed a similar staining pattern as

observed for HS-259, since HS-336 fluorescence was observed
from the majority of 6E10 positive Aβ deposits, as well as from
tau aggregates (Figure 2E–H). Thus, the chemical nature of the
terminal heterocyclic moiety had a great impact on the ligands’
ability to detect Aβ aggregates in the Arctic APP diAD case.
Interestingly, in earlier studies using brain tissue sections from
individuals with sAD,[49,51] HS-259, HS-208, HS-258 and HS-336
showed binding to tau aggregates and some Aβ deposits, such
as cored plaques and CAA lesions, whereas bTVBT2, HS-205, HS-
207, HS-212, HS-253 and HS-332 were selective for tau
aggregates. Hence, the ligands that showed staining of certain
Aβ pathologies in brain tissue sections from individuals with
sAD also displayed staining of Aβ deposits in the Arctic APP
diAD case. Furthermore, like in sAD, these ligands displayed
different emission profiles when bound to Aβ or tau aggregates
(SI, Figure S7).

For the two ligands, HS-259 and HS-336, showing the most
prevalent staining of immunopositive Aβ deposits, the
fluorescence from the centre of some deposits was less intense
and bright fluorescence was mainly observed from the outer
rim of these deposits (Figures 1G–H and 2G–H). Previous
studies[36,38] have shown that Aβ deposits in cases with the
Arctic APP mutation display a variable content of differently
modified Aβ peptides and this biochemical variation might
influence the binding modes of HS-259 and HS-336 to the Aβ
aggregates. Thus, specific binding modes of distinct ligands
might be afforded due to a particular content of Aβ peptides
within the deposit and as recently shown,[52] the detection of
distinct Aβ deposits by a specific thiophene-based ligand can
be associated to a distinct composition of specific Aβ peptides
within the aggregates.

The Chemical Composition of the Terminal Nitrogen
Containing Fused 5- and 6-Membered Ring Governs the
Selectivity of TVB Based Ligands Towards Aβ Deposits
Associated with the Arctic APP Mutation

To further pinpoint the molecular requirements for achieving a
fluorescent ligand that detects Aβ deposits in brain tissue
sections from an individual with the Arctic APP mutation, we
next synthesized some additional TVB based ligands. Since the
two structurally related ligands HS-332 and HS-336 displayed
strikingly opposite results in the histological staining, it seemed
like the positioning of the nitrogen in the terminal fused 5- and
6-membered ring and/or the addition of a methyl substituent
on this moiety are important chemical determinants for
achieving a ligand that could detect these types of Aβ deposits.
Therefore, additional ligands having different terminal nitrogen
containing fused 5- and 6-membered rings with different
positioning of the nitrogen atoms, as well as an additional
methyl substituent on these moieties, were synthesized. First,
the building blocks 3a–h were created by N-arylation with
slight modifications of the Ullman reaction conditions
(Scheme 1). Second, the TVB based ligands were assembled by
a condensation reaction of 3-ethyl-2-methylbenzothiazolium
iodide 4 and the respective building blocks 3a-h using pyridine
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Figure 1. Staining of human brain tissue sections (frontal cortex) from an individual with diAD caused by the Arctic APP E693G mutation with bTVBT2 or HS-
259. A) Chemical structure of bTVBT2. B) Overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP E693G mutation
stained with bTVBT2. C) Images of protein deposits stained with bTVBT2. D) Images of a tissue section co-stained with bTVBT2 (magenta) and the Aβ antibody
6E10 (green). E) Chemical structure of HS-259. F) Overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP E693G
mutation stained with HS-259. G) Images of different protein deposits stained with HS-259. H) Images of a tissue section co-stained with HS-259 (magenta)
and the Aβ antibody 6E10 (green). In C, D, G and H, Aβ deposits are indicated by white arrows, whereas tau aggregates are indicated by white arrowheads
and autofluorescence from granular lipofuscin is indicated by blue arrowheads. Scale bars represent 1 mm (B and F) and 20 μm (C, D, G and H).
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Figure 2. Staining of human brain tissue sections (frontal cortex) from an individual with diAD caused by the Arctic APP E693G mutation with HS-332 or HS-
336. A) Chemical structure of HS-332. B) Overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP E693G mutation
stained with HS-332. C) Images of protein deposits stained with HS-332. D) Images of a tissue section co-stained with HS-332 (magenta) and the Aβ antibody
6E10 (green). E) Chemical structure of HS-336. F) Overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP E693G
mutation stained with HS-336. G) Images of protein deposits stained by HS-336. H) Images of a tissue section co-stained with HS-336 (magenta) and the Aβ
antibody 6E10 (green). In C, D G and H, Aβ deposits are indicated by white arrows, whereas tau aggregates are indicated by white arrowheads and
autofluorescence from granular lipofuscin is indicated by blue arrowheads. Scale bars represent 1 mm (B and F) and 20 μm (C, D, G and H).
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as base, rendering the ligands HS-350, HS-351, HS-352, HS-353,
HS-354, HS-355, HS-356, and HS-357 (Scheme 1). All ligands
were isolated as the E-isomer and when dissolved in DMSO
(1.5 mM ligand), and further diluted in phosphate buffered
saline (PBS) pH 7.4 to a final concentration of 30 μM, the ligands
displayed absorption maximum ranging from 422 nm–462 nm,
as well as emission maximum from 560 nm–600 nm (SI, Fig-
ure S8 and Table S1).

When tested on brain tissue sections from an individual
with the Arctic APP mutation, all unmethylated HS-332 and HS-
336 analogues displayed distinct staining patterns (SI, Fig-
ure S9). HS-350, HS-351 and HS-352 showed a similar selectivity
towards tau aggregates as HS-332, and fluorescence from Aβ
aggregates was lacking (Figure 3 and SI, Figure S10). In contrast,
with the other three ligands, HS-353, HS-354 and HS-355, both
Aβ deposits and tau aggregates could be identified due to
distinct fluorescence signatures from the ligands (Figure 3 and
SI, Figure S10). Hence, the positioning of nitrogen in the
terminal fused 5- and 6-membered ring had a great impact on
the ligands' ability to detect Aβ aggregates. A similar effect has
also been observed for the tau PET tracer PI-2620, since there
was a strong correlation between the nitrogen atom position in
the tricyclic core of the ligand and the ligand’s ability to
recognize tau aggregates.[55,56] The most frequent staining of Aβ
deposits was observed for HS-354, the ligand having the same
positioning of the two nitrogen atoms in the terminal fused 5-
and 6-membered ring as HS-336, but lacking the methyl
substitution in the 3-position of the indazole ring. However, the
staining was not as abundant as for HS-336, suggesting that the
methyl substituent in this position was also important for

achieving superior detection of Aβ deposits associated with the
Arctic APP mutation. This indication was verified when testing
the two additional ligands with a methyl substituent, HS-356
and HS-357 (Figure 4). In contrast to HS-332, the methylated
analogue HS-356 displayed fluorescence from some Aβ deposits
and a distinct spectral signature from these deposits, as well as
from tau aggregates, was observed (Figure 4A–C). Likewise, the
methylated version of HS-353, denoted HS-357, showed a more
abundant staining of Aβ deposits compared to its unmethylated
analogue (Figure 4D–F). Hence, both the distinct positioning of
the two nitrogen atoms in the terminal fused 5- and 6-
membered ring, as well as the specific methyl substitution,
seem to be essential chemical determinants for achieving TVB
ligands that are optimized for detection of Aβ deposits in the
Arctic APP diAD case.

Methoxy Substituents on the Terminal 6-Membered Ring
Improve the Detection of Aβ Deposits Associated with the
Arctic APP Mutation

As the methyl substitution on the terminal nitrogen containing
fused 5- and 6-membered ring was an important chemical
moiety for detection of Aβ deposits in the Arctic APP diAD case,
we next explored the potential role of the methoxy substituents
of the terminal benzene moiety of HS-259 for detection of these
deposits. In this regard, three analogues to HS-259, denoted HS-
358, HS-359 and HS-360 (Figure 5), were synthesized in a similar
fashion as for the TVB based ligands described above
(Scheme 2). For HS-358, the two methoxy substituents were

Scheme 1. Synthesis of ligands HS-350 to HS-357. General procedure A for the synthesis of 3a–h with 1 and 2a–g from an N-arylation reaction. General
procedure B for the condensation synthesis of HS-350 to HS-357 from 4 and 3a–h.
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Figure 3. Staining of human brain tissue sections (frontal cortex) from an individual with diAD caused by the Arctic APP E693G mutation with HS-350, HS-352
or HS-354. A) Chemical structure of HS-350 and overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP E693G
mutation stained with HS-350. B) Images of protein deposits stained with HS-350. C) Spectral image and the emission spectrum of HS-350 when bound to tau
aggregates (red). D) Chemical structure of HS-352 and overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP
E693G mutation stained with HS-352. E) Images of protein deposits stained with HS-352. F) Spectral image and the emission spectrum of HS-352 when bound
to tau aggregates (red). G) Chemical structure of HS-354 and overview tile image of a brain tissue section from an individual with diAD caused by the Arctic
APP E693G mutation stained with HS-354. H) Images of protein deposits stained with HS-354. I) Spectral image and the emission spectrum of HS-354 when
bound to Aβ deposits (green) or tau aggregates (red). In B, C, E, F, H and I, Aβ deposits are indicated by white arrows, whereas tau aggregates are indicated by
white arrowheads and autofluorescence from granular lipofuscin is indicated by blue arrowheads. Scale bars represent 1 mm (A, D and G) and 20 βm (B, C, E,
F, H and I).
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replaced with hydroxyl groups, whereas for HS-359 and HS-360
the methoxy substituent in the meta (HS-359) or para (HS-360)
position of the benzyl ring was changed to a hydroxyl group.
When dissolved in DMSO (1.5 mM ligand) and further diluted in
PBS pH 7.4 to a final concentration of 30 μM, the absorption
maximum of the ligands was ranging from 452 nm–465 nm,
and the emission maximum from 631 nm–660 nm (SI, Figure S8
and Table S1).

When applied for histological staining of the Arctic APP
diAD case, all ligands displayed staining towards Aβ deposits, as
well as tau aggregates, and similar to HS-259, all ligands
displayed distinct spectral signatures from the respective

aggregates (Figure 5 and SI, Figure S11). For HS-358, the ligand
with the terminal catechol moiety, the fluorescence from the Aβ
deposits was rather weak compared to HS-259 (Figure 5A–C),
indicating that removal of the methyl groups influenced the
detection of these deposits. A slightly more abundant staining
of the Aβ aggregates was observed for HS-359, whereas a
similar distinct staining of the Aβ deposits as observed for HS-
259 was achieved with HS-360. Thus, the methoxy group in the
meta position of the terminal benzene moiety appeared to be
the most crucial chemical determinant for achieving a TVB
based ligand for optical detection of Aβ deposits associated
with the Arctic APP mutation.

Figure 4. Staining of human brain tissue sections (frontal cortex) from an individual with diAD caused by the Arctic APP E693G mutation with HS-356 or HS-
357. A) Chemical structure of HS-356 and overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP E693G mutation
stained with HS-356. B) Images of protein deposits stained with HS-356. C) Spectral image and the emission spectrum of HS-356 when bound to Aβ deposits
(green) or tau aggregates (red). D) Chemical structure of HS-357 and overview tile image of a brain tissue section from an individual with diAD caused by the
Arctic APP E693G mutation stained with HS-357. E) Images of protein deposits stained with HS-357. F) Spectral image and the emission spectrum of HS-357
when bound to Aβ deposits (green) or tau aggregates (red). In B, C, E and F, Aβ deposits are indicated by white arrows, whereas tau aggregates are indicated
by white arrowheads and autofluorescence from granular lipofuscin is indicated by blue arrowheads. Scale bars represent 1 mm (A and D) and 20 μm (B, C, E
and F).
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Figure 5. Staining of human brain tissue sections (frontal cortex) from an individual with diAD caused by the Arctic APP E693G mutation with HS-358, HS-359
or HS-360. A) Chemical structure of HS-358 and overview tile image of a brain tissue section from an individual with diAD caused by the Arctic APP E693G
mutation stained with HS-358. B) Images of protein deposits stained with HS-358. C) Spectral image and the emission spectrum of HS-358 when bound to Aβ
deposits (green) or tau aggregates (red). D) Chemical structure of HS-359 and overview tile image of a brain tissue section from an individual with diAD
caused by the Arctic APP E693G mutation stained with HS-359. E) Images of protein deposits stained with HS-359. F) Spectral image and the emission
spectrum of HS-359 when bound to Aβ deposits (green) or tau aggregates (red). G) Chemical structure of HS-360 and overview tile image of a brain tissue
section from an individual with diAD caused by the Arctic APP E693G mutation stained with HS-360. H) Images of protein deposits stained with HS-360. I)
Spectral image and the emission spectrum of HS-360 when bound to Aβ deposits (green) or tau aggregates (red). In B, C, E, F, H and I, Aβ deposits are
indicated by white arrows, whereas tau aggregates are indicated by white arrowheads and autofluorescence from granular lipofuscin is indicated by blue
arrowheads. Scale bars represent 1 mm (A, D and G) and 20 μm (B, C, E, F, H and I).
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TVB Based Ligands in Combination with a Conventional
Ligand Allows a More Precise Assignment of Aβ Deposits

To test our hypothesis that several ligands are necessary for an
accurate assignment of Aβ deposits in AD, two of the ligands,
HS-336 and HS-360, were next tested in combination with the
conventional ligand CN-PiB[57] on brain tissue sections (frontal
cortex) from individuals with sAD or diAD caused by the Arctic
APP mutation. When comparing the brain tissue sections that
were stained by the respective dual-ligand staining protocol,
distinct staining patterns were observed for the respective cases
(Figure 6). CN-PiB fluorescence was lacking from the Aβ deposits
in the Arctic APP diAD case (Figure 6A and C), whereas intense
CN-PiB fluorescence was observed from Aβ deposits in the sAD
tissue sections (Figure 6B and D). For HS-336 and HS-360, an
opposite staining pattern was observed as Aβ deposits
associated with the Arctic APP mutation were clearly visualized
by the fluorescence from the respective ligand whereas only
some of the CN-PiB positive Aβ deposits in the sAD tissue
sections were labelled (Figure 6). For most Aβ deposits in the
sAD case, the TVB ligands only showed partial overlap with CN-
PiB, and in comparison with HS-360, HS-336 showed more
pronounced staining. In fact, this ligand also labelled a small
number of Aβ deposits in the sAD case that were negative with
CN-PiB. Overall, these dual-ligand staining experiments verified
that a combination of ligands is necessary to assign different Aβ
aggregates in AD. From a clinical perspective, these findings
might have several implications, since PiB is one of the most
abundant PET tracers used for the diagnosis of AD[15] and the
preferred tracer for evaluating the effect of anti-amyloid anti-
body immunotherapy.[58] Thus, having additional PET tracers
that detect PiB negative Aβ aggregates might result in a more
accurate diagnostics of AD, as well as aid in assessing the
potential of pharmaceutical inventions targeting aggregated Aβ
pathologies. For the latter, further development of efficient PET
tracers based on the molecular scaffold presented herein might

assist in evaluating the therapeutic effect of lecanemab
(BAN2401),[58] a monoclonal antibody stimulating the clearance
of Aβ deposits from the brain, since some of the ligands clearly
recognize Aβ aggregates detected by mAb158,[54] the murine
version of lecanemab (BAN2401).

Conclusions

In conclusion, we have shown that superior ligand-based
optical detection of a specific type of Aβ deposits found in the
brain of patients with the Arctic APP mutation is highly
dependent on the chemical nature of the ligand. TVB based
ligands with distinct terminal heterocyclic moieties displayed
staining of these Aβ deposits, and further chemical exploration
of the ligands revealed that the positioning of nitrogen atoms
and methyl substituents were vital chemical determinants for
achieving optimal detection. In addition, dual-staining protocols
with a TVB based ligand and the conventional ligand CN-PiB
verified that the use of multiple ligands is essential for a more
precise assignment of Aβ deposits in AD. Our findings show
how minor chemical modifications of TVB based ligands
influence their performance when it comes to detect distinct Aβ
deposits, and the ligands presented herein also enable an
expansion of the toolbox of fluorescent ligands that can be
utilized for fluorescent assignment of protein aggregates. We
foresee that the TVB ligands will aid in assigning distinct Aβ
deposits, and that our findings can be relevant for the develop-
ment of novel PET tracers for accurate clinical diagnostics of
AD.

Scheme 2. Synthesis of ligands HS-358 to HS-360. General procedure for the synthesis of 7a or 7c–d with 5 and 6a or 6c–d from a coupling reaction, 7b was
achieved from 7a after the demethylation with BBr3. General procedure for the condensation synthesis of HS-358 to HS-360 from 4 and 7b–d.
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Figure 6. Staining of human brain tissue sections (frontal cortex) from individuals with sAD or diAD caused by the Arctic APP E693G mutation with HS-336 or
HS-360 in combination with CN-PiB. A–B) Overview tile image (left) and zoom-in image (right) of protein deposits stained with HS-336 (magenta) and CN-PiB
(green) in a brain tissue section from individuals diagnosed with diAD caused by the Arctic APP E693G mutation (A) or sAD (B). C–D) Overview tile image (left)
and zoom-in image (right) of protein deposits stained with HS-360 (magenta) and CN-PiB (green) in individuals diagnosed with diAD caused by the Arctic APP
E693G mutation (C) or sAD (d). Aβ deposits are indicated by white arrows, whereas tau aggregates are indicated by white arrowheads and autofluorescence
from lipofuscin granules is indicated by blue arrowheads. Scale bars represent 1 mm (left panels in A–D) and 20 μm (right panels in A–D).
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Experimental Section

Synthesis of TVB Based Ligands

The synthesis of bTVBT2, HS-205, HS-208, HS-212, HS-253, HS-258,
HS-259, HS-332 and HS-336 has been presented elsewhere.[49,51] The
detailed procedure for the synthesis of HS-350, HS-351, HS-352, HS-
353, HS-354, HS-355, HS-356, HS-357, HS-358, HS-359 and HS-360
can be found in the supporting information.

Optical Characterization of the Ligands

Stock solutions of ligands (1.5 mM in DMSO) were diluted to 30 μM
in phosphate buffered saline (PBS, 10 mM phosphate, 140 mM
NaCl, 2.7 mM KCl, pH 7.4). Absorption- and emission spectra of the
ligands were collected using an Infinite M1000 Pro microplate
reader (Tecan,).

Ligand Staining of Brain Tissue Sections

The experiments involving human brain tissue were reviewed and
approved by the Indiana University Institutional Review Board, as
well as the Regional Ethical Committee in Uppsala, Sweden, and
informed consent was obtained from the patient or their next of
kin. The experiments carried out at Linköping University were
reviewed and approved by a national ethical committee (approval
number 2020–01197). Sections of frontal cortex (10 μm) from an
individual with diAD associated with the Arctic APP mutation (SI,
Table S2) were fixed in 96% EtOH for 10 min at RT, incubated
10 min in 50% EtOH followed by 10 min in dH2O at RT and then
10 min in PBS. The sections were incubated with 200 nM of the
respective 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 before sealing the cover slips
with nail polish. The sections were analyzed using an inverted Zeiss
LSM 780 laser scanning confocal microscope (Zeiss) using the
following the following settings:

HS-205 and HS-212 (Excitation: 520 nm).

bTVBT2, HS-208, HS-253, HS-258, HS-259, HS-332, HS-336, HS-350,
HS-351, HS-352, HS-353, Hs-354; HS-355, HS-356, HS-357, HS-358,
HS-359 and HS-360 (Excitation: 535 nm).

For all ligands the emission was collected from 551 nm–705 nm.

Ligand and Antibody Double Staining

Frozen sections (10 μm) of frontal cortex brain tissue from a patient
diagnosed with diAD caused by the Arctic APP mutation (SI,
Table S2) were prepared. The frozen brain tissue sections were fixed
in 70% EtOH for 3 min at 4 °C and then incubated for 2×2 min in
dH2O and 10 min in PBS at RT. Non-specific binding was blocked by
incubating the sections in PBS with 0.1% triton X-100 and 5%
normal goat serum (blocking buffer) for 1 h at RT. Antibody 6E10
(Biolegend) or mAb158 (Dag Sehlin, Uppsala University) was diluted
1 :1000 in blocking buffer and added to the sections. After
incubation over night at 4 °C, the sections were washed in PBS with
0.1% triton X-100 (PBS� T) for 3×10 min and then incubated for 1 h
at RT with goat anti-mouse or goat-anti-rabbit secondary antibody
conjugated with Alexa Fluor 488 or Alexa Fluor 647 (ThermoFisher).
The secondary antibody was diluted 1 :500 in blocking buffer. After
washing the sections in PBS for 3×10 min, they were incubated
with 200 nM of the respective ligand 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 analyzing
the result using an inverted Zeiss LSM 780 laser scanning confocal
microscope (Zeiss) using the following settings:

6E10 (Alexa Fluor 488): Excitation: 490 nm; Emission: 495 nm–
550 nm.

Ligands bTVBT2, HS-205, HS-208, HS-212, HS-253, HS-258, HS-259
and HS-332: Excitation: 565 nm; Emission: 595 nm–708 nm.

6E10 (Alexa Fluor 647): Excitation: 633 nm; Emission: 638 nm–
755 nm.

Ligand HS-336: Excitation: 520 nm; Emission: 525 nm–637 nm.

Ligand Double Staining

Sections of frontal cortex (10 μm) from a sAD patient (SI, Table S2)
or a patient diagnosed with diAD associated with the Arctic APP
mutation (SI, Table S2) were fixed in 99.7% EtOH, rehydrated and
incubated in PBS as described above. The sections were then
incubated with different combination of ligands, 200 nM HS-336
and 200 nM CN-PiB or 200 nM HS-360 and 200 nM CN-PiB, 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 before sealing the cover slips with nail polish. The
sections were analyzed using an inverted Zeiss LSM 780 laser
scanning confocal microscope (Zeiss) using the following settings:

CN-PiB: Excitation: 405 nm Emission: 410 nm–514 nm.

HS-336: Excitation: 535 nm Emission: 541 nm–705 nm.

HS-360: Excitation: 535 nm Emission: 541 nm–705 nm.
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