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Abstract

Familial British (FBD) and familial Danish dementia (FDD) are progressive neurodegenerative
disorders characterized by cerebral deposition of the amyloidogenic peptides ABri and ADan.
These amyloid peptides start with an N-terminal glutamate residue, which can be
posttranslationally converted into a pyroglutamate (pGlu-) modified form, a mechanism which has
been extensively described to be relevant for Ap peptides in Alzheimer’s disease (AD). Like
pGlu-Ap peptides, pGlu-ABri peptides have an increased aggregation propensity and show higher
toxicity on human neuroblastoma cells as their non-modified counterparts. We have generated
novel N-terminal specific antibodies detecting the pGlu-modified forms of ABri and ADan
peptides. With these antibodies we were able to identify abundant extracellular amyloid plaques,
vascular and parenchymal deposits in human FBD and FDD brain tissue, as well as in a mouse
model for FDD. Double-stainings using C-terminal specific antibodies in human samples revealed
that highly aggregated pGlu-ABri and pGlu-ADan peptides are mainly present in plaque cores and
central vascular deposits, leading to the assumption that these peptides have seeding properties.
Furthermore, in an FDD-mouse model ADan peptides were detected in pre-synaptic terminals of
the hippocampus where they might contribute to impaired synaptic transmission. These
similarities of ABri and ADan to Ap in AD suggest that the posttranslational pGlu-modification of
amyloid peptides might represent a general pathological mechanism leading to increased
aggregation and toxicity in these forms of degenerative dementias.
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1. Introduction

Familial British dementia (FBD) represents an autosomal dominant disorder that is clinically
characterized by progressive dementia, spastic tetraparesis and cerebellar ataxia (Mead et
al., 2000). Patients suffering from familial Danish dementia (FDD) initially develop
cataracts and ocular haemorrhages, followed by hearing loss, cerebellar ataxia and
subsequent dementia (Holton et al., 2002). Neuropathological analyses revealed the presence
of extracellular parenchymal amyloid deposition and neurofibrillary tangle (NFT) formation
in both diseases. The insoluble tau in both conditions has been demonstrated to possess a
Western blot banding profile indistinguishable from that seen in AD (Holton et al., 2002).
The cloning of the BR/,gene (also known as integral transmembrane protein 2B (/7TMZ2B))
also resulted in the identification of the genetic defects underlying these novel cerebral
amyloid diseases. Under wild-type conditions, the BR/2 gene encodes the BRI2 protein,
which is a 266-amino acid-long, type 1l transmembrane protein. Furinlike processing of
BRI2 leads to the release of a short 23 amino acid-long C-terminal peptide (Bri-CTF) (Kim
et al., 1999). A stop-codon mutation in FBD (Vidal et al., 1999) and a 10-nucleotide
duplication insertion mutation in FDD (Vidal et al., 2000) result in elongated, 277 amino
acid-long precursor proteins, from which the two 34 amino acid-long C-terminal peptides,
ABri and ADan are cleaved in FBD and FDD, respectively. These disorders share some
clinical and neuropathological similarities with Alzheimer’s disease (AD) as they also show
parenchymal and vascular deposition of amyloidogenic peptides and prominent Tau
phosphorylation. In addition, it has been shown that e.g. synthetic ABri and ADan peptides
can undergo aggregation leading to fibril formation showing a comparable behaviour to Ap
peptides in AD (Ghiso et al., 2006; Gibson et al., 2005). Another similarity to AD is the
formation of pyroglutamate (pGlu)-modified amyloid peptides. It has been reported that
pGlu-modified AP peptides represent a major fraction of plaque-associated Ap peptides in
the AD brain (Harigaya et al., 2000) and biochemical analyses have shown that the majority
of ABri and ADan peptides in FBD and FDD also contain a pGlu-modification at the
Nterminus (Tomidokoro et al., 2005). The pGlu-modification of Ap leads to an increased
aggregation propensity /in vitro (D'Arrigo et al., 2009; Schilling et al., 2006) and similar
findings have been reported for pGlu-modified ABri and ADan peptides (Schlenzig et al.,
2009). The N-terminal pyroglutamate formation of AP peptides can be catalyzed by
glutaminyl cyclase (QC), an enzyme that can be pharmacologically inhibited by QC
inhibitors in vivo (Schilling et al., 2008). Crossing 5XFAD mice, a mouse model for AD,
with mice overexpressing human QC resulted in increased pGlu-Ap formation and induced
behavioural deficits, whereas a knock-out of QC rescues the behavioural phenotype in
5XFAD mice (Jawhar et al., 2011b). In addition, over-expression of Ap3-42 peptides
starting with an N-terminal glutamine leading to high pGlu-modified Ap levels, results in a
severe neurological phenotype and neurodegeneration in a transgenic mouse model /n vivo
(Wirths et al., 2009), a finding that has been recently replicated (Alexandru et al., 2011). It
has been recently shown that the formation of pyroglutamate residues at the N-termini of
ABri peptides in patients suffering from FBD represents an early step in the process of
amyloid deposition in this disorder. Using a combination of immunoprecipitation with a C-
terminal antibody and subsequent mass spectrometry, it has been demonstrated that the
majority of ABri peptides extracted from brain and peripheral organs harboured pGlu-
residues at their N-termini, whereas ABri peptides in plasma were almost exclusively non-
modified (Tomidokoro et al., 2010). In the present study, we have investigated the cytotoxic
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effects of pGlu-modified and non-modified ABri and ADan peptides in neuroblastoma (SH-
SY5Y) cells and characterized the aggregation propensity of pGlu-modified and non-
modified ABri peptides at a physiological pH. Furthermore, we have generated two novel
antibodies detecting pGlu-modified ABri and ADan peptides and analyzed their presence in
brain samples from FBD and FDD patients, as well as in a transgenic mouse model of FDD.
Whereas antibody AB77 could be used to detect both modified and unmodified ABri/ADan
peptides, antibody AB76-2 predominantly recognizes the pyroglutamate-modified form of
these two peptides and represents a useful tool to identify these peptides in
immunohistochemical or biochemical assays.

2. Material and Methods
2.1 Antibody generation

New Zealand white rabbits (Covalab, France) were immunized with 1 ml of antigen
(PEASNCFAIRHFENK) in complete Freund’s adjuvant (CFA) and boosted twice at 3
weeks intervals with 1 ml antigen in incomplete Freund’s adjuvant (IFA). Three additional
boosts using a shorter peptide ()EASNC) were carried out 3, 5 and 8 weeks later for the
generation of AB76-2. Antibodies were purified by peptide affinity chromatography. For the
purification of AB77, the peptide fragment pEASNCFAIRHFENK was covalently
immobilized to beaded agarose using affinity columns (SulfoLink® Immobilization Kit for
Peptides, Thermo Scientific, USA). The Serum of AB76-2 was first purified using an
affinity column, containing the peptide fragment EASNC. The flow-through was
subsequently loaded on a second column containing pEASNC immobilized fragments. The
resulting eluate was kept as AB76-2. The quality of the synthetic peptides has been
controlled by high-pressure liquid chromatography (HPLC) and mass spectrometry.

2.2 Aggregation assay

For monomerization, pyroglutamate-modified and non-modified ABri and ADan peptides
(PSL, Heidelberg) were reconstituted in 10 mM NaOH to a final concentration of 1 mg/ml,
sonicated for 5 min, frozen in liquid nitrogen and stored a —80°C until use (Wirths et al.,
2010b). Peptide solutions were prepared on the basis of their molecular mass in
physiological buffer (50 mM PBS, 50 mM NaCl, 0.01 % NaNs, pH 7.0) with 20 uyM
Thioflavin T (ThT) to a final concentration of 50 uM. 200 pl peptide solution was applied
per well of a 96-well microplate and incubated in a Fluoroskan Ascent FL (Thermo Fisher
Scientific) peltier adapter with stirring at 37°C. Fluorescence was recorded every 10 min for
one week (excitation 444 nm, emission 482 nm).

2.3 Cytotoxicity assays

Toxicity of pGlu-modified and non-modified ABri/ADan peptides was analyzed using SH-
SY5Y neuroblastoma cells, which were routinely cultured in DMEM/F-12 (Pan Biotech
GmbH), supplemented with 10 % fetal calf serum, 100 U/ml Penicillin, 100 pg/ml
Streptomycin, 2 mM L-glutamine, and 1 % nonessential amino acids. Cells were incubated
at 37°C in a humidified atmosphere of 5 % CO,. The effect of pGlu-modified and non-
modified ABri/ADan peptides on cell viability was assessed by measuring lactate
dehydrogenase (LDH) release (Cytotoxicity Detection Kit"-YS, Roche). SH-SY5Y cells
were plated at a density of 7500 cells/well in 96-well plates in 100 pl of fresh medium. After
36 hours the medium was exchanged with 200 pl medium including 5 uM freshly prepared
and monomerized ABri/ADan peptides. Cells were incubated at 37°C in 5 % CO», for 24 h.
Absorbance values at 490 nm were measured and each assay was performed at least five
times. LDH release was calculated by subtracting the average background absorbance from
all experimental absorbance values. The resulting background-subtracted values of cells
with peptide application and controls where then normalized to the LDH-high control (lysed
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cells) and the percentage of LDH-release was calculated. Significances were tested by using
Unpaired-t-test.

2.4 Dot-blot analysis

Prior to experiments, pGlu-modified and non-modified ABri and AB (Ap1-42 and pGlu-
AP3-42) peptides were dissolved to 1 mg/ml in double-distilled water. Peptide amounts of
20, 100 and 250 ng were dotted on a 0.45 um nitrocellulose membrane (GE Healthcare) and
detected by polyclonal antisera AB77 and AB76-2. Before the primary antibodies were
applied overnight at 4°C, membranes were blocked in 10 % skim milk/TBST for 1 h at room
temperature (RT). After rinsing with TBST (0.1 M Tris, 1.5 M NacCl, 0.5 % Tween 20, pH
8.0) for two times 10 min, membranes were incubated with secondary anti-rabbit IgG-HRP
(1:3000, DAKO, Glostrup, DK) in TBST for 2 h at RT with gentle shaking. After additional
washes with TBST for two times 10 min, the blots were developed using enhanced
chemiluminescence and then imaged using standard emulsion film.

2.5 Western-blot analyses

For each Western blot, 20-250 ng of ABril-34, pGlu-ABril-34, ADan and pGlu-ADan1-34
peptides were loaded per lane of a 4-12 % VarioGel (Anamed). The peptides were then
transferred to nitrocellulose membranes using a semi-dry transfer protocol. In addition to
synthetic peptides, 20 pg of brain lysates of transgenic mice overexpressing the Danish
mutant form of BRI2 (ADanPP7 tg mice) (Coomaraswamy et al., 2010) at different ages
were resolved using 16 % Tris-Tricine SDS-PAGE (Anamed, Gross-Bieberau, Germany)
under denaturing conditions. After transfer, membranes were incubated in TBST at RT for
two times 10 min and boiled in 0.01 M PBS for 5 min, which allows an improved access to
the antigen. Membranes were then blocked in 10 % non-fat dry milk/TBST for 1 h at RT
while gently mixing, before overnight incubation at 4°C with primary antibodies (AB76-2
[1:50] and AB77 [1:500]; ITM2B [1:500, Sigma-Aldrich]). Membranes were then washed in
TBST two times for 10 min. Secondary anti-rabbit IgG-HRP (1:3000, DAKO) or anti-
chicken 1gG-HRP (1:1000, Sigma-Aldrich) was applied for 2 h at RT. Afterwards,
membranes were rinsed in TBST two times for 10 min again. The blots were developed
using enhanced chemiluminescence and imaged using standard emulsion film.

2.6 Immunohistochemistry on human brain tissue

Tissue sections from hippocampus and cerebellum (7 um) of a 43-year-old male with FDD
and 68-year-old female with FBD were deparaffinised in xylene and rehydrated through
graded alcohols. Endogenous peroxidase activity was blocked with 0.3 % H,0, in methanol
and non-specific binding blocked with 10% dried milk solution. For antigen retrieval,
sections were pre-treated in formic acid for 10 minutes. Tissue sections were incubated with
the primary antibodies overnight at 4°C, followed by biotinylated anti-rabbit 1gG (1:200)
and ABC complex. Diaminobenzidine was used as chromogen and counterstaining was
carried out using hematoxylin. Double fluorescent immunohistochemistry was also carried
out to investigate the co-localisation of the pGlu antibodies (AB77 and AB76-2) and the C-
terminal ABri antibody (338, (Holton et al., 2001)) and C-terminal ADan antibody (5282,
(Holton et al., 2002)). Sections were deparaffinised, blocked and pre-treated as described
above. AB77 (1:50) and AB76-2 (1:20) were incubated overnight at 4°C, followed by
biotinylated anti-rabbit 1gG (1:200) and ABC complex. Tetramethylrhodamine (TSA kit -
Roche) was used as the fluorescent label. Antibodies recognising the C-terminal region of
ABri or ADan were incubated with the tissue sections for 1 hour at room temperature,
followed by a biotinylated anti-rabbit 1gG (1:200), ABC and tetramethylfluorescein (TSA
kit- Roche). Double fluorescent staining was also carried out using the pGlu antibodies and
Thioflavin-S to confirm the presence of an amyloid structure. Sections were deparaffinised,
blocked and pre-treated in 70 % formic acid for 10 minutes. AB77 (1:50) and AB76-2 (1:20)
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were incubated overnight at 4°C, followed by biotinylated anti-rabbit 1gG (1:200), ABC
complex and tetramethylrhodamine (TSA kit - Roche). Sections were incubated ina 1 %
ThioS (Sigma) solution for 7 min and differentiated in 70 % alcohol.

2.7 Immunohistochemistry on paraffin sections from transgenic mouse tissue

3. Results

Immunohistochemistry was performed on 2—4 pm sagittal paraffin sections from transgenic
ADanPP7 mice overexpressing the Danish mutant form of BRI2 (Coomaraswamy et al.,
2010), as described previously (Wirths et al., 2002). In brief, sections were deparaffinized in
xylene and rehydrated in a series of ethanol. After treatment with 0.3 % H,0O5 in 0.01 M
PBS to block endogenous peroxidases, antigen retrieval was achieved by boiling sections in
0.01 M citrate buffer pH 6.0, followed by 3 min incubation in 88 % formic acid. Non-
specific binding sites were blocked by treatment with skim milk and fetal calf serum in PBS
for 1 h at RT, prior to the addition of the primary antibodies. Primary antibodies AB76-2
(1:50) against pGlu-modified as well as AB77 (1:500) against pGlu-modified and non-
modified ABri/ADan were incubated overnight in a humid chamber at RT, followed by
incubation with biotinylated secondary antibodies (DAKO, Glostrup, DK, 1:200) at 37 °C
before staining was visualized using the ABC method with Vectastain kit (\Vector
Laboratories, Burlingame, USA) and diaminobenzidine (DAB) as chromogen providing a
reddish brown color. Counterstaining was carried out with hematoxylin.

To further characterize the distribution and aggregation propensities of pGlu-modified
peptides, we compared thioflavin-S (Thio-S) staining with the distribution of non-modified
and pGlu-modified peptides. Therefore, three equally spaced sections spaced 2 um apart
were taken from ADanPP7-transgenic mice at different months of age and mounted on
slides and stained with 1 % Thio-S/Dapi and either AB76-2 or AB77.

In order to examine the cellular structures that are AB77 positive, double
immunofluorescence stainings were performed using the dendritic marker MAP2 (Sigma-
Aldrich, 1:500) combined with AB77/Dapi, as well as the synaptic marker Synaptophysin
(DAKO, Glostrup, DK, 1:500) and AB77/Dapi. For detection, secondary antibodies goat
anti-rabbit 594 DyL ight, goat anti-rabbit 488 DyL.ight (both Thermo Scientific), donkey-anti
mouse Alexa 488 and chicken anti-mouse Alexa 594 (both Invitrogen) were used (all
1:200).

3.1 Enhanced aggregation and cytotoxicity of pGlu-modified ABri/ADan peptides

The aggregation of monomeric pGlu-modified ABri and ADan peptides (50 uM) was
investigated using a ThT assay at physiological pH (7.0). While ABri showed the expected
aggregation profile with a prolonged lag phase before fibril growth, pGlu-ABri peptides
exhibited a much more rapid formation of intermediate oligomeric assemblies and strongly
enhanced fibril formation (Fig. 1A). Using the same concentrations, ADan and pGlu-ADan
peptides showed an indistinguishable, very rapid formation of fibrils without a lag phase at
pH 7.0 (not shown). To determine if the pGlu-modification renders ABri and ADan peptides
to be more toxic, SH-SY5Y neuroblastoma cells were incubated with non-modified and
pGlu-modified ABri and ADan peptides. Whereas application of 5 uM non-modified ABri
or ADan peptides did not influence cell viability as measured by LDH release, incubation
with either pGlu-modified ABri or ADan peptides resulted in a significantly increased
toxicity compared to untreated control cells (Fig. 1B).
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3.2 Chacterization of ABri/ADan N-terminal antibodies

The specificity and sensitivity of the novel ABri/ADan antibodies were determined by dot-
blot analysis using pGlu-modified and non-modified ABri peptides, as well as pGlu-
modified and non-modified Ap peptides in different quantities (Fig. 2A). Whereas AB76-2
showed a clear preference for pGlu-modified peptides, AB77 detected ABri and pGlu-ABri
peptides with comparable sensitivity and revealed only a slight preference for pGlu-
modified ABri peptides. As expected, no signal was observed with AB1-42 or pGlu-
modified Ap3-42 peptides, ruling out a cross-reactivity against other pGlu-modified
peptides (Fig. 2A). Western-blot analysis using pGlu-modified and non-modified ABri and
ADan peptides corroborated this finding. Like in the dot-blot, AB76-2 showed only a minor
cross-reactivity with non-modified ABri peptides at higher peptide amounts (250 ng) and a
clear preference for pGlu-modified ABri and ADan peptides, detecting also higher
molecular species like dimers (pGlu-ABri) as well as dimers and low-molecular weight
oligomers (pGlu-ADan) (Fig. 2B). In contrast, AB77 detected both pGlu-modified and non-
modified ADan peptides in equal amounts, and revealed higher sensitivity for pGlu-
modified compared to non-modified ABri peptides already seen in the dot-blot assay (Fig.
2B). To assess whether AB77 shows the same behaviour in immunohistochemical
applications, immunoadsorption experiments using non-modified and pGlu-modified
synthetic ADan peptides were carried out in ADanPP7 mice, representing a transgenic
mouse model of familial Danish dementia. These experiments revealed that the prominent
parenchymal staining pattern of AB77 is mainly due to a detection of pGlu-modified ADan
peptides, as the signal was strongly diminished when pGlu-modified ADan peptides were
used for preincubation (Supplemental Fig. 1), in contrast to unmodified ADan peptides
resulting in a much weaker signal reduction. This also suggests that most of the extracellular
deposits in this mouse model consist mainly of pGlu-modified ADan peptides.

3.3 Immunohistochemical analyses of pGlu-modified ABri/ADan peptides in human FBD/

FDD brains

In order to characterize the staining pattern of the novel antibodies, formalin-fixed and
paraffin-embedded cortical and cerebellar tissue from patients with FBD and FDD have
been used. Abundant AB77 (Fig. 3A) and AB76-2 (Fig. 3B) positive extracellular
parenchymal deposits were detected in the cerebellum of an FBD patient. In addition,
prominent vascular staining was detected in the dentate gyrus (Fig. 3C,D) and the CA4
region of the hippocampus (Fig. 3E,F) in an FDD patient.

In order to verify if and to what extent parenchymal and vascular deposits in FBD and FDD
contain pGlu-modified and aggregated material, AB77 and AB76-2 were combined with C-
terminal ABri (Fig. 4A—F) and ADan antibodies (Supplemental Fig. 2) as well as Thio-S
respectively (Fig. 4G-L and Supplemental Fig. 2). Abundant ABri positive parenchymal
deposits were observed in the hippocampus of an FBD patient (Fig. 4B). Interestingly, the
majority of these deposits were also positive with AB77 (Fig. 4A) apart from the periphery
of the plaques (Fig. 4B,C; arrowhead). A similar staining pattern was observed when
AB76-2 (Fig. 4D) was used in combination with the C-terminal ABri antibody (Fig. 4E),
leading to the assumption that most of the deposited material in FBD patients is pGlu-
modified ABri. Furthermore, AB76-2 stained parenchymal plaques and deposits within the
blood vessels, whereas the perivascular deposits remained unstained (Fig. 4D-F, arrow),
which suggests that this perivascular material contains unmodified ABri peptides. Similar
staining was observed with AB77 (Fig. 4G) when combined with Thioflavin-S (Fig. 4H),
whereas a complete co-localization was detected using AB76-2 (Fig. 4J) in combination
with Thioflavin-S (Fig. 4J-L) suggesting that AB76-2 stained highly aggregated material.
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Prominent vascular staining was detected in the cerebellum of an FDD patient with AB77
(Supplemental Fig. 2A), which co-localized with the C-terminal ADan antibody
(Supplemental Fig. 2B). A comparable staining pattern was detected using AB76-2;
however, only partial colocalization between AB76-2 and the C-terminal ADan antibody
could be observed (Supplemental Fig. 2D-F, arrows). Combining AB76-2 with Thioflavin-S
revealed a complete overlap (Supplemental Fig. 2G-I) indicating that most of the vascular
staining might be due to aggregated, pyroglutamate-modified ADan peptides.

3.4 pGlu-modified ADan peptides in a transgenic mouse model of FDD

In order to confirm the observations in brain tissue from FBD and FDD patients, paraffin-
embedded brain tissue from 2-, 4-, 13- and 20-month-old transgenic ADanPP7 mice
expressing the Danish mutant form of BRI2 were analyzed. Using AB77, initial
immunoreactivity was detected in the stratum lacunosum moleculare already at 2 months of
age, which strongly increases over the entire hippocampus at later stages (Fig. 5SE-H),
confirming previous data obtained with a C-terminal ADan-specific antibody
(Coomaraswamy et al., 2010). In addition, prominent parenchymal immunoreactivity,
together with abundant plaque and vessel staining was detectable in aged animals (Fig. 5A—
D). Staining using antibody AB76-2 corroborates this finding as it demonstrates single
extracellular deposits in the hippocampus and frontal cortex already in 2-month-old
ADanPP7 mice with increasing levels of immunoreactive extracellular amyloid deposits and
vessels in aged animals (Fig. 51-P). Western-blot analysis using SDS-soluble fractions from
brains of ADanPP7 mice revealed a faint band using AB77 already at 2 months of age, with
strongly increased signal intensity at 4 and 13 months of age. Using AB76-2, a clear signal
could be detected at 4 months of age with markedly enhanced signal intensity at 13 months
of age (Supplemental Fig. 3A). This leads to the assumption that pGlu-modified ADan
peptides already exist in ADanPP mice at a young age. Western-blot analysis using an
antibody against ITM2B revealed the expected band at ~45 kDa showing no evidence of
cross-reactivity of AB77 and AB76-2 with the parental ITM2B full-length protein
(Supplemental Fig. 3B).

Most of the larger blood vessels contained both non-modified and pGlu-modified ADan
peptides and could be stained with either AB77 (Fig. 6A,D,G) or AB76-2 (Fig. 6B,E,H) and
were in addition Thioflavin-S positive (Fig. 6C,F,I), which holds also true for the majority
of extracellular deposits. Almost all of the deposits that stained with AB76-2 (Fig. 6H) were
also Thioflavin-S positive (Fig. 61, arrows), however, some deposits could be only labeled
with AB77 and lacked AB76-2 and Thioflavin-S staining (Fig. 6G, arrowheads), which is
suggestive of a sequential maturation process of amyloid plaques in this mouse model.

In aged ADanPP7 animals, prominent staining of mossy fibers was detected using AB77
(Fig. 5H). Double immunofluorescence stainings using the dendritic marker MAP2 and
ABT77 revealed only a minor co-localization with ADan immunoreactivity in dendritic
processes (Fig. 7A—C). However, double-stainings using the synaptic marker Synaptophysin
showed that AB77-positive material accumulated in the stratum lucidum of the mossy fiber
pathway in the hippocampus (Fig. 7D-F), indicating the presence of ADan/pGlu-ADan
peptides in presynaptic terminals.

4. Discussion

In mammals, amino-terminal pGlu-residues are common in a variety of secretory peptides
and hormones, including thyrotropin- and gonadotropin-releasing hormones, as well as
neurotransmitters like neurotensin (Sykes et al., 1999). Unmasking of glutaminyl residues is
usually carried out by prohormone convertase cleavage (Steiner, 1998) which gives rise to
pGlu-formation by an enzyme called QC (Busby et al., 1987). Pyroglutamate-modification
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of N-terminally truncated AP peptides is a well-known post-translational modification
occurring in AD (Jawhar et al., 2011a), and it has been described that ABpE3 represents a
dominant fraction of AP peptides in senile plaques from AD patients (Saido et al., 1995).
We have recently shown that crossing 5XFAD mice, a mouse model for AD, with mice
overexpressing human QC resulted in increased pGlu-Ap formation and the induction of
behavioural deficits, whereas a knock-out of QC rescues the behavioural phenotype in
5XFAD mice (Jawhar et al., 2011b). Furthermore, oral application of a QC inhibitor leads to
a reduction of pGlu-Ap levels in two transgenic AD mouse models (Schilling et al., 2008).

In the present work, we show that large numbers of extracellular amyloid deposits and blood
vessels in FBD and FDD also harbor substantial amounts of pGlu-modified ABri and ADan
peptides by using newly developed antibodies. In AD, the pGlu-modification of AP peptides
leads to a higher aggregation propensity (He and Barrow, 1999;Schilling et al., 2006) and an
enhanced stability towards proteolytic degradation (Kuo et al., 1998). ABri and ADan
peptides harboring N-terminal pGlu-modifications have been reported to behave in a similar
way, with strongly enhanced aggregation profiles of pGlu-modified ABri and ADan
peptides at pH 4.0 where the peptides are well soluble (Schlenzig et al., 2009). Our data at
physiological pH 7.0 partially confirm these observations, demonstrating a strongly
enhanced aggregation profile of ABri peptides carrying the pGlu-modification. It has been
additionally shown that N-truncated and pGlu-modified AP peptides exhibit an increased
toxicity compared to full-length Ap in cell-based assays (Russo et al., 2002). The fact that
the application of pGlu-modified ABri and ADan peptides, compared to their non-modified
counterparts, also led to higher cytotoxicity in neuroblastoma cells raises the question if this
post-translational modification represents a general mechanism to promote toxicity of
amyloid peptides. It has been previously demonstrated that ABri peptides rapidly form
oligomeric species /n vitro. In previous studies, no such oligomerization was observed with
the wildtype peptide (Bri-CTF), suggesting that the C-terminal extension mediating
increased higher hydrophobicity plays an important role in oligomerization and the
formation of fibrils. These results also support an important role of the disulfide bridge in
ABri oligomerization, as treatment with dithiothreitol (DTT) leads to a disappearance of
ABri aggregates (EI-Agnaf et al., 2001). In good agreement with the results in the
aggregation assay, we demonstrate by western-blotting of synthetic peptides that both pGlu-
modified ABri and ADan exhibit an increased tendency to form higher molecular weight
aggregates, which exceeds the aggregation propensity of their unmodified counterparts.

The occurrence of pGlu-modified peptides has been previously demonstrated in brain tissue
and vessels from subjects with FBD and FDD using mass spectrometry (Ghiso et al., 2006;
Tomidokoro et al., 2005). These analyses have shown that, depending on the extraction
method, approximately 60 % of the peptides carry the pGlu-modification (Ghiso et al.,
2006). In addition, there is evidence for deposition of pGlu-ABri peptides in systemic organs
like pancreas, skeletal muscle or uterus in patients suffering from FBD making them
interesting specimen for diagnosis (Tomidokoro et al., 2010). We have demonstrated
abundant immunoreactivity using antiserum AB76-2 which shows a strong preference for
pGlu-modified peptides in the brain parenchyma and vasculature of FBD and FDD patients,
confirming earlier biochemical studies (Ghiso et al., 2006; Tomidokoro et al., 2005). In
addition, AB76-2 immunoreactivity largely co-localized with Thioflavin-S staining in the
vasculature and parenchymal deposits of ADanPP7 mice as well as in human tissues of FBD
and FDD patients, suggesting that the pGlu-modified peptides are highly aggregated. On the
other hand, the fact that some deposits could be only labeled with AB77 and lacked AB76-2
and Thioflavin-S staining (Fig. 6) is suggestive of a sequential maturation process of
amyloid plaques in this mouse model. This could be explained by the assumption that
unmodified ADan is deposited first and undergoes modification to pGlu-ADan over time.
However, as we have shown by western-blot that AB76-2 also detects unmodified ABri (and
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to a lesser extent ADan) peptides, we cannot completely rule out that AB76-2
immunoreactivity of plaque cores could be also due to high concentrations of unmodified
peptides in these structures instead of purely detecting pGlu-modified peptides. In addition,
different affinities of antibodies always complicate comparative analyses.

In good agreement with such a sequential maturation process, we have previously
demonstrated that in the APP/PS1KI mouse model of AD a continuous increase in pGlu-Ap
plaque load with increasing age could be observed, while the amount of full-length A
plaques starting with aspartate at position 1declined with aging (Wirths et al., 2010a). In AD
it has been reported that in cored but not in diffuse plagues N-terminal truncated and pGlu-
modified AP peptides were increased by approximately 20 % between Braak stages IV-VI
(Guntert et al., 2006). It is assumed that pGlu-Ap either acts as a seed for plaque formation
or is involved in the process of plaque maturation. In our studies we found that highly
aggregated pGlu-modified ABri and ADan peptides are present in plaque cores as well as in
central vascular deposits but were absent in the periphery. This leads to the assumption that
N-terminally modified ABri in FBD could also act in a similar fashion like pGlu-Ap in AD,
meaning a role in seeding or maturation of the plaques. /n vitro analyses have demonstrated
that following furin cleavage, ABri peptides are detected both intracellularly as well as in
the medium, whereas ADan peptides accumulate predominantly in intracellular
compartments (Kim et al., 2002). In good agreement, ADan peptides have been shown to
co-localize intracellularly with Synaptophysin in the hippocampus of ADanPP7 mice in the
present study, which suggests accumulation in pre-synaptic terminals. In AD, there is
accumulating evidence that soluble oligomeric species represent the most toxic forms of AB
(Benilova et al., 2012). In addition, soluble oligomeric AB42, but not plaque-associated Ap,
correlates best with cognitive dysfunction in AD (McLean et al., 1999). Ap oligomers are
formed preferentially intracellularly within neuronal processes and synapses rather than
extracellularly (Takahashi et al., 2004;Walsh et al., 2000) and intraneuronal A rather than
extracellular plague pathology correlates with neuron loss in the hippocampus (Casas et al.,
2004), the frontal cortex (Christensen et al., 2008) and the cholinergic system (Christensen
et al., 2010) of a transgenic mouse model for AD. It is likely that comparable mechanisms
might occur in FBD and FDD which might impair synaptic transmission and neuronal
plasticity resulting in cognitive decline.

In summary, we have shown that there is abundant deposition of pGlu-modified ABri and
ADan peptides in FBD and FDD as well as in a mouse model for FDD, respectively.
Furthermore, we could also show a more rapid aggregation profile of pGlu-ABri than
unmodified ABri under physiological conditions as well as an increased toxicity of pGlu-
modified ABri and ADan peptides in comparison to their non-modified counterparts /n vitro.
In addition, we identified neuronal compartments where ADan is aggregated intracellularly
in synapses. Due to these striking similarities with pGlu-modified A in AD, we propose
that the pGlu-maodification of amyloidogenic peptides might represent a general pathological
mechanism that triggers amyloid deposition and increases toxicity leading to
neurodegeneration in amyloidopathies.
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Fig. 1.

Aggregation profile and cytotoxicity of pGlu-modified ABri/ADan peptides. Compared to
ABri peptides, pGlu-ABri peptides showed a much more rapid formation of intermediate
oligomeric assemblies and strongly enhanced fibril formation in a Thio-T assay (A).
Application of 5 pM non-modified ABri or ADan peptides did not influence cell viability in
SH-SY5Y cells as measured by LDH release, however, incubation with both pGlu-modified
ABri as well as ADan peptides resulted in a significantly increased toxicity (B). Dotted lines
in A indicate s.e.m.
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Dot-blot and Western-blot analyses of ABri/ADan N-terminal antibodies. AB76-2 showed a
clear preference for pGlu-modified peptides, whereas AB77 detected ABri and pGlu-ABri
peptides in a similar fashion (A). Western-blot analysis corroborated this finding showing
only a minor cross-reactivity with non-modified ABri peptides at higher amounts of peptide
(250 ng) and a clear preference for pGlu-modified ABri and ADan peptides using AB76-2

(B).
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Fig. 3.
AB77 and AB76-2 immunoreactivity in FBD and FDD patients. Abundant AB77 (A) and

AB76-2 (B) positive extracellular parenchymal deposits are seen in the cerebellum of a FBD
patient. In addition, prominent vascular staining was detected in the dentate gyrus (C,D) and
the CA4 region of the hippocampus (E,F) in a patient suffering from FDD. AB77: A, C, E;
AB76-2: B, D, F. Scale bar: 100 pm
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Fig. 4.

Double immunofluorescent stainings with a C-terminal ABri antibody combined with the
novel N-terminal antibodies in an FBD patient. Abundant ABri (B) positive parenchymal
deposits were observed in the hippocampus of an FBD patient, the majority of these deposits
were also positive with AB77 (A) apart from the periphery of the plaques (C, arrowhead).
AB76-2 (D) stained parenchymal plaques and ABri (antibody 338, E) deposited within the
blood vessels, whereas the perivascular deposits remained unstained (F, arrow). Similar
staining was observed with AB77 (G) or AB76-2 (J) when combined with Thioflavin-S
(H,K) in FBD tissue, however, a complete colocalization was detected using AB76-2 (Fig.
4J). Original magnification: 200x

Neurobiol Aging. Author manuscript; available in PMC 2014 May 01.



Saul et al. Page 17

Fig. 5.

Age-dependent accumulation of ADan/pGlu-ADan in ADanPP7 mice. Using AB77 (A—-H)
and AB76-2 (1-P), ADan/pGlu-ADan immunoreactivity was detected already at 2 months of
age in frontal cortex (A1) and hippocampus (E,M) of ADanPP7 mice showing a strong
increase at 4 (B,F,J,N), 13 (C,G,K,0) and 20 months of age (D,H,L,P). Scale bar: 200 um
(A-P)
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Most of the larger blood vessels stained positive with AB77 (A,D), AB76-2 (B,E) and Thio-
S (C,F) in ADanPP7 mice. Almost all of the deposits that stained with AB76-2 (H) were
also Thio-S positive (I, arrows). However, some deposits could be only labeled with AB77
and showed neither AB76-2 nor Thio-S staining (G, arrowheads). Scale bar: 50 pm (A-I)
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Fig. 7.

Immunofluorescence stainings using the dendritic marker MAP2 (A) and AB77 (B) revealed
only minor co-localization in dendritic processes (C). However, the synaptic marker
Synaptophysin (D) showed co-localization with AB77-positive material (E) in the stratum
lucidum in the hippocampus (F), indicating the presence of ADan/pGlu-ADan peptides in
presynaptic terminals. Scale bar: 33 um (A-C), 50 um (D-F).
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