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strongly affect cultured neuron and astrocyte survival
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Abstract

N-terminally truncated amyloid-p (AB) peptides are present in
early and diffuse plaques of individuals with Alzheimer's
disease (AD), are overproduced in early onset familial AD and
their amount seems to be directly correlated to the severity
and the progression of the disease in AD and Down’s syn-
drome (DS). The pyroglutamate-containing isoforms at posi-
tion 3 [ABN3(pE)—40/42] represent the prominent form among
the N-truncated species, and may account for more than 50%
of Ap accumulated in plagues. In this study, we compared the
toxic properties, fibrillogenic capabilities, and in vitro degra-
dation profile of Ap1-40, Ap1-42, APN3(pE)-40 and
ABN3(pE)-42. Our data show that fibre morphology of Ap
peptides is greatly influenced by the C-terminus while toxicity,

interaction with cell membranes and degradation are influ-
enced by the N-terminus. ABN3(pE)—40 induced significantly
more cell loss than the other species both in neuronal and glial
cell cultures. Aggregated ABN3(pE) peptides were heavily
distributed on plasma membrane and within the cytoplasm of
treated cells. ABN3(pE)—40/42 peptides showed a significant
resistance to degradation by cultured astrocytes, while full-
length peptides resulted partially degraded. These findings
suggest that formation of N-terminally modified peptides may
enhance B-amyloid aggregation and toxicity, likely worsening
the onset and progression of the disease.
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Alzheimer’s disease (AD) is characterized by abnormal
accumulation of extracellular amyloidotic plaques closely
associated with dystrophic neurones, reactive astrocytes and
microglia (Terry and Katzman 1983; Glenner and Wong
1984; Ttagaki et al. 1989; Funato et al. 1998; Selkoe 2001).
Amyloid-f (AP) peptides are the primary components of
senile plaques and are considered to be directly involved in
the pathogenesis and progression of AD, an hypothesis
supported by genetic studies (Glenner and Wong 1984;
Borchelt et al. 1996; Lemere et al. 1996; Mann and Iwat-
subo 1996; Citron et al. 1997; Selkoe 2001). AP is generated
by proteolytic processing of the B-amyloid precursor protein
(APP) (Kang et al. 1987; Selkoe 1998), which is sequentially
cleaved by B-secretase at the N-terminus and by y-secretase
at the C-terminus of AP (Haass and Selkoe 1993; Simons

et al. 1996). In addition to the dominant AP peptides
starting with L-Asp at the N-terminus (AP1-42/40), a great
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heterogeneity of N-terminally truncated forms occurs in
senile plaques. Such shortened peptides are reported to be
more neurotoxic in vitro and to aggregate more rapidly than
the full-length isoforms (Pike et al. 1995). N-truncated
peptides are known to be overproduced in early onset
familial AD (FAD) subjects (Saido et al. 1995; Russo et al.
2000), to appear early and to increase with age in Down’s
syndrome (DS) brains (Russo et al. 1997, 2001; Tekirian
et al. 1998). Finally, their amount reflects the progressive
severity of the disease (Russo et al. 1997). Additional post-
translational processes may further modify the N-terminus by
isomerization or racemization of the aspartate at position 1
and 7 and by cyclization of glutamate at residues 3 and 11.
Pyroglutamate-containing isoforms at position 3 [ABN3(pE)—
40/42] represent the prominent forms — approximately 50%
of the total AP amount — of the N-truncated species in senile
plaques (Mori et al. 1992; Saido et al. 1995; Russo et al.
1997; Tekirian ef al. 1998; Geddes et al. 1999; Harigaya
et al. 2000) and they are also present in pre-amyloid lesions
(Lalowski et al. 1996). The accumulation of ABN3(pE)
peptides is likely due to the structural modification that
enhances aggregation and confers resistance to most amino-
peptidases (Saido et al. 1995; Tekirian ef al. 1999). This
evidence provides clues for a pivotal role of ABPN3(pE)
peptides in AD pathogenesis. However, relatively little is
known about their neurotoxicity and aggregation properties
(He and Barrow 1999; Tekirian et al. 1999). Moreover, the
action of these isoforms on glial cells and the glial response
to these peptides are completely unknown, although activa-
ted glia is strictly associated to senile plaques and might
actively contribute to the accumulation of amyloid deposits.

In the current study we have investigated the toxicity,
aggregation properties and catabolism of AB1-42, AB1-40,
ABN3(pE)—42 and ABN3(pE)—40 peptides in neuronal and
glial cells cultures, finding that pyroglutamate modification
worsen the toxic properties of AB-peptides and inhibit also
their degradation by cultured astrocytes.

Materials and methods

AP peptides and antibodies

Stock solutions (1 mm) of synthetic peptides AP1-42, AB1-40
(Quality Controlled Biochemicals, Hopkinton, MA, USA),
APN3(pE)-42 and APN3(pE)—-40 (American Peptide Co., Sunny-
vale, CA, USA) were dissolved in dimethylsulfoxide (DMSO) 86%,
then diluted in phosphate-buffered saline (PBS; pH 7.4) and
maintained at 37°C for 3 days prior to further dilution at the
concentration indicated. The final maximal DMSO concentration in
cell cultures was about 0.8% when AP was added at the maximal
concentration tested (10 um), and therefore the same amount of
DMSO was added to the cells used as control cell cultures. The
mouse monoclonal antibody 4G8 (Signet Pathology Systems Inc.,
Dedham, MA, USA) specific to human AB17-24 residues was used
at a dilution of 1 : 200 for immunoprecipitation and immunofluo-
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rescence, 1 : 1000 for immunodetection. Polyclonal anti-N3(pE)
antibody specific to pyroglutamate at position 3 and polyclonal anti-
NI(D) antibody specific to aspartate at position 1 of A sequence
kindly provided by Dr T. C. Saido (Saido et al. 1995) were
employed for immunodetection at a dilution of 1 : 500.

Cell cultures

Primary cultures of rat hippocampal neurones were obtained from
18- to 20-day-old Sprague-Dawley embryos according to the
method of Goslin and Banker (1991) with slight modifications.
Briefly, hippocampi were excised, trypsinized and resuspended in
neurobasal medium supplemented with 2% B27 (Gibco/Life
Technologies, Rockville, MA, USA), 0.5 mm glutamine and
antibiotics. Cells were seeded in poly-L-lysine-coated wells and
after 89 days the cell population was determined to be at least 95%
neuronal by immunostaining. Primary cultures of rat cortical type-1
astrocytes were prepared from 2-day-old Sprague—Dawley pups
according to the method of Levison and McCarthy (1991). Briefly,
cortices were dissected out, trypsinized and cells cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and antibiotics (100 IU/mL
penicillin, 100 pg/mL streptomycin). Astrocyte-enriched cultures
were obtained from mixed glial cultures by the shaking off method
and were comprised of greater than 95% glial fibrillary acidic
protein-positive cells.

Cytotoxicity assay

Cell viability was determined by 3-(4,5-dimethylthiazal-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Mosmann 1983). Hip-
pocampal neurones, 8-9 days after seeding 4 x 10° cells/well in
24-well plates, were exposed for 24 h to each AP peptide diluted in
medium to a final concentration 0of 0.1, 1 and 10 pm and aged at 37°C
for 3 days. Astrocytes were treated identically 3 days after seeding
2.5 x 10 cells/well in 12-well plates. Control cells were exposed to
vehicle alone containing the same quantity of DMSO as in the
Ap-treated cells from the stock solution. Neuron and astrocyte
viability was further evaluated after a 24-h exposure to 1 um AP
peptides by measuring both the release of lactate dehydrogenase
(LDH) activity (Cytotoxicity Detection Kit, Roche, Mannheim,
Germany) and the cytoplasmic histone-associated-DNA-fragments
(Cell Death Detection ELISA Plus kit, Roche, Mannheim, Germany).

Electron microscopy analysis

Diluted aqueous solutions (0.4 pg/uL) of the AP peptides were aged
at 37°C for 1-5 days and during incubation the aggregation state of
each peptide was monitored. Two microliters of each sample were
adsorbed onto a carbon-coated 600-mesh copper grid and negatively
stained with 3 pL of 2% uranyl acetate. Air-dried specimens were
examined and photographed in a Zeiss LEO 900 electron micro-
scope operating at 80 kV.

Confocal microscopy analysis

Cytomorphological analyses were carried out on hippocampal
neurones and astrocytes seeded at 5 x 10* cells on glass coverslips
and the day after exposed for 24 h to 0.1 pum concentration of each
AP peptide. Cells, fixed in 4% paraformaldehyde and permeabilized
with 0.1% Triton, were incubated with 4G8 antibody together with
anti-N3(pE) or anti-N1(D) antibodies for 20 min and then the
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secondary antibodies [fluorescein isothiocyanate (FITC)- or rhod-
amine-conjugated] were applied for 40 min. Samples were analysed
on Bio-Rad-MRC 1024 ES confocal microscope (60X objective,
argon laser sequential excitation at 468 and 580 nm), 0.2 pum step in
z-plane acquisition.

Western blot and mass spectrometry analyses

The proteolytic degradation of AP peptides was investigated in
astrocytes. Cells were seeded at 8 x 10° cells/well in 6-well plates
and after 5 days exposed in serum-free conditions for 24 h to a 1-pm
concentration of each A peptide for western blot analysis and mass
spectrometry analysis. AP species were immunoprecipitated with
4G8 antibody from cell lysates and the antigen—antibody complexes
collected by protein A-agarose beads. Electrophoresis, immuno-
blotting and densitometry were carried out as previously described
(Russo et al. 1997). Briefly, immunoprecipitated peptides were
separated by Tris—tricine gel electrophoresis, blotted to polyviny-
lidene difluoride (PVDF) membranes, visualized with 4G8 antibody
by enhanced chemiluminescence, using 5 ng of AP peptides as
standard. For MALDI-TOF (matrix-assisted laser desorption/ion-
ization with time of flight)-mass spectrometry the antigen-antibody
complexes in the cell lysate were collected by magnetic beads
covalently coupled with anti-mouse IgG (Dynal A. S., Oslo,
Norway) and then suspended in 10 pL of ddH,O. Two microliters of
the sample were incubated briefly with 2 pL of a matrix prepared
dissolving a-cyano-4-hydroxycinnamic acid (Aldrich, Milan, Italy)
at 10 mg/mL in 0.05 m HCI and acetonitrile:isopropanol 5 : 1.5
(v/v). One microliter of the incubation mixture together with 1 uL of
the matrix solution were placed on the sample plate and allowed to
dry. The analysis was performed in linear positive mode on a Kratos
Compact MALDI 4 mass spectrometer and a minimum of 100 scans
was averaged.

Statistical analysis

Results from MTT assay are expressed as the percentage of viable
cells in treated cultures relative to untreated control cultures
designated as 100%. For the apoptosis test, data are expressed as
the percentage of DNA fragments or oligonucleotides relative to
untreated control cultures designated as 100%, while data from
LDH assay are expressed as the percentage of the released LDH
over the total releasable amount of LDH present in cells.
Experiments were repeated at least three times and run in triplicate
or quadruplicate. All data are expressed as means + SEM.
Statistical analysis was performed by anova followed by Tukey’s
post hoc test.

Results

The toxicity of aggregated AP peptides was examined in rat
cultured hippocampal neurones and cortical astrocytes
(Fig. 1). Exposure of hippocampal neurones to 0.1 um
ABN3(pE)—40 caused a 23% (p < 0.001) decrease in cell
viability relative to controls, whereas no significant neuro-
toxicity was exhibited by the other peptides. At 1 pm
APBN3(pE)—40 exerted a 31% (p < 0.001) decrease on cell
viability, while a toxic effect of 10% (p < 0.05) was
measured with AB1-42 and AB1-40 and a 13% (p < 0.05)

Hippocampal neurons

120

E e B As

ok
£ T [ pua—
8 80 ok
X T
£ 6 otk
g T
5
T 40
o
E
E »
=

01110 01110 01110 01110

Cortical astrocytes

120

1001 ¢

MTT reduction (% control)

0111 0111 0111 01110

AB1-42  AB1-40 APN3pE}42 ABN3(E)-40

Concentration (uM)

Fig. 1 Cytotoxicity of Ap1-42, Ap1-40, APBN3(pE)-42 and
ABN3(pE)—-40 peptides in rat cultured hippocampal neurones and
cortical astrocytes. Cultures were exposed for 24 h to Ap peptides and
cells viability was determined by MTT assay. Data represent mean +
SEM cell loss from at least three independent determinations with 2-3
replicates. Statistical significance was evaluated by anova followed by
Tukey’s post-hoc test: *p < 0.05, ***p < 0.001 versus control values
designed as 100%.

with ABN3(pE)—42. Addition of 10 um ABN3(pE)—40,
AB1-42, AB1-40 and ABN3(pE)—42 caused a 51, 18, 24
and 19% (p < 0.001) cell death, respectively. In comparison
to neuronal cells, astrocytes exhibited relatively less
susceptibility to the toxic effects of AP peptides as evidenced
by a general reduced cellular loss. Significant toxicities were
observed with ABN3(pE)—40 such that 19% (p < 0.05) and
26% (p < 0.001) of astrocytes were killed by 0.1 and 1 pm,
respectively, whereas the other species were less effective.
Treatment of astrocytes with 10 um ABN3(pE)—40 resulted
in a 46% (p <0.001) death while the addition of AB1-40
caused a 20% (p < 0.001) death; and of ABN3(pE)-42 a
24% (p < 0.001), while AB1-42 was apparently not toxic to
cells. Among AP isoforms, ABN3(pE)—40 resulted in the
most bioactive species both in neuronal and non-neuronal
cultures. Specifically, the peptide induced greater cell loss
than AP1-42 at any concentration tested (p < 0.001).
ABN3(pE)-40 caused more degeneration than AB1-40
either at 0.1 um (p < 0.05) or at 1-10 pm (p < 0.001) and
was more effective than ABN3(pE)—42 at 0.1 um (p < 0.01)
and at 1-10 pum (p < 0.001). ABN3(pE)—40 was the most
effective species to cultured astrocytes too, even if at a lower
extent than in neurones. At 1 or 10 pm the peptide induced a
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Table 1 Effects of AR peptides on apoptosis and LDH release from rat cultured hippocampal neurones and cortical astrocytes

Neurones

Astrocytes

DNA fragmentation
(% of control)

LDH release
(% of control)

LDH release
(% of control)

DNA fragmentation
(% of control)

Ap1-42 115 = 4** 97 +5
AB1-40 118 = 4* 89 + 4
ABN3(pE)-42 117 + 4+ 95 + 4
ABN3(pE)-40 144 + 5 9 +5

105+ 6 100 +5
108 + 6 117 £ 5*
100 + 6 132 + 5
106 + 6 140 + 6™

Oligonucleosome amount and LDH release were assessed in the same cultures exposed for 24 h to 1 um Ap peptides. Data represented mean +
SEM from three separate determinations with four samples and are normalised to the effect of vehicle. Statistical significance was evaluated by
aNova followed by Tukey’s post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001 vs. control values designed as 100%.

greater damage than AB1-42 (p < 0.001), ABN3(pE)—42
(p <0.01) and AB1-40 (p <0.01), whereas at 0.1 um the
differences were not statistically significant. Finally, no
significance was found comparing AB1-42 toxicity with
AB1-40 or ABN3(pE)—42 toxicities as well as comparing
AB1-40 with ABN3(pE)—42, either in hippocampal neurones
or in astrocytes.

The concentration of 1 pum was chosen to characterize the
mechanisms involved in AB-mediated cell death. Hippocam-
pal neurones challenged with AP1-42, AB1-40,
ABN3(pE)—42 and ABN3(pE)—40 underwent apoptotic cell
death exhibiting the characteristic DNA fragmentation
(Table 1). Addition of AB1-42, AB1-40 and ABN3(pE)-42
increased by 15, 18 and 17% (p < 0.01) oligonucleosome
formation relative to controls, respectively, and addition of
ABN3(pE)-40 by 44% (p <0.001). DNA fragmentation
induced by ABPN3(pE)—40 was markedly greater than that
generated by other species (vs. AP1-40, AB1-42 and
ABN3(pE)—42, p <0.001). Under the same conditions, no
nuclear fragmentation was detected in astrocyte cultures.
Similar results were obtained after Bis-Benzimide (Hoechst
33258) staining of Ap-treated cells to detect nuclear
fragmentation as well as by morphological examination.
Evaluation of LDH leakage into the culture medium, which
reflects lysis of damaged cells, showed basically no LDH
release by hippocampal neurones (Table 1). On the con-
trary, in astrocyte cultures, LDH amount increased by 17%
(p < 0.05) following AB1-40 exposure, by 32% (p < 0.001)
after ABN3(pE)—42 treatment and by 40% (p < 0.001) after
APBN3(pE)—40, as compared to controls, whereas no effect
was observed in AP1-42-treated astrocytes. These data
suggest that LDH measurement in cultured astrocytes is more
sensitive in detecting cell death than MTT reduction assay,
likely in force of the delayed mitochondrial involvement in
ApP-treated astrocytes in comparison to apoptotic events as
shown in neurones.

Because AP neurotoxicity is related to the aggregation
state of peptides (Pike e al. 1995; Seilheimer et al. 1997,
Walsh et al. 1999), negatively stained samples of each A
peptide were analysed by transmission electron microscopy

in order to characterize the fibre formation process. As shown
in Fig. 2, full-length peptides were completely self-assem-
bled after 3 days of incubation (Figs 2a and b), displaying
morphological features quite similar to those previously
reported by other groups (Seilheimer et al. 1997; Walsh et al.
1997). ABN3(pE)—42 (Fig. 2¢) aggregated into fibres char-
acterized by constant diameter (615 nm) and pitch
(105-120 nm) along the axis, consistent with the typical
morphology of mature fibres. Frequently, fibres self-associ-
ated laterally and assumed a double- or multistranded
appearance maintaining the periodic modulation of the
width. ABN3(pE)—40 isoform (Fig. 2d) exhibited a specific
structural feature polymerizing in small globular particles
(5-30 nm in diameter) ordinarily self-organized in fibres
with rough surface that assembled into irregular bundles by
lateral aggregation. Granular chains became the dominant
peptide organization and were invariably observed together
with globular particles, most likely oligomers which were
present even at prolonged incubation time. As previously
reported globular structures have been visualized in full-
length samples as well (Seilheimer et al. 1997), in this case,
however, they were detectable only at the early stage of
fibrillogenesis as seed-like particles became undetectable
after 3 days of incubation. AB1-40 curly fibres, when
analysed at higher magnitude (Fig. 2e), revealed that, as
for ABN3(pE)—40 (Fig. 2f), are formed by short chains of
globular seed-like aligned aggregates. In spite of the marked
heterogeneity in  fibre morphology, AP1-42 and
ABN3(pE)-42 filaments grew to the mature fibre type,
forming at the end of the aggregation process a dense
meshwork of long fibrils, whereas AP1-40 and
ABN3(pE)-40 assembled more slowly to generate short
curly fibres. Moreover, ABN3(pE)—40 did not show any
tendency to aggregate into mature fibres, and maintained a
globular appearance. To verify if morphological differences
between peptides would influence their interaction with
cultured cells and their toxic activity, we examined by
confocal microscopy with optical sectioning hippocampal
neurones and astrocytes exposed to AP, in order to explore
the localization and the interaction of the peptides with
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Fig. 2 Electron micrographs of fibres developed by each AB peptide
after 3-day in vitro ageing. Ap1-42 and ABN3(pE)-42 (a and c) form
aggregates showing the characteristic feature of long mature fibre with
constant diameter, axial periodicity, and eventually lateral association.
Ap1-40 (b) display morphological features with short curly fibres
formed by short chains of globular oligomers like ABN3(pE)-40
(d) which polymerizes into small globular particles (5-30 nm in
diameter) that partially self-organize in rough bundles by lateral
aggregation. Higher magnification of AB1-40 (e) and ABN3(pE)-40 (f)
shows the similar appearance of the short curly chains formed by
these peptides and the persistent presence of globular particles. Bars
corresponds to 150 nm (a—d) and to 100 nm (e and f).

plasma membranes. Figure 3 shows four z-plane sections of
ABN3(pE)—40-treated neurones (Figs 3a—c). An intense
dotted AP labeling after staining with anti-N3(pE) antibody
(specific for human N-terminal pyroglutamate, red signal in
Fig. 3b) was present throughout the cell. Inmunoreactive A
granules were variable in size and were located on the cell
surface and in the cytoplasm as well as on spines and
dendrites (arrows). The staining with the 4G8 antibody
(Fig. 3a) in the same sections, co-localized with A aggre-
gates, although in Triton X-100-treated cells 4G8 detected an
aspecific signal from the entire cell (likely due to APP and
APP’s fragments) which, however, in this case, contributed

to defining the cell morphology. A line scan (Figs 3d and f)
in a Y-plane throughout an AP aggregate identified in the
correspondent orthogonal plane (Figs 3c and e, white arrow)
confirmed that the peptide stuck to membranes and threaded
into the intracellular space likely piercing and disrupting the
lipid bilayer, both in neurones (Fig. 3c and d) and astrocytes
(Fig. 3e and f). The intensity of interaction is in some
cases very severe as shown in Fig. 3(g and h; astrocytes)
and Fig. 3(I-k; neurones), were cultured cells were treated
with APN3(pE)—40 (green signal). Full-length species
and APN3(pE)-42 behaved similarly to ABN3(pE)—40
peptide, the only difference being a lower level of cell-
associated AB-immunoreactive granules, suggesting a strong
physical interaction between pyroglutamyl-Af and cultured
cells.

To investigate whether the proteolytic processing of the
different AP peptides could account in part for the higher
glial toxicity of pyroglutamate-modified AP with respect to
the corresponding full-length isoforms, cell lysates from
astrocytes treated with 1 pm of each peptide were subjected
to western blot analysis (Figs 4a and b). Synthetic full-
length AP and APN3(pE)-peptides migrate, in normal
conditions, as two distinct bands with the apparent molecu-
lar weight of 4.5 and 4.3 kDa (Fig. 4a), respectively, as
previously shown (Russo ef al. 1997). Cell lysates from
ApP-treated astrocytes were immunoprecipitated with the
antibody 4G8 specific for all AR isoforms. After sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS—
PAGE) and western blotting, A peptides were detected with
the same antibody showing the presence of two bands with
apparent molecular masses of 4.5 kDa and 4.3 kDa in
astrocytes exposed to AB1-40 or AB1-42 (Fig. 4b, lanes 1
and 2), suggesting that full-length peptides may be parti-
ally digested by cultured astrocytes. Only one band of
about 4.3 kDa (Fig. 4b, lanes 3 and 4) was detected in
APN3(pE)—40- and APN3(pE)—42-treated astrocytes indi-
cating that these species remain uncleaved, or at least that
their degradation products were under the detection limit of
our method. As example, mass spectrometry analysis
(Fig. 4c) provided further evidence that astrocytes exposed
to 1 pum APN3(pE)—40 failed to degrade the peptide
(Fig. 4c, upper panel) as only one peak of 4125.1 mass
units was observed, while AP1-42-treated cells (lower
panel) yielded five minor peaks besides the major one at
4515.1 corresponding to AB1-42 itself.

Discussion

The abnormal extracellular accumulation of amyloid depos-
its observed in AD brains is thought to be a central event in
the AD pathogenesis (Selkoe 2001). Amyloid deposits
consist predominantly of heterogeneous AP peptides with
different N- and C-termini. Recent data (Saido 1998;
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Fig. 3 Double labelling with z-plane optical sectioning of ABN3(pE)—

immunoreactive aggregates in rat hippocampal neurones (a—d) and
cortical astrocytes (e,f). After a 24-h exposure to 0.1 um ABN3(pE)—-40
cultures were immunostained with 4G8 antibody [specific for rat and
human A and APP — green signal in (a)] and with anti-N3(pE) antibody
[specific for AR N-terminal pyroglutamate — red signal in (b)] followed by
FITC- and rhodamine-conjugated secondary antibodies, respectively.
Serial z-images at 0.2 um reveal the presence of Ap aggregates on cell
membranes, dendrites and in the cytoplasm, as well as the co-local-
ization of probes (d and e; yellow colour, r = 0.99) on ABN3(pE)-40-

Harigaya et al. 2000) emphasize the role of N-terminally
modified AP peptides as hydrophobic and amyloidogenic
isoforms, probably related to the early deposition of A in
plaques. N-truncated AP peptides are present at the initial
deposition steps in AD and DS (Saido et al. 1996; Hosoda
et al. 1998), their content progressively increases with age in
DS subjects (Russo et al. 1997) and they are overexpressed
in early onset FAD phenotype linked to APP and presenilin 1
gene mutations (Ancolio ef al. 1999; Russo et al. 2000).
Among the different N-truncated AP species, the pyroglut-
amyl-modified peptides at residues 3 [N3(pE)] and 11
[N11(pE)] are of particular interest and, specifically, the
N3(pE)-modified AP peptides are considered the dominant
AP species in AD plaques (Kuo ef al. 1997; Harigaya et al.
2000). Recently, we found that N3(pE)-modified AP
peptides do not derive from a progressive proteolysis of
full-length peptides but directly from C-terminal fragments

N-modified amyloid-p severely affect neurones 1485

immunoreactive granules (arrow) which stick to the cell surface or
thread into the cytoplasm. This evidence is supported by the orthogonal
Y-line scan (d and f) through the AP aggregates identified in (c) and (e),
which shows the AB aggregate penetrating throughout the cell thick-
ness. ABN3(pE)—40 treated astrocytes (g and h) and hippocampal
neurones (i—k) are double labelled as above described with inverted
secondary antibodies. The images represent sequential acquisitions on
the same z-plane, showing the very extensive presence of Ap aggre-
gates (specifically labelled by the anti-ABN3(pE) modification; green
signal) inside the cells.

of APP processed by p-secretase (Russo et al. 2001).
Therefore they constitute an independent amyloidogenic
entity whose origin may be unrelated to that of full-length
species (Paganetti and Staufenbiel 2000). Finally, AP
peptides present in plaques of transgenic mice overexpres-
sing APP lack N-terminal degradations, post-translational
modifications and cross-linkages that are instead abundant in
the AP deposited in AD (Kalback et al. 2002), giving rise to
the hypothesis that biochemical diversity might be in part
responsible for the neuropathological differences in terms of
neuronal loss and glial response between animal models and
AD. Despite the amount of information describing pyroglu-
tamate-modified AP as molecules likely related to the
amyloidogenic process and also to the severity of the
disease, little and contrasting information is available about
their toxicity and fibrillogenic properties (He and Barrow
1999; Tekirian et al. 1999).
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Fig. 4 AP proteolytic products recovered from AB-treated astrocytes.
Astrocytes were exposed for 24 h to 1 um of each peptide. (a) Elec-
trophoretic migration of unprocessed AB1-42, Ap1-40, ABN3(pE)—-42
and ABN3(pE)-40, lanes 1-4, respectively. (b) After immunoprecipi-
tation and immunodetection with 4G8 antibody, lysates of cells treated
with AB1-42 or AB1-40 (lanes 1 and 2) show two bands of about 4.5
and 4.3 kDa indicating a partial cleavage of full-length peptides. A
single 4.3 kDa band (lanes 3 and 4) results from ABN3(pE)-42- and
ABN3(pE)-40-treated astrocytes, suggesting that these species are
resistant to cleavage. Vehicle-treated culture is shown as control (lane
5). (c) Ap species immunoprecipitated from astrocytes lysates were
analysed by MALDI-TOF mass spectrometry. Samples from
ABN3(pE)-40-treated astrocytes yield a major peak of 4125.1 m/z
corresponding to the peptide itself (upper panel), whereas AB1-42-
treated cells show peaks corresponding to A fragments besides the
major one corresponding to AB1-42 itself (lower panel). (a) Ap4—42,
observed 4203.1 m/z, calculated 4198.8 m/z; (b) AB1-33, observed
3675.6 m/z, calculated 3674.0 m/z; (c) Ap10-40 observed 3314.7
m/z, calculated 3314.8 m/z; (d) AP4—29, observed 3002.3 m/z,
calculated 3004.3 m/z (x) species constantly present but unmatched.

The results of the present study suggest that N-terminal
deletion and cyclization contribute to increasing the toxicity
of AP species. ABN3(pE)—40 peptide resulted in more
toxicity than the homologous APB1-40, and APN3(pE)—42
resulted in more toxicity than AB1-42 both to cultured
neurones and astrocytes. ABN3(pE)-modified peptides sig-
nificantly affected neuronal and astrocyte viability, and
ABN3(pE)—40 resulted in the most toxic species even at
the lowest concentration tested. The significant levels of
nuclear fragmentation in hippocampal neurones and the
consistent amount of LDH leakage in astrocytes suggest two
different patterns of Af-induced cell death, apoptosis in
neurones and necrosis in astrocytes. ABN3(pE)—40 caused
the highest DNA fragmentation in cultured neurones and the
greatest LDH release in astrocytes, suggesting that the
pyroglutamyl-modified peptides may share similar degene-
rative mechanisms with full-length species, although with
higher toxicity. Heterogeneous results are present in the
literature about the toxic properties of AP peptides, likely
reflecting variations in the purity of peptides, ageing
conditions, aggregation status, solvents and tests used
(Mattson et al. 1992; Pike et al. 1995; Seilheimer et al.
1997; Walsh et al. 1997). For example, previous reports on
pyroglutamyl-Af} presented contrasting conformational data
by circular dichroism studies: He and Barrow (1999)
described a potent effect of the pyroglutamyl modification
in inducing a rapid increase in B-sheet content than that
detected in the full-length forms; while in the study by
Tekirian et al. (1999) no significant differences were detected
in B-sheet content between full-length and pyroglutamyl-Ap.
Also, Tekirian et al. (1999) described similar toxicities
between ABN3(pE)-peptides and full-length AP, at least in
hippocampal neurones, while our data instead suggest a
significant effect of the pyroglutamyl-modification in enhan-
cing cellular toxicity in neuronal and in glial cells. A partial
explanation for these discrepancies might be due to different
AP preparations, different experimental settings and different
ultrastructures, which mainly depend on solvents and ageing
times utilized, as shown in our negatively stained fibres.

Because a great deal of work suggests that AP toxicity
increases with the enhanced aggregation state (Roher et al.
1996; Hartley et al. 1999) we sought to determine the level
of in vitro assembling for each AP peptide. After 72 h
ageing, the mature fibres of AB1-42 and those of the
homologous ABN3(pE)—42 aggregated in elongated individ-
ual strands forming a dense meshwork of long fibrils with a
periodical restriction of diameter along the axis (Figs 2a
and c). In the same condition, AB1-40 (Fig. 2b) assembled
in short and curly fibres as previously reported (Walsh et al.
1997), formed by short chains of globular aggregates
(Figs 2b and e). ABN3(pE)—40 (Figs 2d and f) also assumed
a morphology very similar to that of AB1-40 characterized
by globular particles often aggregated in dense bundled
structures with an irregular surface. Similar particles have
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been previously described as monomeric and dimeric
AB1-40/42 and have been associated with enhanced levels
of cytotoxicity probably due to an easier diffusion in
comparison to elongated fibrils (Roher et al. 1996; Lambert
et al. 1998). These structures may represent an early step of
fibre formation which can last for a more prolonged period in
comparison to the ABx-42 isoforms. Indeed, notwithstanding
the different morphologies, the initial steps of AP peptides
polymerization apparently proceeded by formation of small
globular-like structures, which could act as early seeds (Seil-
heimer et al. 1997). Because AB1-42 and APN3(pE)—42
reached rapidly the ‘mature’ condition forming a dense
meshwork of fibres, while AB1-40 and APBN3(pE)—40
achieved this condition slowly, it can be speculated that, if
the N-terminus influences the toxic properties of AP
peptides, the C-terminus strongly affects the fibre profile
and the aggregation behaviour, and we hypothesize that
similar fibres may exert similar toxic properties. Between the
ABN3(pE)-modified peptides, the isoform ending at Val40
results in the most toxic species and, considering that both
pyroglutamyl and AP show similar resistance to degradation
by astrocytes, our hypothesis is that this is due mainly to the
ABN3(pE)-40 tendency to retain a more diffusible and
eventually toxic morphology as short oligomeric particles
(Lambert et al. 1998).

Immunocytochemistry and confocal analysis provide evi-
dence for a close Af—membrane interaction demonstrating
that AP aggregates could adhere to the cell surface and stick
into the cytoplasm. The consequent structural changes in the
lipid bilayer may have functional consequences directly or
through signal transduction disturbances. For instance, the
interaction of AP peptides with the membrane could lead to
uncontrolled Ca®*-free influx (Mattson et al. 1992; Arispe
et al. 1993; Scorziello et al. 1996; Lin et al. 2001), which in
turn activates cell death pathways involving lipid peroxida-
tion and free radical generation. Alternatively, AP peptides
could directly activate specific cell surface channel receptors
(Ekinci et al. 1999) or even bind APP itself leading to
apoptotic cell death (Lorenzo et al. 2000). We observed a
general trend in the peptides tested to interact massively with
plasma membrane, to adsorb diffusely to cell soma, dendritic
spines, as well as cytoplasmic processes without an apparent
order or hierarchy. By comparing the surface distribution of
ABN3(pE)—40, ABN3(pE)—42 and full-length aggregates, no
apparent preferential localization was found, as peptides
were ubiquitously and randomly distributed; nevertheless,
APBN3(pE)—40 showed higher levels of immunoreactivity
when compared with the other species. Therefore, although
apparently similar, the severe interaction between AP
peptides and cell membranes results in different phenotypic
changes as shown by MTT test, LDH release and pro-
apoptotic tendency, and we hypothesize that these changes
are in part due to intrinsic properties of each A} aggregates
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(fibre morphology, resistance to proteolytic cleavage, hydro-
phobicity, etc.), but also to specific features of each cell type.
Previous reports (Saido 1998) indicated that ABN3(pE)
isoforms are more resistant than full-length peptides to the
proteolytic cleavage because of their N-terminal cyclized
glutamate, which requires a specific aminopeptidase (Saido
et al. 1995; Takaki et al. 2000), to be processed and digested.
As a consequence, in absence of a specific degradative
machinery, these modified peptides may exert toxic effects for
prolonged times. Evidence for a decreased catabolism of
APBN3(pE)-modified peptides compared to that of full-length
peptides is found here in Ap-treated astrocytes. In vivo the
relative resistance to degradation of N-modified isoforms may
constitute a seed for the aggregation of all AP species and
exert a cumulative toxic effect on both neurones and
astrocytes contributing to cellular death, even if their action
may be partially blocked by Af scavengers, like apolipopro-
tein E or apolipoprotein J (Russo et al. 1998; Munson et al.
2000). The presence of activated astrocytes and microglia in
the core of senile plaques as well as the occurrence of
cytoplasmic AB-immunoreactivity in glial cells surrounding
amyloid deposits (Funato ef al. 1998) have been widely
interpreted as an active reaction of astrocytes versus Af
production. This defensive activation may be exacerbated by
ABN3(pE) production which contributes to neuronal injury
directly or indirectly by impairing neuronal homeostasis.

Recent data show that N-truncated and modified AP are
absent in plaques of transgenic mice overexpressing APP
(Kalback et al. 2002), suggesting that these species might be
important in sustaining the neurotoxic insult and the cascade
of events that characterize AD and are less pronounced or
absent in the transgenic models. Also, in the light of recent
data on the reciprocal pathophysiological role of A and tau,
it would be interesting to evaluate the effect of ABN3(pE)
peptides on the status of tau protein in those transgenic mice
in which has been shown that AB1-42 fibrils can accelerate
neurofibrillary tangles formation (Gotz et al. 2001).

In conclusion, our data demonstrate that ABN3(pE)
isoforms are resistant to proteolysis, aggregate extensively
and are more toxic than the homologous full-length isoforms
to cultured rat neurones and astrocytes. Because ABN3(pE)-
modified peptides are the most abundant species in sporadic
and familial AD plaques, we hypothesize that these frag-
ments may impair glial functions and exacerbate neuronal
damage, likely worsening the progression of the disease.
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