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B-sheet breaker peptides inhibit fibrillogenesis in a rat brain
model of amyloidosis: Implications for Alzheimer’s therapy
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Inhibition of cerebral amyloid B-protein deposition seems to be an important target for
Alzheimer’s disease therapy. Amyloidogenesis could be inhibited by short synthetic peptides de-
signed as B-sheet breakers. Here we demonstrate a 5-residue peptide that inhibits amyloid (3-
protein fibrillogenesis, disassembles preformed fibrils in vitro and prevents neuronal death
induced by fibrils in cell culture. In addition, the B-sheet breaker peptide significantly reduces
amyloid B-protein deposition in vivo and completely blocks the formation of amyloid fibrils in a
rat brain model of amyloidosis. These findings may provide the basis for a new therapeutic ap-
proach to prevent amyloidosis in Alzheimer’s disease.

A central event in Alzheimer’s disease (AD) is the cerebral deposi-
tion of amyloid, an insoluble substance composed mainly of the
39-43-residue amyloid beta-protein (Af). Genetic, neuropatho-
logical and biochemical evidence indicate that amyloid plays an
important role in the early pathogenesis of AD'. Therefore, in-
hibiting amyloid deposition in the brain would be a good target
for AD therapy. The mechanism by which senile plaques and
vascular amyloid are associated with dementia in AD is un-
known. However, several in vitro studies have shown that f-
pleated sheet AP fibrils are neurotoxic®*. We have postulated
that fibrillogenesis can be inhibited by short peptides partially
homologous to Ap that contain residues acting as B-sheet block-
ers® (B-sheet breaker peptides) and reported that an 11-residue -
sheet breaker peptide (iAB11) binds to AB with high affinity and
inhibits amyloid formation in vitro®.

B-sheet breaker peptide, design and inhibitory activity in vitro

The central hydrophobic region in the N-terminal domain of
AB, amino acids 17-20 (LVFF), served as a template for design-
ing the B-sheet breaker peptide iAB5 (LPFFD). Amino-acid sub-
stitutions in this region of AB produce large changes in the
peptide’s conformation and its ability to make amyloid fibrils**.
Proline residues, well known B-sheet blockers™'®, were included
in the peptide to decrease its propensity to adopt a B-sheet struc-
ture, and a charged residue was added at the end of the peptide
to increase solubility. iABS inhibited, in a dose-dependent man-
ner, amyloid formation by AB1-40 and AB1-42 in vitro (Fig. 1a).
Incubation of AB1-40 (0.5 ug/ul) for seven days in the presence
of equimolar (0.074 pg/pl iABS) or a 20-fold molar excess (1.5
ug/ul iAB5) of iABS produced 53.5 and 84.1% inhibitions of fib-
rillogenesis, respectively (Fig. 1a). Under the same conditions
AP1-42 fibrillogenesis was inhibited 34.2 and 71.9% (Fig. 1a).
Unrelated control peptides (CP1: VHVSEEGTEPA; CP2: GYLT-
VAAVFRG; and CP10: ISEVKMDAEF) or short AB fragments
(AB17-21, AB1-16, and AB17-22) at the same concentrations ei-
ther had no effect on fibrillogenesis or slightly increased amy-
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loid formation, probably because of incorporation into the fib-
rils. To evaluate the ability of iAB5 to dissolve preformed fibrils,
AB1-40 or AB1-42 (0.5 pg/ul) were preincubated alone for seven
days at 37 °C, and then different concentrations of iABS were
added. After two days of additional incubation in the presence
of the inhibitor peptide, the amount of amyloid was quanti-
tated by thioflavine T fluorometric assay (Fig. 1b). The results
show that iAB5 induced a disassembly of preformed Ap fibrils.
Inhibition of AP fibrillogenesis and dissolution of preformed
fibrils in vitro was also evident when aggregation was quanti-
tated by sedimentation assays'' or Congo red-binding in solu-
tion'? (data not shown). Qualitative examination of the effect of
iABS by electron microscopy showed that no fibrillar material
was present when AB1-42 (0.5 pg/pl) was incubated with iABS
(1.5 pg/ul) for seven days (Fig. 1c, central panel). Fibrils pre-
formed by incubation of AB1-42 alone for seven days (Fig. 1c,
left panel) were completely dissolved after treatment with 1.5
ug/nl of iABS for four days (Fig. 1c, right panel), and only amor-
phous aggregates were seen.

Prevention of AP neurotoxicity

AP is neurotoxic in cell culture, and this toxicity is related to the
formation of amyloid fibrils>*. Therefore, we studied the effect of
iApS on AB-induced toxicity in human neuroblastoma (IMR-32)
cell culture. Cells were treated for two days with 50 pM aggre-
gated AB1-42. Aggregation was induced by preincubation with
AB alone, at a concentration of 310 uM, for two days at 37 °C.
Under these conditions, *H-thymidine incorporation (Fig. 2a)
and cell viability as assessed by DNA/RNA staining with acridine
orange-ethidium bromide (Figs. 2b and 3) were approximately
30% that of control. iAB5 at a molar ratio of 1:1 (AB1-42: iAB5)
was sufficient to induce a significant prevention of Ap fibril for-
mation. Therefore, we co-incubated AB1-42 (310 uM) with iABS
(366 uM) for 48 hours and then diluted the peptides and applied
them to the cells at final concentrations of 50 and 60 uM, respec-
tively. Co-incubation of AB1-42 with iABS produced a marked
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Fig. 1 Inhibition of AB fibrillogenesis
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inhibition of AB1-42 neurotoxicity (P < 0.01) (Fig. 2b). At 60 uM,
iAB5 was not significantly toxic, as indicated by a cell loss of less
than 10% compared with that of control cells. AB1-42 co-incu-
bated with a control peptide (CP10) had an effect similar to that
of AB1-42 alone (Figs. 2a, b and 3). The preventive effect of iABS5
on neuronal death induced by A fibrils lasted at least four days
(Fig. 2¢). The results of this study support the concept that AB
neurotoxicity is mediated by the formation of a B-pleated sheet
structure®®'*. However, the relevance of Ap neurotoxicity in vitro
to Alzheimer’s dementia is unclear at this time*.

Inhibition of amyloid deposition in rat brain

To evaluate the effect of the inhibitor on amyloid deposition in
vivo, we created a rat model of cerebral AR deposition by inject-
ing freshly solubilized AB1-42 directly into the amygdala'**®, the
brain region reported to have the highest number of senile
plaques in AD (ref. 16). All the rats injected with AB1-42 (5
nmol; 22.5 pg into each amygdala; n = 9) had bilateral AB de-
posits at the injection site, as determined by immunohistochem-
istry using EM-3, a polyclonal antibody against AB1-42 (ref. 17)
(Fig. 4a). The deposits were always Congo red-positive, showing
the typical apple-green birefringence under polarized light (Fig.
4b). The fibrillar nature of the AB deposits was verified by stain-
ing selected series with thioflavine S (Fig. 4c) and by electron mi-
croscopy analysis of EM-3-positive immunogold-labeled fibrils
(Fig. 4d). When a 20-fold molar excess of iABS was co-injected
with AB1-42 (n = 9), smaller Ap deposits (Fig. 4¢) were observed
that were always Congo red-negative (Fig. 4f), thioflavine S-neg-
ative (Fig. 4g) and had a punctuate amorphous appearance by
electron microscopy (Fig. 4h). No deposits were found in control
rats injected with vehicle (n = 6) or iABS alone (n = 6) (data not
shown).Image analysis of the brain sections stained with EM-3
showed that the size of the Ap deposits in the rats injected with
the mixture of AB1-42 and iABS was 51% the size of Af deposits
in rats injected with AB1-42 alone (Fig. 5) [F(1, 32) = 7.276, P =
0.011]. The area of the deposits did not differ significantly be-
tween left and right hemispheres [F(1, 32) = 0.595, P = 0.446].
Reactive astrocytosis, demonstrated by GFAP immunoreactivity,
was always found associated with the cannula track in all the an-
imals and, to a greater extent, surrounding the AB deposits (data
not shown). Sections from several animals were stained with cre-
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syl violet to detect neuronal damage. We did not detect neuronal
loss in any of the treatment groups using gross observations of
these sections. A few EM-3-positive cells that resembled phago-
cytes were usually seen near the deposits. The size and number of
these phagocyte-like cells did not seem to differ between the fib-
rillar and amorphous deposits (data not shown).

The extent of astrogliosis did not seem to differ between
Congo red-positive and Congo red-negative deposits, indicating
that gliosis was probably a reaction to the cannula placement
and peptide deposition.

Pl

Discussion

Our study demonstrates a compound that inhibits amyloid for-
mation in vitro, prevents amyloid neurotoxicity in cell culture,
reduces in vivo cerebral Ap deposition and completely blocks
amyloid fibril formation in rat brain. Although the molecular
mechanism by which the peptide prevents AB fibrillogenesis is
unknown, B-sheet breaker peptides probably inhibit amyloid for-
mation by binding to monomeric/dimeric Ap peptides, thereby
blocking the formation of the oligomeric p-sheet-conformation
precursor of the fibrils. The inhibition of in vivo AB deposition
may follow the same mechanism, but because of the higher com-
plexity of the system we can not rule out other possibilities.
Enhanced clearance of the injected Ap peptide induced by the
presence of iAB5 is an alternative. However, the number of
phagocyte-like cells containing EM-3-positive material did not
seem differ between animals injected with AB1-42 alone or in
combination with iAB5, indicating that the effect occurs during
the initial deposition. A major drawback with the in vivo use of
peptides is that they are degraded by natural enzymes and have
poor blood-brain barrier permeability. We have recently de-
signed chemical modifications of a B-sheet breaker peptide that
did not alter its ability to prevent fibrillogenesis in vitro, but sig-
nificantly increases its brain permeability and its resistance to
proteolysis in rat plasma (J. Poduslo, G. Curran, B.F. & C.S., man-
uscript submitted).

The in vivo model of brain amyloidosis induced by amygdaloid
injection of AB is an efficient and quick screening tool for A in-
hibitors. The therapeutic utility of compounds can be deter-
mined in one to two months. Transgenic mice have been
developed with amyloid deposits that more closely resemble the
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Fig. 2 Prevention of AB neurotoxicity by iAB5. Viability of IMR-32
human neuroblastoma cells was evaluated by incorporation of *H-
methyl thymidine (@) or by DNA/RNA cell staining with acridine orange-

ethidium bromide (b). Each bar represents the mean + standard devia-
tion of three separate experiments. ¢, Time course of the iABS inhibition
of AB neurotoxicity.

widespread amyloidosis observed in AD™", but these deposits
develop slowly and the animals do not have a substantial
amount of intracerebral amyloid until old age, 11 to 13 months
of age. Double-transgenic mice that have both human APP and
mutant presenilin 1 develop deposits earlier and in higher
amounts®. The effect of -sheet breaker peptides on amyloid de-
position in APP transgenic mice will be evaluated soon.
Ampyloid deposits occur in several different diseases in which
aggregated proteins or peptides are deposited mainly in the ex-
tracellular space of various tissues producing cell damage and
organ dysfunction®. In addition to AB, several other amyloido-
genic proteins are toxic to cells in culture®*® suggesting a com-
mon mechanism of pathology induced by amyloid. However, it
is not known whether amyloid fibrils are directly toxic or pro-
duce damage by mechanical disruption of tissue. Alternatively,
amyloid fibril formation may be a protective process and the
toxic state may consist of a soluble conformationally altered fib-
ril precursor that induces cell death either directly or by interac-
tion with another protein. Whether or not amyloid formation

Fig. 3 Neuroblastoma cell cultures incubated with the peptide mixtures.
IMR 32 cells were stained with acridine orange-ethidium bromide and visu-
alized by fluorescent microscopy. Cells that stain green are alive and those
that stain orange are dead. a, Cells incubated in absence of peptide. b, iAB5
alone. ¢, AR1-42 alone. d, AB1-42 +iAB5.
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directly causes AD pathology, present data suggest that amyloid
inhibition is a good target for AD therapy. Several approaches to
develop inhibitors of AP fibrillogenesis and/or neurotoxicity
have been described. Small molecules such as sulfonated dyes,
nicotine, melatonin, rifampicin, anthracycline 4’-iodo-4’-deoxy-
doxorubicin and the cationic surfactant hexadecyl-N-
methylpiperidinium bromide prevent AR aggregation or
toxicity?*. Synthetic peptides and cerebrospinal fluid proteins,
such as transthyretin, apolipoprotein ] and laminin, inhibit A
fibrillogenesis®. Our approach, using B-sheet breaker peptides,
uniquely provides a potentially general strategy to treat diseases
caused by a defective protein folding, such as amyloidosis-re-
lated disorders, prion diseases, disorders associated with serpin
deficiency and amyotrophic lateral sclerosis®**. B-sheet breaker
peptides that combine a sequence similarity to the region of the
protein involved in the abnormal folding with the ability to
block the pathologic conformational changes offer the possibil-
ity to generate therapeutic compounds directed specifically at
each of these diseases. Using this approach, we have recently de-
veloped short B-sheet breaker peptides that effectively prevent
and revert the prion protein conformational changes implicated
in the pathogenesis of spongiform encephalopathies®. At pre-
sent, there is no effective treatment available for AD and for
most of the conformational diseases. We propose that B-sheet
breaker peptides or their non-peptidic derivatives have the po-
tential to be therapeutic agents to prevent or retard the progres-
sion of amyloidosis in AD.

Methods

Peptide synthesis and characterization. AB1-40 and AB1-42 were syn-
thesized at the W.M. Keck Foundation, Yale University (New Haven,
Connecticut). iAB5 (LPFFD) and control peptide (CP10: ISEVKMDAEF) were
obtained from Bio-Synthesis (Lewisville, Texas). Peptides were synthesized
by solid-phase technique and purified by high performance liquid chro-
matography. Peptide purity was evaluated by peptide sequencing and laser
desorption mass spectrometry.

Fibrillogenesis assays. Amyloid formation was quantitatively evaluated by
the fluorescence emission of thioflavine T (ThT) bound to amyloid fibrils, as
reported®. Stock solutions of the peptides were prepared in 50% acetoni-
trile, 0.1% trifluoroacetic acid and were stored lyophilized in aliquots.
Concentrations were determined by amino acid analysis using a Waters
Accq-Tag amino acid analyzer. Aliquots of AP at a concentration of 0.5
mg/mi prepared in 0.1M Tris, pH 7.4 were incubated for seven days at 37
°C in the absence or presence of different concentrations of f-sheet breaker
peptides. To evaluate the inhibition of amyloid formation and dissolution of
preformed fibrils, inhibitor peptide was added at the beginning of the incu-
bation or after seven days of incubation of AP alone. At the end of the incu-
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Fig. 4 Reduction of cerebral AR deposition and
prevention of amyloid fibril formation in vivo by
iABS. Immunohistochemical staining of amyg-
daloid AP deposits at eight days after surgery in
rats treated with AB1-42 alone (a) or a mixture of
AB1-42 and iAB5 (e). b and f, Congo red-stained
sections adjacent to those shown in a and e, re-
spectively. Arrows indicate the Congo red-posi-
tive birefringence under polarized light.
Thioflavine S staining of rat brain treated with
AB1-42 alone (c) or with a mixture of AB1-42
and iAB5 (g). Electron microscopic analysis of the
ultrastructure of immunogold-labeled AB aggre-
gates obtained in the absence (d) and presence
(h) of iABS. The size of the gold particles was in-
creased by silver staining. Red arrows indicate
amyloid-like fibrils. Original magnifications: a and
e, x50; b, ¢, fand g, x100; d and h, x82,000.

bation period, 50 mM glycine, pH 9.2 and 2 uM ThT were added in a final
volume of 2 mi. Fluorescence was measured at excitation 435 nm and emis-
sion 485 nm in a model LS50B fluorescence spectrometer (Perkin-Elmer).
Fibrilogenesis was also qualitatively analyzed by electron microscopy.
Aliquots of AB1-42 (0.5 pg/ul) were incubated at 37 °C for seven days with-
out or with 1.5 pg/ul of iABS. To study fibril disassembly, AB1-42 (0.5
ug/ul) was incubated alone for seven days at 37 °C and after addition of in-
hibitor the incubation proceeded for four more days. Samples were first
centrifuged at 14,000rpm for 5 min and the pellet was resuspended in half
of the initial volume and placed on carbon formar-coated 300-mesh nickel
grids. The grids were stained for 60 seconds with 2% uranyl acetate and vi-
sualized on a Zeiss EM 10 electron microscope at 80 kV.

Cell toxicity assays. IMR-32 human neuroblastoma cells (American Type
Culture Collection cell line 127-CC1) were grown at 37 °C and 5% CO,in a
medium of 55% DMEM high glucose (4.5 g/1), 30% Ham F-12, 5% o-MEM,
and 10% fetal calf serum, supplemented with 200 mM L-glutamine,
0.0055 ng/mi pyruvate, 50 U/L penicillin, 50 pg/ml streptomycin and 0.25
ug/mi fungizone. Confluent monolayers were treated with 0.25% trypsin,
0.03% EDTA and cells were counted and plated in 96-well tissue culture
plates at 5 x 10° cells/well in 100 ul of medium or into tissue culture cham-
ber slides at 2 x 10* celis/well in 200 pl. Two days after plating, 20 pg of
AB1-42, pre-incubated for 48 h in 15 ! of DMEM alone or with 0.2 mg/m}
iAB5 or 0.4 mg/ml of CP10, were added to the cells. The cells were then in-
cubated for 48 h with the peptides. Two methods were used to quantitate
cell viability. Incorporation of *H-methy! thymidine was done as described?.
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Fig. 5 Quantitative analysis of the size of AB deposits produced after in-
tracerebral injection of AB1-42. Area of deposits in the left (LH), right hemi-
sphere (RH) and total brain (TB) at eight days after surgery. Deposit area
was measured by image analysis of EM-3 stained sections. Each bar repre-
sents the mean + standard error of the analysis of 9 rats. * P < 0.01.
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RPMI 1640 medium (10 pl) containing 10 uCi of radiolabeled thymidine
(specific activity, 2 Ci/mmol) was added to each well 24 h after the addition
of the peptides. Cells were collected on a glass microfiber paper (Whatman
GF/A) using an automated sample harvester. Scintillation fluid (3 mi
toluene/PPO/POPOP) was added to each filter and radioactivity was mea-
sured in a 1600 TR-Packard f scintillation analyzer. Results are expressed as
percentage of mean d.p.m. values of peptide-treated cells compared with
the mean d.p.m. values of control cells. DNA/RNA cell staining with acri-
dine orange-ethidium bromide was done as described®. Cells were visual-
ized by fluorescent microscopy and viability was calculated by counting at
least 500 cells in three different fields at low magpnification. Cell count re-
sults are expressed as percentage of control values. Measurements were
done in 3-5 wells per experiment in three separate experiments. Results
were statistically analyzed by one-way analysis of variance (ANOVA) with
post hoc Tukey's test.

In vivo studies using an animal model of cerebral Af deposition. Male
Fischer-344 rats (Taconic, Georgetown, New York) weighed 250~300 g and
were 3—4 months of age at the time of arrival. The animals were housed two
per cage, maintained on a 12-hour light-dark cycle with access to food and
water ad libitum, and were habituated to their new environment for 2-3
weeks prior to surgery. Surgery was performed using sodium pentobarbital
(50 mg/kg, injected intraperitoneally) as anesthesia. Atropine sulfate (0.4
mg/kg) and ampicillin sodium salt (50 mg/kg) were injected subcuta-
neously after the animals were anesthetized. AB1-42 was dissolved in di-
methylsulfoxide (DMSO) and then diluted with water to 16.7% DMSO. The
animal received a bilateral injection of 5.0 nmol AB1-42 into each amygdala
by using a Kopf stereotaxic instrument with the incisor bar set at 3.3 mm
below the interaural line. Injection coordinates measured from the bregma
and the surface of the skull (anteroposterior, —3.0 mm; mediolateral, +4.6
mm; dorsoventral, —8.8 mm) were empirically determined based on the
atlas of Paxinos and Watson. A volume of 3.0 pl was administered during a
time period of 6 min (flow rate 0.5 pl/min) using a CMA/100 microsyringe
pump. The cannula was left in situ for 2 min after injection, withdrawn 0.2
mm and left for 3 min, and then slowly withdrawn completely. After
surgery the animals were placed on a heating pad until they regained their
righting reflex. To evaluate the effect of iAB5 on amyloid deposition, ani-
mals were injected with AB1-42 (5 nmol) and iABS (100 nmol). The pep-
tides were mixed together immediately before the first injection, and the
last animal was injected 6 h later. Vehicle-treated animals were injected with
3.0 pl of 0.1% trifluoroacetic acid, 16.7% DMSO in water.

For histological analyses, animals were anesthetized with sodium pento-
barbital (150 mg/kg, injected intraperitoneally). The rats were then per-
fused transaortically with a phosphate buffer (pH 7.4) followed by 4%
paraformaldehyde in the same buffer, eight days after surgery and their
brains were processed as described'. Serial coronal sections (40 pm) were
cut, and five series of sections at 0.2-mm intervals were saved for histologi-
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cal analysis, placed in ethylene glycol cryoprotectant and stored at —20 °C
until stained. Tissue sections were stained with Congo red and (immunohis-
tochemically) with AB1-42 and GFAP antibodies. In addition, cresyl violet
and thioflavin S staining were undertaken on selected series. Cresyl violet
and Congo red staining were done as described'*'%, For thioflavin § stain-
ing, mounted sections were defatted in xylene, hydrated in a gradient of
ethyl acohol and water series, and then placed in a 1% thioflavine S aque-
ous solution for 30 min. The sections were then dehydrated in a gradient of
water and ethyl alcohol and cleared in xylene. The tissue was subsequently
coverslipped using DePex mounting medium. For GFAP staining, sections
(40 um) were incubated in GFAP primary antibody at a 1:500 dilution for
24 h at room temperature. An anti-rabbit immunoglobulin (g) G secondary
antibody was used at a 1:1333 dilution. A staining was done with an anti-
body (EM-3) that selectively binds to AB1-42 (ref. 17). Staining was done as
with GFAP. EM-3 was used at a 1:1000 dilution. ‘Omit’ sections were ob-
tained by not including the primary or the secondary antibody.
Immunogold labelling (2 h) of Ap deposits was done in brain sections that
were incubated in EM-3 for 24 h. Gold (10 nm)-labeled goat anti-rabbit IgG
was used at a 1:20 dilution. The staining was subsequently enhanced with
silver and the sections were processed for electron microscopy, using stan-
dard techniques. An image analysis system (NIH Image. 1.60) was used to
determine the size of the AP deposits. The area of the AB deposits was mea-
sured at 0.2 mm intervals. These data were analyzed by a two-way ANOVA
followed by a Newman-Keuls’ multiple range test for post hoc comparisons,
Total brain deposition was analyzed using an unpaired t-test, two tailed.
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