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Abstract

The pathological hallmarks of Alzheimer’s disease (AD) consigt-aimyloid plaques and neurofibrillary tangles in affected brain areas.
The processes, which drive this host reaction are unknown. To determine whether an analogous host reaction to that occurring in AD coul
be induced by infectious agents, we exposed mammalian glial and neuronal cells in \Boerdba burgdorferi spirochetes and to the
inflammatory bacterial lipopolysaccharide (LPS). Morphological changes analogous to the amyloid deposits of AD brain were observed
following 2—8 weeks of exposure to the spirochetes. Increased lev@lsanfyloid presursor protein @PP) and hyperphosphorylated tau
were also detected by Western blots of extracts of cultured cells that had been treated with spirochetes or LPS. These observations indice
that, by exposure to bacteria or to their toxic products, host responses similar in nature to those observed in AD may be induced.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Alzheimer’s disease; Hyperphosphorylated tau; Neurofibrillary tangles; Amyloid precursor protein; Granulovacuolar degeneration

1. Introduction the accumulation of this type of amyloid in AD brain remains
unclear. Intriguingly, the clinical and pathological hallmarks
It has been known for almost a century that chronic bac- of AD are present in dementia paralytica in the tertiary stage
terial infection may lead to amyloid deposition in infected of syphilis caused by the spirocheleeponema pallidum
tissues and also that amyloidosis can be induced by bacterig2,3,27] Recent observations have shown that several bac-
under experimental conditiong0]. Alzheimer's disease teria contain amyloidogenic proteins, including spirochetes
(AD) is a form of amyloidosis. The amyloid substance that [5,15,19,22,23,26] The outer surface protein (OspA) of
accumulates in the brain is a 4 kDa peptidggfAwhich is Borrelia burgdorferi spirochete has been shown to induce
derived by proteolytic cleavage of amyloid beta precursor amyloid fibrils in vitro, similar to human amyloi26].
protein (ABPP)[16]. The pathological mechanism driving To test the hypothesis that bacteria might induce an
amyloidogenic reaction in mammalian cells in vitro, we
* Corresponding author. Tel.: +1 604 822 7564; fax: +1 604 822 7086,  €XPosed cultures of rat primary neurons and astrocytes to
E-mail address: judmik@telus.net (J. Miklossy). the spirochetd. burgdorferi, and the PC 12 cell line to the
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bacterial inflammatory surface molecule lipopolysaccharide samples. Five of the samples were infected with spirochetes,
(LPS). We report here the results of such exposures. while one uninfected sample was used as control. Immuno-
histochemical detection of B\was done at each time point
in each set of experiments for all cell types including cell
2. Methods aggregates.
Frozen sections, pm thick, were cut from the brain cell
Primary astrocyte and microglial cell cultures from aggregates for immunohistochemistry. Cultures not infected
Sprague—Dawley rats were prepared as previously describedvith spirochetes were used as controls.
[14]. The astrocytes were cultured in Dulbecco’s Modified Smears prepared from the infected and uninfected cell
Eagle Medium (DMEM, Gibco, 12387-015). The microglial cultures and frozen sections of the organotypic cultures were
cells were cultured in RPMI medium (RPMI 1640, Sigma fixed in 4% paraformaldehyde and immunostained using the
R8758), containing 10% fetal calf serum (FCS). Microglia- avidin—biotin—peroxidase technique. For immunostaining of
enriched astrocyte cultures @&@strocytes and Panicroglia) cells or frozen sections on glass slides with anti-Borrelia an-
were also prepared by combining astrocytic and microglia tibodies, 15 min of acetone fixation was performed a€4
cultures prepared as described above. Neurons dissociatedhose cultures in plastic chambers were fixed for 10 min
from the telencephalon of 21-day-old rats were cultured on with 4% paraformaldehyde. Forpimmunostaining, 100%
collagen or polye-ornithine coated substrate surfad&s. formic acid pretreatment for 20 min was always used.
The cells were cultured in 2-well chambers (177429 Lab-Tek,  The antibody types, as well as their source, dilution and
Christchurch, New Zealand), in 6-well clusters (3506, Costar, structures recognized are givenTiable 1 Astrocytes were
Acton, Maryland), and in 75 ml of non-pyrogenic polystyrene identified with anti-glial fibrillary acidic protein (GFAP); rat
flasks (3376, Costar, Acton, Maryland) in a humidified CO2 microglial cells with ED1 and human microglia with anti
(6%) incubator at 37C. CD68. To detect B, antibodies recognizing amino acids
The organotypic culture consisted of aggregates of 8-17 of A3 and the C-terminal part of A 1-42 (21F12, a
primary cells of foetal rat telencephalon that were kindly gift from Dr Dale Schenk, Athena Neurosciences) were used.
provided to us by Dr. P. Honegg§25]. These brain cell ~ Todetect 8PP, the 22C11antibody, which recognizes the N-
cultures were obtained at an advanced maturational stagaerminal part of all PP isoforms was used. Tau protein was
(20-21 days in vitro). They were exposed to 2—4 weeks of detected with T-6402, Tau 2, and clone AT8. The AT8 anti-
continuous rotation at 37C, which produced a large number  body recognizes phosphorylated Ser 202/Thr205 residues of
of small identical spheres containing a mixture of CNS cells, tau, and labels PHF in AD. Borrelia antigens were detected
including neuronal and glial cells. These were infected with with monoclonal anti-OspA and anti-flagellin antibodies, and
Borrelia spirochetes. also with rabbit anti-Borrelia antibodies. The anti-Borrelia
Reference spirochetesB.( burgdorferi, B31 strain) antibodies were tested for their specificity to recognize Bor-
maintained in BSK Il medium were used to infect the cell relia antigens by Western blotting using the BioGenex Lyme
cultures. The cells were infected for periods of 2, 4, and 8 1gG Kit (D601-Lyme) following the instructions of the man-
weeks. In cell cultures exposed to spirochetes, a mixture of ufacturer.
equal volumes of medium from the given cell and spirochetes  For Western blots, whole cell extracts of infected and
(BSK II) culture was used. The final concentration of spiro- control primary astrocytes and microglia-enriched astrocytes
chetes in the infected cultures corresponded $015°/ml. were prepared in lysis buffer containing 1% protease in-
Before exposure to spirochetes, the cells were tested withhibitors (P-8340, Sigma, St. Louis, MO). Triplicate samples
4 6-diamidine-2-phenylindole dihydrochloride (DAPI)  from experiments at 2-, 4-, and 8-week exposure times
(236 276, Boehringer Mannheim, Germany), following the were analyzed. They were continuously rotated for 4h at
manufacturer's protocol, in order to verify Mycoplasma 4°C and were exposed to alternate boiling {89 and
infection. After 2-, 4-, and 8-week exposure, the cell cultures cooling in dry ice, (three times, 1 min). Extraction oBA
in double chambers and 6-well clusters were washed with was performed using formic acid as previously described
PBS prior to immunohistochemical analysis. Cells in in detail[9]. To 50ug protein samples, Laemmli buffer was
flasks were harvested by centrifugation in preparation for added followed by boiling for 5min at 8%2. The samples
immunohistochemistry and Western blotting. were than electrophoresed on 14-20% Tris—HCL and 4-20%
Exposure of cells to Borrelia spirochetes was done ten Tris—HCl-urea polyacrylamide gels (BioRad). Transfer onto
times with primary astrocyte cultures, four times with a 0.2 mm nitrocellulose membrane (BioRad) was performed
microglia-enriched astrocyte cultures, and three times with at 350 mA for 1.5 h at 4C. Immunoblotting was performed
primary neurons and brain cell aggregates. The astrocyte andising the antibodies mentioned above for the detection
microglia-enriched astrocyte cultures were infected for peri- of AR, ABPP, and tau proteins. For detection, ECL-Plus
ods of 1, 2, 4, and 8 weeks, and the primary neuron and cell(Amersham, RPN2132) was used and the development of
aggregate cultures for 1, 2, and 4 weeks. In addition, in eachthe film (Super RX, Fujifilm, 03G050) was performed in
set of experiments, for all cell types and for each exposure accordance with the manufacturer’s protocol. Samplesy(1
time, the cells and cell aggregates were divided into six equal or 500 ng) of synthetic f1-42 peptide (H 1368, Bachem,
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Table 1

The primary antibodies employed in the present study
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Antigen Antibody [ref] Source Type Dilution
GFAP Anti-GFAP 7334 Dakopatts Rabbit, 1IgG 1:1000
ED1 MCA341 Dakopatts Rabbit, IgG 1:1000
CD68 M 814 Dakopatts Mouse, 1gG 1:2000
B-Amyloid M 872 Dakopatts Mouse, IgG 1:200
AB 1-42 21F12 Dr Dale Schenk Mouse, 19G 1:100
ABPP 22C11, 1285262 Boehringer Mouse, 19G 1:100
Tau T-6402 Sigma Rabbit, IgG 1:1000
Tau 2 T-5530 Sigma Mouse, ascites 1:20
AT8 AT8-PHF-Tau Endothelin Mouse, 1gG 1:1000
AT8 BR-030 Innogenetics Mouse, I1gG 1:1000
OspA H3T5 Symbicom Supernatant 1:1000
OspA H-5332 Symbicom Supernatant 1:1000
Flagellin H-9724 Symbicom Supernatant 1:100
Flagellin H-605 Symbicom Supernatant 1:100
Borrelia burg B65302R Biodesign Rabbit, 1IgG 1:200
Borrelia burg 1017 J. Hurliman Rabbit, 1I9G 1:500
Borrelia burg 1018 J. Hurliman Rabbit, 1I9G 1:500
Grb2 Clone 81 BD Transd Lab Mouse IgG 1:1000
Actin, C-11 sc-1615 Santa Cruz Goat IgG 1:2000

The source, type and the dilutions are given for each antibody.

Bubendorf, Switzerland) and %@ samples of whole for fluorescence microscopy analy$§s7]. For the SIRMS
cell extracts prepared from pCMVAPP695 transfected analysis, infected and uninfected cells were harvested by cen-
U87MG cells were used as positive controls. Antibodies trifugation, washed with PBS, placed on infrared-transparent
to actin and growth factor receptor bound protein 2 (Grb2) BaF, slides and stained with thioflavin S. Samples of in-
were used to verify loading conditions (s&able ). fected and uninfected astrocyte cultures derived from three
In order to analyze whether the bacterial component different experiments at 4-week exposure times were ana-
alone may induce changes in thg8PPP levels and in tau lyzed. Frozen sections from the frontal cortex of five AD and
phosphorylation, bacterial lipopolysaccharide, an alternative two control cases were also analyzed. Infrared microspectra
powerful inflammatory stimulator was used to expose a mix- were collected in transmission mode, 128 scans per point,
ture of PC12 cells and monocytic THP-1 cells. PC12 cells 4 cmi! resolution using Ajks software (Thermo Electron
(0.5x 10°) were co-cultured with 0.% 10° THP-1 cells in Spectroscopy). The final data format was absorbance, where
collagen coated Petri dishes (100 mm) for 24 h in 10 ml of the background was collected open beam. Protein secondary
the following medium: 8 ml of F12 Nutrient Mixture (HAM,  structure was determined by Amide | infrared absorption
11765-054, Life Technologies Gibco/BRL, Frederick, band (1600-1700 crt) analysis. The frequency of Amide
Maryland) and 2 ml of VitaCell medium (ATCC, 30-2002, | band is sensitive to protein secondary structure, wigere
Manassas, Virginia). The medium was supplemented with sheet conformation absorbs near 1630¢m
10% horse serum, 2,5% FBS, 1% penicillin/streptomycin
and 870mg NaHCe@500ml medium. LPS (500ng,
S1K4072, Sigma, St. Louis, MO) was then added. After 3. Results
Oh, 30min, 3, 24, and 48h, the cells were harvested by
centrifugation and whole cell extracts were analyzed by  We assessed whethepAleposition could be induced in
immunoblotting. vitro by infecting primary mammalian neurons, astrocytes,
Densitometry analysis was performed using a Molecular microglial cells, and brain organotypic cell aggregates with
Imager FX, equipped with Quantity one software (BioRad spirochetes. We usekl burgdorferi spirochetes, as they can
Laboratories, Hercules, CA). be maintained in culture in synthetic medium (BSKIl). The
In order to analyze whether tigesheet conformationtypi-  histochemical and immunohistochemical analysis showed
cal of amyloid is present in the Borrelia-induced amyloid de- the same results, with respect to th@ Aeposition, in the
posits, Synchrotron InfraRed MicroSpectroscopy (SIRMS) form of plaque-like structures in all cell types and in the cell
analysis was performed. A Spectra Tech Conimuinfrared aggregates exposed to Borrelia.
microscope coupled to a Nicolet Magna 860 FTIR was used,  Following 1-week exposure to spirocheteq3 &vas not
where the conventional infrared source was replaced by syn-detected in any infected cells or cell aggregate samples. At
chrotron light from Beamline U10B (National Synchrotron 2-week exposure to Borrelia, immunohistochemical detec-
Light Source, Brookhaven National Laboratory). The in- tion of AB was observed in 4/10 of the astrocyte cultures,
frared microscope was equipped with a light source and filtersin 3/4 of the microglia-enriched astrocytic cultures and in
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2/3 of the neuronal cultures and in cell aggregatgs.dé- intracytoplasmic granules in astrocytes, surrounded by a
position was observed in all cells and cell aggregates fol- thin pale halo, similar to granulovacuolar degeneration
lowing 4 and 8 weeks of exposure to spirochetes. Plaque-of neurons in AD, were also seeffrig. 1j). Only rare,
like AR deposits following 4-week exposure to spirochetes OspA-positive solitary intracytoplasmic granules were seen
as revealed by immunostaining is illustratedFig. la—e. in a few neurons in the infected neuronal cultures. The
They were in a consolidated form as revealed by thioflavin uninfected control cultures did not showBAdeposition, or
S staining Fig. 1c and d). The majority of the amyloid granulovacuolar degeneratiofig. 1k).
deposits were large (100-1ptn) extracellular aggregates We detected a 4 kDa [\ peptide band by Western blot
(Fig. 1a—e). Their numbers varied between 5 and 20 per well (Fig. 2a and b), in all cell culture samples analyzed, following
and between 2 and 10 per spheroid in the cell aggregates. A2—8 weeks of exposure to Borrelia spirochetes. The presence
weak intracellular 8 immunoreactivity was also apparent of the 31 kDa outer surface protein (OspA)Bfburgdorferi
in some cells in brain aggregates infected with Borrelia for was utilized to monitor the presence of spirochetal infection.
2—-4 weeks[fig. 1a, arrows). The in vitro induced “plaques” After 2-week exposure to Borrelia spirochetes, tiedepo-
were immunoreactives with the 6F/3D antibody recognizing sition was absent or weak in primary rat astrocytég.(2a)
residues 8-17 of B (Fig. 1a, b and e) and also with the but was more pronounced in microglia-enriched astrocyte
anti-AB 1-42 (21F12) antibodyHig. 19). cultures Fig. 2b), suggesting that microglia enhancp for-

In the infected neuronal and organotypic cultures, a mation. Cell cultures infected for 8 weeks showed a higher
few AB-42 and OspA-positive tangle-like formations were level of A than those infected for 2 weekisi§. 2b). AB was
also observed Hig. 1g-i, respectively). OspA-positive  notobservedinthe uninfected control cultureg( 1a and b).

©
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Fig. 1. In vitro A3 deposition induced by exposureRorrelia burgdorferi for 4 weeks. A8 immunoreactive and thioflavin S-positive plague-like formations
illustrated in brain cell aggregates (a), in primary rat astrocytic culture (b, c and e) and in neuronal culture (d). For immunostaining, a mamduboiyal

which recognizes residues 8-17 o Avas used, and the sections were counterstained with hematoxylin. (a) Frozen section of a spheroid from infected brain
cell aggregates. The section represents half portion of a spheroid of aggregated brain cells. A large extracellular deposit labeled with/Aam@ssapisit

to apparently intracellular deposits showing wegk ractivity in some unidentified cells. (b) Arrows point to large plaque-like extracellular deposits. (c and

d) Thioflavin S-positive “plagues in astrocytic (c) and neuronal (d) culture. (e ang-fimnunoreactive “plaque” induced in vitro (e) an@gAmmunoreactive

senile plaques in the cerebral cortex of a sporadic AD case (f), where a paraffin section from the frontal cortex was immunostained using the ame anti-A
antibody as used for (e). Notice the similarity in morphology arglidemunoreactivity of the in vitro induced deposits and that of the senile plaque (i.e.
compare (e with f)). (g) At the periphery of g8Aimmunoreactive “plaque”, a structure reminiscent of a neurofibrillary tangle (arrow) in the organotypic culture
exposed td. burgdorferi. (h) At higher magnification, the large nucleus (arrowhead) and nucleolus (arrow) of the cell indicates that the cell morphologically
corresponds to a neuron. A frozen section was cut from cell aggregates following 2-week expdsurergdorferi and immunostained with anti{#1-42

(21F12) antibody followed by counterstaining with hematoxylin. (i) Neuron showing morphological changes reminiscent of neurofibrillaryrtaattmfo

A rat primary neuronal culture was exposed to spirochetes for 2 weeks. Immunostaining was performed with an antibody, which recognizes tlae®uter surf
protein A (OspA) ofB. burgdorferi. The section was counterstained with hematoxylin. (j) OspA immunoreactive intracytoplasmic granules (arrows), surrounded
with a pale halo, reminiscent to the morphology of granulovacuolar degeneration. A primary rat astrocyte culture was infected with Borreditespiroch
control cultures (k), not exposed to spirochetes (primary rat astrocyte culture), these morphological changes were not observeg.rBé&a3; 3a0m (b—d

and g); 2Qum (e—k).
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Fig. 2. Western blot analysis of @A ABPP and tau following exposure Bvrrelia burgdorferi and LPS. The number of weeks after bacterial infection was
entered “(+) number of weeks (w)”, and the number of weeks of the uninfected control maintained in parallel in culfuratiper of weeks (w)”. (a) Lane 1,
synthetic “A3-40"; lane 2, control primary astrocye culture maintained for 2 weel&w); lane 3, infected primary astrocytic culture exposed to Borrelia for 2
weeks (lane 3, +2w). In (a), a very weak 4 kD@ Peactive band is seen in primary rat astrocytes exposed to Borrelia spirochetes for 2 weeks (a, +2 w), which
is absent in the control culture. OspA is absent in the uninfected and present in the infected culture. Lane 1 shows that the3pd@ifiee£\not react with

OspA and actin antibodies. (b) Lane 1, microglia-enriched culture infected for 2 weeks (+2 w); lane 2, infected for 8 weeks (+8 w); lane 3, unihfeeted cu
maintained uninfected for 8 weeks8 w). In (b), a stronger band was observed in microglia-enriched cultures exposed to bacteria (b, +2 w). Following 8-week
exposure to spirochetes (b, +8 w), thg kevel was much higher than at 2 weeks (b, +2 w). The 4 kBabAnd was reactive with antibodies recognizing amino
acids 7-15 of B or the C-terminal part of 8 1-42. An antibody to the 31 kDa outer surface protein (OspAB.diurgdorferi was utilized to monitor the
presence of spirochetal infection, and an antibody to the 42 kDa protein actin was used to verify loading conditions. In uninfected cells c2itare@ foy

and 8 weeks (b;-8 w) AB was not detected. (c)@PP expression: lane 1, uninfected primary rat astrocytes maintained for 8 weWg;(ane 2, primary rat
astrocytes exposed to Borrelia for 2 weeks (+2 w) and lane 3, for 8 weeks (+8 w). Compared to the uninfected control cu8uvg (@jmary rat astrocytes
exposed to Borrelia spirochetes for 2 (¢, +2w) and 8 (c, +8 w) weeks showed incre@B&diévels and hyperphosphorylation of tau. For immunoblotting,
antibody 22C11, which recognizes the N-terminal part of @P& isoforms, and AT8, which recognizes the phosphorylated Ser 202/Thr205 epitope of tau,
were used. The BPP and g)tau levels were higher at 8 weeks than at 2-week exposure. The 31 kDa Borrelia OspA was used to monitor infection and the
growth factor receptor-bound protein 2 (Grb2) to verify loading conditions.

To determine whether@PP plays a role in A deposition The infrared absorption microspectrum of healthy brain
induced by Borrelia spirochetes in vitro, we analyzegP® tissue exhibits a protein (Amide I) absorbance maximum near
levels in infected cell cultures using Western blot analysis. 1655 cnT?, representative of an averagehelical protein
In comparison to the uninfected control cultures, increased structure in the tissug]. SIMRS analysis detected a second
ABPP levels were detected in Borrelia-infected cultures peak near 1630 crit in senile plaques in AD, representative
(Fig. 2c). ABPP levels were higher at 8 weeks than at 2 of B-sheet protein structure. Most importantly, a second peak
weeks following exposure to spirochetes. near 1630 cm® was also observed in the thioflavin S-positive

The microtubule-associated protein tau is hyperphospho-“plagues” in the cell cultures analyzed following 4-week ex-
rylated in AD and is a component of paired helical filaments posure to spirochete&ig. 4a, b, d), which was absent in the
(PHF) in neurodfibrillary tangles. When we analyzed the uninfected control sample&ig. 3¢ and e).
phosphorylation of tau in cell cultures exposed to Borrelia
spirochetes, increased phosphorylated tau levels were
observed when compared to the uninfected control cultures4, Discussion

(Fig. ).
Natural or synthetic bacterial components alone may lead  Exposure of mammalian neuronal and glial cells to Bor-
to chronic inflammation and amyloid depositid®,11} We relia spirochetes induced the defining pathological hallmarks

analyzed, therefore, whether the bacterial lipopolysaccharideof AD, including AB deposition, increased@®PP levels, and
could alone induce increasedBRP and hyperphospho-  hyperphosphorylation of tau.

rylation of tau. As microglia enhancedpAformation in Thioflavin S-positive and B-immunoreactive “plaques”,
primary cell cultures, PC12 cells were co-cultured with as well as tangle- and granulovacuolar-like formations, were
THP-1 cells before treatment with LPS. By immunoblotting, presentin cell cultures exposed to Borellia burgdorferi spiro-
a slight increase of BPP was detected following 30min  chetes. In addition, Western blot analysis detected a 4 kDa
and 6h LPS exposure, followed by a strong increase at A immunoreactive band in the infected cultures.

24 and 48hkig. 3. In addition, we also observed hyper- SIMRS is an extremely valuable tool for the analysis of
phosphorylation of tau following 24 and 48 h LPS exposure chemical composition of biological and biomedical samples
(Fig. 3. [7]. The chemical spectra of protein solutions, single cells or
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Fig. 3. LPS-induced changes of3RP and tau. (a) Lanes 1-5, PC12/THP-1 cells exposed to LPS for 0 h, 30 min, 6, 24, and 48 h. Incg&denhdy)tau

levels were observed in PC12/THP-1 cells following 24 and 48 h of LPS (500 ng) exposure. Densitometry analysis (b) clearly showed the igPfeased A
expression andgpftau levels when compared to the growth factor receptor-bound protein 2 (Grb2), used to verify loading conditions. Each bar represents the
mean density from three different gels.

well-defined areas of tissue sections can be analyzed. Characwas observed not only in the senile plaques of the 5AD
teristic absorption bands observed in many biological materi- cases tested, but also in the thioflavin S-positive “plaques”
als include the ‘Amide I’ band at 1650 cthresulting largely in infected cell cultures following 4-week exposure to
from the number of carbonyl () stretching vibrations of ~ Borrelia.

protein amide bonds. A second peak in the “Amide 1” band These observations indicate that exposure of mammalian
near 1630 cm?, is present in senile plaques representative cells to Borrelia spirochetes induces an AD-like host cell
of B-sheet protein structurfg]. This peak near 1630 cm reaction. Recent observations show that several bacteria

150
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50 100 150
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(a) Position (um)
1.0 ¥\ 4— [-sheet 0.75 A
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g 08
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S 06 / \ '
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< / 0.25
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Fig. 4. Synchrotron infrared microspectroscopy analysis of the in vitro indu@ediefosition in cell cultures exposed to Borrelia spirochetes for 4 weeks. (a)
Chemical map based on infrared microspectroscopy data showing the relative concentr@tiimeets in the Borrelia-infected culture. Red corresponds to
an increased concentration and purple to normal levels. The areas of incgesiseet formation of the chemical map correspond to the thioflavin S-positive
plague-like formations induced in vitro (compare (b with c)). (d) The green infrared Amid spectrum taken from the center of the thioflavins &wpykitire
“plaque” labeled with X in (a and b), showed a peak near 1630'%mwhich is indicative of3-sheet. The red spectrum in (d), was taken from a thioflavin
S-negative area of the same infected culture (marked with an asterisk in (a and b)) showed a peak near] 680aimis consistent witk-sheet formation.

(c) In thioflavin S-stained control cultures (c), not exposed to spirochetes, plaque-like formation was not observed and the Amid spectrurdezbtcespon
a-sheet formation. (e) Shows the amid spectrum of the area labeled with an asterisk in (c).



234

contain amyloidogenic proteiri§,15,19,21-23,26]Analy-

sis of the periplasmic outer membrane lipoprotein — OsmB
— of Escherichia coli showed a similarity in amino acid
sequences to @peptide[15]. Recent biochemical, biophys-

J. Miklossy et al. / Neurobiology of Aging 27 (2006) 228-236

be related to these glial changes and whether they may
represent changes similar to neuronal granulovacuolar
degeneration will require further in vitro and in vivo
studies.

ical, and imaging analyses revealed that fibers produced by The increased BPP level observed in cell cultures fol-

E. coli, termed “curly” were composed of amyldi]. It was

lowing exposure to Borrelia spirochetes or LPS reinforces the

suggested that several types of spirochetes may be involvedmportance of host-derived@PP in amyloidogenesis.gPP

in AD, and also that amyloidogenic proteins may be an
integral part of spirochetes, which may, therefore, play arole
in amyloidogenesis in AD)18-25,31] Furthermore, it was
shown that the OspA outer surface proteirBoburgdorferi
forms amyloid fibrils in vitro, similar to human amyloid
[26]. These observations are in line with the present findings
showing that & formation may be induced in vitro following
exposure of mammalian cells ® burgdorferi. Recently,
the formation of amyloid deposits resembling AD plaques
was induced in the brains of mice following intranasal
infection with another bacteriunChlamydia pneumoniae
[17].

In addition to the bacteria-induced3A'plaques” tangle-
like structure were also immunoreactives with an ari-A
antibody (21F12), which recognizespBAd2. There are
evidences that BPP and & immunoreactivities are both
associated with neurofibrillary tanglf8,33].

Bacteria-induced BA-positive plaque- and tangle-like
structures were also immunoreactive to Borrelia antigens.
One might hypothesize that the anti-OspA “plaque” and
“tangle” formed first, and then hadpAdeposited on them.
This would also suggest that thread-like helically shaped
microorganisms would be important for the formation of
bacteria-induced tangle-like structures. This hypothesis
would be in harmony with recent observations that in AD

is a proteoglycan core protejB2,35] It is well established
that increased proteoglycan synthesis plays a significant role
in amyloidogenesis, including the formation oBAn AD

[4]. Proteoglycans are present in early stages of amyloid
deposition, but their exact role is yet to be determined. An
important role for proteoglycans in major histocompatibility
complex (MHC)-mediated infections (e.g. viral, bacterial)
is also well documented. The in vivo synthesis of proteo-
glycans by host cells in response to bacterial infections,
including spirochetal infectionf34], has been previously
reported.

The microtubule-associated protein tau is hyperphos-
phorylated in AD and is a component of the paired helical
filaments of neurofibrillary tangles. When we analyzed
the phosphorylation of tau in cell cultures exposed to
Borrelia spirochetes, increased phosphorylated tau levels
were observed. Although further analysis will be required to
identify in detail the specific tau phosphorylation sites, the
Borrelia- and LPS-induced tau phosphorylation represents
additional experimental evidence of the ability of bacteria to
induce an AD-like host cell reaction.

Natural or synthetic bacterial components, such as the
bacterial cellwall peptidoglycan and LPS may induce chronic
inflammation and amyloidosid0,11] They are inflamma-
tory cytokine stimulators, they activate complement, they

cases with a positive serology for Lyme disease, spirochetalaffect vascular permeability, they generate nitric oxide, and

antigens were co-localized withpAand were present not
only in senile plaques but also in neurofibrillary tand24].
Detailed immunohistochemical and electron microscopical
analysis of the Borrelia-induced “plaques” and “tangles”
would be important. However, the restricted number of
“tangle” formations and the short time that we are able to
maintain cells in cultures are not optimal for such studies. In

they induce proteoglycan synthesis and apoptfgis13]
All of these processes are implicated in the pathogenesis
of AD.

We observed increased3®P and hyperphosphorylation
of tau not only in cell cultures exposed to Borrelia spiro-
chetes but also in PC12/THP-I cell cultures exposed to LPS.
These findings indicate that increase@PP together with

vivo studies, with a longer exposure time would be necessaryhyperphosphorylation of tau may be induced not only by
to study efficiently the sequence of events and the cellular living bacteria, but also by biologically active bacterial com-

mechanisms involved in the bacteria-induced beta-amyloid
deposition and “tangle” formation. Similarly, it is difficult
to determine from the present in vitro studies, whethgr A
deposits are initially intracellular then became extracellular,
or whether they are from the beginning extracellular. To an-
swer this question, further in vitro and in vivo studies will be
necessary.

The occurrence of intracytoplasmic granular changes
in astrocytes and microglia in AD was previously reported
[29]. A recent report showed the presence of granular
structures recognized by the C-terminal part, but not the
N-terminal part of the 8 peptide in a subset of astrocytes
and microglia[1]. To answer whether the bacteria-induced
OspA-positive intracytoplasmic granules in astrocytes may

ponents alone. In agreement with the present observations,
increased APP mMRNA was also reported to occur in the
basal forebrain region and the hippocampus in the rat in
response to LPS. In additionBAdeposition was observed in
the brains of rats chronically infused with lipopolysaccharide
[12,13]

Mammals are constantly exposed to bacteria. Bacterial
cell components are highly resistant to degradation by
mammalian enzymes, and thus may provide persisting
inflammatory and amyloidogenic stimuli10]. During
chronic exposure, bacteria or bacterial debris may accu-
mulate and persist in host tissues and trigger a cascade
of events leading to chronic inflammation and amyloid
deposition.
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In conclusion, the present results reinforce previous ob- and amyloidogenesis. Scand J Immunol 1994;40:337—44,
servations that spirochetes can induce a host reaction with[12] Hauss-Wegrzyniak B, Vraniak PD, Wenk GL. LPS-induced neu-
similarities to that seen in AD. The results indicate that bac- ~ feinflammatory effects do not recover with time. Neuroreport

: . . 2000;11:1759-63.
teriaand/ortheir degradation products mayenhanceacascadﬁ3] Hauss-Wegrzyniak B, Wenk GL. Beta-amyloid deposition in the

of events leading to amyloid deposition in AD. brains of rats chronically infused with thiorphan or lipopolysac-
charide: the role of ascorbic acid in the vehicle. Neurosci Lett
2002;322:75-8.

[14] Janzer RC, Raff MC. Astrocytes induce blood-brain barrier proper-
ties in endothelial cells. Nature 1987;325:253-7.

. . . [15] Jarrett JT, Lansbury PT. Amyloid fibril formation requires a chem-
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