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Abstract

Amyloid deposits resembling plaques found in Alzheimer’s disease (AD) brains were formed in the brains of non-transgenic BALB/c
mice following intranasal infection withlamydia pneumoniadhe mice were infected at 3 months of age viithpneumoniaésolated
from an AD brain. Infection was confirmed by light and electron microscopy in olfactory tissues of theGnippeumoniaavas still
evident in these tissues 3 months after the initial infection indicating that a persistent infection had been established. Amyldd beta (A
1-42 immunoreactive deposits were identified in the brains of infected BALB/c mice up to 3 months post-infection with the density, size,
and number of deposits increasing as the infection progressed. A subset of deposits exhibited thioflavin-s labeling. Intr@ddeldear A
labeling was observed in neuronal cells. Experimental induction of amyloid deposition in brains of non-transgenic BALB/c mice following
infection withC. pneumoniaenay be a useful model for furthering our understanding of mechanisms, linked to infection, involved in the
initiation of the pathogenesis of sporadic AD.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction to sporadic AD, accounting for the vast majority of all AD
cases, do not possess mutations in the previously mentioned
Alzheimer's disease is classified as two distinct forms: genes. Expression of thd allele of theapoEgene is con-
familial and sporadic. The defining neuropathology of both sidered a risk factor for the development of sporadic AD
familial and sporadic AD includes the neuritic senile plaques [9,34]. Although risk factors have been identified, the early
(NSPs), consisting primarily of amyloid beta i protein, initiating events leading to the development of the sporadic
and neurofibrillary tangles (NFTs), the major component form of AD have yet to be determingd?2].
being modifiedtau protein. In general, the age of onset of Previous models of Alzheimer’'s disease have utilized
the familial form precedes that of the sporadic form. The transgenic mice over-expressing the well-characterized
familial form of disease is due to genetic mutations at sev- mutants of presenilin and gene products of beta amyloid
eral well-characterized loci. The affected genes include the precursor proteirf12,36] The over-expression of amyloid
amyloid precursor proteinapp), presenilin-1 @s-1), and results in the development of amyloid plaques in the brain,
presenilin-2 ps-2 [37,39] These mutations are responsible paralleling the pathology observed in familial AD3]. The
for the over-expression or aberrant processing of amyloid utility of the existing transgenic mouse models has been
precursor protein into the 40, 42, and 43 amino adido&p- the elucidation of the mechanisms of amyloid deposition
tides that deposit to form NSPs. Individuals that succumb into plaques and how this deposition may lead to nerve cell
damage and death. The experimental systems using trans-
" Corresponding author. Tels 1-215-871-6164: fax: 1-215-871-6889.  9€Nic mice do not address the initiating events of sporadic
E-mail addressdenaha@pcom.edu (D.M. Appelt). AD in which mutations of the amyloid precursor protein
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and presenilin are not present. In this regard, there must be2. Materials and methods
other triggering mechanisms important in the development
of the sporadic form of AD. 2.1. Propagation of Chlamydia pneumoniae

Infection has been implicated as a potential trigger in
the initiation of sporadic AD as infectious agents such as  C. pneumoniae96-41, was isolated from the brain fol-
Chlamydophila(Chlamydig pneumoniagherpes simplex  |owing autopsy of an Alzheimer's disease patient and
virus-1 (HSV-1), and spirochetes have been associated withpropagated in the HEp-2 cell line similar to the tech-
AD [3,18,29] In the initial report linkingC. pneumoniae  njque described for theC. pneumoniaerespiratory iso-
infection with AD, 90% of AD brains were PCR posi- |ate AR-39 [7]. For in vivo experiments,C. pneumo-
tive for C. pneumoniaeand the organism was detected njae was concentrated using an established technique

in regions of the brain that exhibited AD patholog]. described previouslyfj7]. In brief, a homogenate of.
C. pneumonlaewas shown to infect mlcroglla, astrocytes, pneumoniae'nfected HEp-Z cells was passed through a
perivascular macrophages, and monocy&8&6]. The or-  filter membrane with a 0.8m pore diameter to remove

ganisms were metabolically active and could be isolated |arge particulate cellular debris and the organism was
from the tissue and propagated in cells. Since the initial “captured” on a filter membrane with a Qu2n pore di-
report identifyingC. pneumoniagn the brains of AD pa-  ameter. The organism was washed from the filter with a
tients [3], attempts to replicate this observation have met small volume of Hanks balanced salt solution (HBSS).
with mixed results. Several reports were unable to detect The quantitation of inclusion forming units was deter-
C. pneumoniaén archival tissue of AD patientd1,30,32] mined following infection of a HEp-2 epithelial cell line
Two of these studies utilized PCR to examine tissue that with a serial dilution of the concentrated organism. The
was paraffin embedded, which may not be ideal for iden- inclusions were identified by immunofluorescence using a
tification of the organisn{30,32] An independent group  Chlamydiaspecific antibody directly conjugated to FITC
was also able to identiffC. pneumoniaén the brains of (Imagen, DAKO). Aliquots were diluted in HBSS to a

18 of 21 AD patients[27]. Similar to the initial report,  working concentration for the intranasal inoculation of
tissue was frozen until prepared for DNA extraction and mijce.

PCR amplification of bacterial sequences. Furthermore, a

group from the Netherlands recently identifi€d pneumo- 2.2. Infection of mice with Chlamydia pneumoniae

niae by immunohistochemistry in AD braing31]. Thus,

the inconsistencies between different groups may be due Under manual constraint, 3-month-old female BALB/c

to differences in technique and handling of tissue prior to mice were inoculated with 2-410* inclusion forming units

analysis. of the 96-41 isolate o€. pneumoniadiluted in 20-3Qu.l
Infections of the CNS have been shown to stimulate in- HBSS into their nares. The inoculum was equally dispersed

flammatory responses that result in neurodegenerftitin between both nostrils. Three female BALB/c mice were in-

Neuroinflammation has been recognized as a prominent fea-oculated at 3 months of age for each timepoint and the brains

ture in AD pathology{24]. This inflammation is thought to  were analyzed at 1-3 months post-infection. Two age- and

be associated with the processing and deposition of amy-sex-matched mice were mock infected with vehicle alone,

loid [23]. An inflammatory response stimulated by infection HBSS, as a control for each timepoint.

with C. pneumoniaeould promote the aberrant processing

and deposition of amyloid in the CNS. 2.3. Immunohistochemistry
The goal of this work was to determine whetl@rpneu-
moniae infection of naive BALB/c mice promoted dam- Mice were perfusion fixed (intracardiac) with 4%

age in the brain similar to that identified in sporadic AD. paraformaldehyde followed by removal of the brain. The
Non-transgenic BALB/c mice were chosen in order to de- brains were immersed in 4% paraformaldehyde overnight
termine the ability ofC. pneumoniaénfection to induce followed by paraffin embedding and serial sectioning at
AD-like pathology in the absence of predisposing genetic 7-10um thickness. Sections on Superffd#lus (Fisher
factors. BALB/c mice have been shown to be susceptible to a Scientific, Pittsburgh, PA) were deparaffinized, re-hydrated,
respiratory infection withC. pneumonia@and also maintain  and quenched for endogenous peroxidase activity (5min in
a persistent respiratory infectigi9,21,28,42] Although 3% H,0Oy). Following a phosphate buffered saline (PBS)
the organism has been shown to persist in the respiratoryrinse at room temperature (RT), antigen retrieval incitra
tract, persistence df. pneumoniaénfection in the mouse  antigen retrieval buffer (BioGenex, San Ramen, California)
CNS has not been described. As the establishment of a perwas performed for 30—-45s in a microwave. Sections were
sistent infection in the CNS may lead to inflammation and blocked in 2% fetal bovine serum (FBS)/PBS three times
neurodegeneration, this study tested the hypothesisCthat for 15min each at RT. When mouse monoclonal antibod-
pneumoniadnfection in BALB/c mice initiates processes ies were used, slides were blocked in M.O.M. mouse IgG
that result in the development of AD-like pathology in the blocking reagent (Vector M.O.M. kit, Vector Laboratories,
brain. Burlingame, CA) for 1h at RT, rinsed, and incubated for
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5min in the M.O.M. blocking buffer. For all sections, the of amyloid precursor protein, a rabbit polyclonal antibody
primary antibodies were incubated overnight &C4 The was used at 1:500 (Sigma—Aldrich). For the detection of
sections were rinsed in PBS three times for 5min each, reactive astrocytes, a rat monoclonal antibody against glial
blocked three times for 15min each in 2% FBS/PBS, fibrillary acidic protein (GFAP) was used at a concentration
and incubated with appropriate secondary antibodies inof 10ug/ml (ZYMED Laboratories Inc.). Detection of.

a humidified chamber for 2h at RT. The sections were
rinsed with PBS three times for 10 min each and visual-
ized with 3,3-diaminobenzidine (DAB) (Sigm&ASTM,
Sigma—Aldrich, St. Louis, MO). Sections were rinsed with
dH2O, counterstained with Harris’ alum hematoxylin (EM
Sciences Harle® EM Industries Inc., Hawthorne, NY),
and mounted in either aqueous mount or in Pernfdunt
(Fisher Scientific). Sections were viewed on a Nikon Eclipse

pneumoniaaised two different monoclonal antibodies: one
antibody used at a concentration of§/ml recognized the
major outer membrane protein (MOMP) (DAKO), the other
recognized chlamydia lipopolysaccharide (LPS) and was
used neat (Imagen, DAKO). Secondary antibodies consisted
of sheep anti-mouse IgG (H L), donkey anti-rabbit IgG

(H + L), and goat anti-rat (all were conjugated to HRP and
used at dilutions between 1:200 and 1:300) (Amersham

E800 microscope. Images were captured on a Spot RT cam-Biosciences, Piscataway, NJ and ZYMED Laboratories
era (Diagnostic Instruments, Sterling Heights, MI) using the Inc.), and a goat anti-rabbit antibody conjugated to alka-
Image Pro Plus Phase 3 Imaging System software (Medialine phosphatase was used at 1:300 (Vectastain kit, Vector

Cybernetics, Silver Spring, MD).

2.4. Dual labeling of GFAP and amyloid

For dual labeling, sections were deparaffinized, rehy-

Laboratories).

2.6. Thioflavin-s staining

The sections were stained according to a protocol pub-

drated, and quenched for endogenous peroxidase activitylished at websitéattp://www-medlib.med.utah.edu/WebPath/
as above. Antigen retrieval was performed, sections werewebpath.htmlIn brief, sections were deparaffinized, rehy-
rinsed three times over 5min, and blocked in 2% FBS/PBS drated, counterstained in Mayer's hematoxylin (Electron

three times for 15min each at RT. For this procedure, all
incubations of primary (1st rat anti-GFAP and 2nd rabbit
anti-AB1-42) and secondary antibodies (1st anti-rat HRP

Microscopy Sciences, Fort Washington, PA) for 5min,
rinsed in water for 5min, rinsed idH>O and stained with
1% thioflavin-s (Sigma—Aldrich) for 5 min, followed by dif-

and 2nd anti-rabbit alkaline phosphatase) were carried outferentiation in 70% alcohol for 5 min. The sections were then

in a humidified chamber at 3T for 15 min followed by

mounted in glycerin jellylgttp://www-medlib.med.utah.edu/

three rinses over 5min. The sections were incubated with WebPath/webpath.html

DAB for 8—10 min following incubation with the first°land

2° antibody pair and with the avidin biotin complex (ABC)
reagent (Vector Laboratories) following by the secorid 1
and 2 antibody pair, and then allowed to react with the
bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium
(BCIP/NBT) (DAKO Corporation, Carpinteria, CA) for
10 min. The sections were rinsed withl,O, counterstained
with methyl green (ZYMED Laboratories Inc., San Fran-
cisco, CA), rinsed withdH»O, dehydrated, and mounted

2.7. Electron microscopy

Samples of paraformaldehyde-fixed brain tissue, olfactory
epithelia, and olfactory bulbs were immersed in 1% osmium
tetroxide (Electron Microscopy Sciences) diluted in PBS for
1h at RT, dehydrated in 50% ethanol for 30 min, stained
with 2% uranyl acetate (Electron Microscopy Sciences) in
50% ethanol, and dehydrated in graded ethanols followed by

with Permount. The colors of the reactive astrocytes were an overnight incubation with a 50/50 mixture of propylene

black or brown/black, amyloid plaques were blueish purple,
and nuclei/cytoplasm were green.

2.5. Antibodies

For the detection of beta amyloid, the following anti-

oxide/epon (Electron Microscopy Sciences). Samples were
embedded in epon Embed 812, sectioned on a Riechert ul-
tramicrotome, and viewed on a Jeol 1200 EX transmission
electron microscope.

bodies were used: rabbit polyclonal antibodies against the3. Results

carboxyl-terminal fragment of p1-42 (Oncogene Re-
search Products, Boston, MA) and full length peptide of
AB1-42 (Biosource International Inc., Camarillo, CA) were

used at concentrations of 2 and 0.25 mg/ml, respectively, a

3.1. Chlamydia pneumoniae is present in the olfactory
tissues of infected mice

mouse monoclonal antibody (4G8) to the amino acid 17-24  Olfactory bulbs from infected and uninfected mice were

peptide of human A1-42 was used at a 1:500 dilution
(Signet Laboratories Inc., Dedham, MA), and a rabbit poly-
clonal anti-A31-40 (Sigma—Aldrich) to the full length 1-40

processed for both light and ultrastructural analyses. The
presence of. pneumoniaantigen was detected by light mi-
croscopy usingChlamydiaspecific antibodies in the olfac-

peptide was used at a dilution of 1:50. For the detection tory tissues. The most prominent labeling was observed in
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Fig. 1. Chlamydia pneumoniaantigens in the olfactory tissues of infected mice. Olfactory bulbs were examined by light microscopy for the presence
of Chlamydiaantigens. Representative imagesQiflamydiaspecific labeling in olfactory tissue are shown. Three months after intranasal inoculation,
Chlamydiaantigens were detected in olfactory epithelia (A) as well as the granular insular layer of the olfactory bulb (B), as observed with deposition
of brown reaction product (bars 25um).

olfactory epitheliaFig. 1A) and the granular insular layer of ameter at 1 month post-infection, and resembled immature
the olfactory bulbsKig. 1B) of mice infected for 3 months.  AD plaques Fig. 3 and Table ). At 2 and 3 months,
Chlamydial organism was identified by electron microscopy there was an increase in number and size of the amyloid
in the olfactory bulbs at 1-3 months post-infectidfig( 2), deposits Fig. 3 and Table 7. At 3 months post-infection,
indicating that a persistent infection had been established innumerous 8 immunoreactive plaques in the mouse brain
the animals. Elementary body forms were identified within were observed in regions in which AD plaque pathology is
intracellular vacuolesC. pneumoniaavas not detected by  observed in the human braiRi¢). 4). These areas included
either light or ultrastructural analyses in control mice. the hippocampus, the amygdala, the entorhinal cortex, the
perirhinal cortex, and the thalamic regiosd. 5). The to-
3.2. Mice infected with Chlamydia pneumoniae undergo tal numbers of 81-42 immunoreactive deposits increased
amyloid deposition in the brain from 7 at 1 month post-infection, to 122 at 2 months
post-infection and 189 at 3 months post-infectidalfle J).
Intriguingly, the animals that had been inoculated with With regard to size of these deposits, they range in size
C. pneumoniaglemonstrated B1-42 immunoreactive de-  from less than 2Qum (+/e, blue dot) to greater than {0n
posits at 1-3 months post-infectioRig. 3). These deposits ~ (+++/e, red dot) in diameter. The majority of deposits
were immunoreactive with both monoclonal and polyclonal exceeding 2Qum in diameter were observed beginning at
AB1-42 antibodies. These extracellular deposits were 2 months post-infection. The mock (vehicle alone) con-
not immunoreactive with antibodies specific for APP or trol mice displayed only the smallest deposits of amyloid
AB1-40 (data not shown). In the infected animalg1A42 (20pm or less), and the number and size was not different
immunoreactive deposits were non-dense, predominantlyat any of the examined timepoints (sé&ble J, suggesting
diffuse, accumulations of amyloid less than 2@ in di- that C. pneumoniaes the stimulus for the progression of

Fig. 2. Ultrastructural profiles o€hlamydia pneumoniagn the olfactory bulbs of infected mice. The olfactory bulb tissuesCofpneumoniaénfected
mice were examined for the presence of the bacteria. The olfactory bulbs were examined 1 month (A), 2 months (B), and 3 months (C) following
infection and elementary body forms (arrows) were identified (ba#90 nm).
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Fig. 3. Immunohistochemical analyses of’-42 immunoreactive deposits in the brains of mice following infection v@tilamydia pneumoniae
demonstrating variable deposit sizes, (++, +++). Representative images offA—42 immunoreactive deposits in the following brain regions, the
caudate/putamen of 1 month infected (panel A), the red nucleus of 2 months infected (panel B), and the piriform cortex of 3 months infected mice
(panel C). In panel A, bae 80pm; panels B and C, bas 90pm.

amyloid deposition in the infected animals. While focal 3.3. Fibrillogenic amyloid deposits are present in the
deposits were observed in our infected animals, the extentbrains of infected mice

of deposit development after 3 months may still only ac-

count for early initiation events triggered by infection with As thioflavin-s is used as an indicator for the conver-
C. pneumoniae sion of amyloid into fibrillogenic forms in AD plagues, we

Fig. 4. Immunohistochemical analysis of the distribution o81A42 deposits in the brains dfhlamydia pneumoniamfected mice. Central and
intermediate gray (panel A), superior gray and CA1 (panel B), dentate gyrus (panel C), and presubiculum (panel D). In panel480pan; panel
B, bar= 200um; panel C, bae 90pum; and panel D, bae 25um.
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Table 1

The total number of f1-42 positive immunoreactive deposits in the brains of tl@e@neumoniaénfected and two uninfected (vehicle alone) control
BALB/c mice per group evaluated after 1-3 months

Total number Deposits by score
+ (@, blue dot) ++ (=, yellow dot) +++ (@, red dot)

1 month post-infection

Infected @ = 3) 7 6 1 0

Uninfected i = 2) 6 6 0 0
2 months post-infection

Infected f = 3) 122 104 16 2

Uninfected ¢ = 2) 17 17 0 0
3 months post-infection

Infected @ = 3) 189 150 36 3

Uninfected 6 = 2) 9 9 0 0

The AB1-42 positive deposits were scored by color: blue, the smallest (less them 20 diameter); yellow, intermediate (greater thany20 and less

than 70um in diameter); and red, the largest deposits (greater thamnvth diameter). Representative images @§1A-42 positive deposits are shown
in Figs. 3-5

Fig. 5. The progression of @l—-42 immunoreactivity at the level of the hippocampus following infection wW@tilamydia pneumoniaeThe brains of

three infected mice per group showed an increased total number and sifd-efi2deposits as the length of infection increased (panels A—C). Deposits

are distributed in widespread areas including those which typically display AD pathology such as the hippocampus, the dentate gyrus, and ghe amygdal
The total number of deposits in this region, represented by solid circles (plugellow, ++; and red,+++), increased from 2 at 1 month (panel

A) to 12 at 2 months (panel B) and finally 86 at 3 months (panel C). A montage of a single hemisphere illusgatd®? Ammunoreactive deposits
(arrowheads) of a mouse brain 3 months post-infection (panel D). This montage shows extghgiathélogy in a single 1@:m thick coronal section

(bar= 200m). Images used in panels A—C were taken from the Mouse Brain Libramw(mbl.org [33,38]
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Fig. 6. Following infection withChlamydia pneumoniaea few amyloid deposits in the brains contained fibrillogenic amyloid. Sections demonstrating
fibrillar AR deposits were labeled with thioflavin-s (green) at 1 month (panel A) and 3 months post-infection (panel B) $0ausn).

used this to determine if amyloid deposits in the mouse 3.4. Reactive astrocytes and amyloid deposits

brain were fibrillogenic. Our model strictly demonstrates

accumulation of mouse amyloid, which normally does not  \We observed reactive astrocytes, at times, in close prox-
deposit and/or undergo fibrillogenesis in the mouse brain. imity to the AB1-42 deposits at 3 months post-infection
For this reason, we tested whether thg1A42 immunore-  (Fig. 7). Activated astrocytes were observed in the brains of
active deposits of mouse amyloid displayed properties 2 month infected mice, but not co-localized with obvious
similar to mature plaques consisting of human amyloid. amyloid deposits. After 3 months, numerous reactive as-
Thioflavin-s positive deposits were observed in the brains of trocytes were presenEig. 7A) and were co-localized with

C. pneumoniaénfected mice at 1-3 months post-infection some A31-42 depositsKig. 7B). Reactive astrocytes sur-
(Fig. 6). Only some of the £1-42 immunoreactive plaques rounded some vessels demonstrating perivascufrA2
were thioflavin-s positive, indicating that a small subset of immunoreactivity, suggestive of amyloid angiopathy ob-
the AB1-42 deposits were comprised of fibrillogenic forms served in AD brains Rig. 70). As the time of infection

of amyloid. increased, astrocyte activation in regions with amyloid de-
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Fig. 7. Astrocyte activation and co-localization with amyloid deposits. Three months after the initial infection, numerous activated asBBajes (

positive, brown/black) were observed in regions absent of obvious amyloid deposits (panel A). Astrocytes were also observed co-localized with some

amyloid deposits (f1-42, blue/purple) (panel B), and associated with amyloid around blood vessels (panel C). In paneEASMam; panel B,
bar= 20um; and panel C, bae 25pm.
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Fig. 8. Intracellular A81-42 immunoreactivity in the brains of mice 3 months post-infection. Note tR@-A2 labeling (brown), both intracellular
and extracellular, in the superior gray (panel A), as well as intracellular labeling of the perikaryon and processes of neuronal cells at thkelevel of t

hippocampus (panel B). In panel A, bar60um; panel B, bae= 15um.

posits also increased. Some regions where the astrocytepneumoniaés capable of accelerating or inducing AD-like

appeared activated had no evident depositg.(7A). The
activation of astrocytes without obvious amyloid deposits

pathology, and may be a trigger in the pathogenesis of AD.

may be due to soluble fragments of amyloid, as these are4.1. Experimental models of AD

potent stimulators of astrocyte activatif#t].
3.5. Intracellular amyloid beta 1-42

In addition to the extracellular deposits ofA—42,
intracellular cytoplasmic B1-42 immunoreactivity was
observed in the brains of infected mice at 3 months
post-infection Fig. 8). In particular, the perikaryon and

The generation and accumulation of pathology in the
AD brain occurs in a progressive fashion, with deposition
of amyloid increasing with aggs]. The transgenic mouse
models of AD show that amyloid deposition progressively
develops throughout the mouse brdit?]. In the mouse
models that express mutated humapp, ps-1, or ps-2
genes, substantial amyloid deposition is not apparent prior

cell processes of neuronal cells in the hippocampal region to 9 months of age. The degree of amyloid deposition in our

exhibited this labeling. In some areas of intracellular label-

3 month C. pneumoniagénfected non-transgenic BALB/c

ing, extracellular deposits of amyloid were also apparent mice may reflect an early stage in the development of amy-

(Fig. 8A). Discrete A31-42 immunoreactive extracellular

loid deposits. Given that the stimulus for amyloid processing

fragments were also observed, suggesting that these fragand deposition is different between these two experimental

ments accumulate prior to the formation of a more focal
deposit Fig. 8B).

4. Discussion

This study has addressed the rol&oppneumoniainfec-
tion in the induction of amyloid deposits in non-transgenic
mice. This microorganism was identified in the olfactory
epithelia (chlamydial antigens) and the olfactory bulbs
(chlamydial antigens and typical morphology) by both light
and electron microscopy. Analysis of pathology in the brain

systems, a direct comparison is not possible. Non-transgenic
BALB/c mice typically do not develop amyloid pathology
[8,10], however following experimental induction, these
mice developed deposits consisting solely of mouse amy-
loid. Mouse A3 is highly homologous to human@y15,20],

but typically does not deposit into plaques. Presumably,
pneumoniadnfection stimulated the processing of mouse
APP, resulting in fragments of amyloid that deposit and
undergo conformational change into fibrillogenic forms.
Although transgenic mice have been appropriate models for
studying the development of amyloid pathology, due to their
mutations, these models more closely align with familial

revealed amyloid deposits that resembled amyloid plaquesAD than with sporadic AD. Our experimental model shows,

found in the human AD brain. Activation of astrocytes as

that in animals with no genetic modifications, infection

well as co-localization of some of these reactive astrocytesWith C. pneumonia@lone was sufficient to induce AD-like

with the amyloid deposits suggested that a cellular inflam-

pathology.

matory response was initiated. This response could be due

to the presence d€. pneumonia®r directed against amy-
loid deposits induced bZ. pneumoniaénfection. The in-

duction of amyloid deposits in the brains of non-transgenic

BALB/c mice supports the hypothesis that infection with

4.2. Chlamydia pneumoniae infection

Previous studies that investigated the rol&Cofpneumo-
niae as a respiratory pathogen used an intranasal route of
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inoculation for infection[35], as this is the natural route
of infection for this obligate intracellular pathogen. In our
studies, mice inoculated intranasally wi@ pneumoniae We observed amyloid deposits at 1 month after inocula-
demonstrated infection in the nasal olfactory epithelia within tion, and the amyloid deposits in the brain increased in num-
1 month. The bacteria were still evident after 3 months, ber and size as the infection progressed. A subset of these
suggesting that a persistent infection had been establisheddeposits also exhibited thioflavin-s labeling, revealing the
Infection in the olfactory epithelia resulted in subsequent fibrillogenic nature of the amyloid in these deposits. In con-

4.3. Amyloid deposition

infection of the olfactory bulbs. Presumably, infection of
the olfactory bulbs occurred via an intracellular route from
the original site of infection, as ultrastructural analysis
verified the presence of the organism in vacuoles within
cells of the olfactory bulb. Alternatively, the organism may
have trafficked to the olfactory bulbs in an extracellular
fashions, as we have detect€d pneumoniaeantigens in
the interstitial spaces at the level of the granular insular
layer. Either scenario could facilitate further trafficking of
the organism from olfactory bulb to deeper regions of the
brain.

Interestingly, the olfactory pathways and entorhinal cor-
tex exhibit the earliest pathology in the AD brditv]. The
specific vulnerability of these pathways to pathology is not
well understood. Previous study of the relationshipGof
pneumoniaand AD revealed genetic material from the or-
ganism in olfactory bulbgL6]. In addition, the organism was

trast, the deposits observed in uninfected mice that received
vehicle alone were mostly small, diffuse, and few in number,
representing a baseline level in uninfected mice. In addition
to the amyloid deposits in the infected mice, other patholo-
gies consistent with AD were apparent. These included the
accumulation of amyloid around blood vessels, and acti-
vated astrocytes, some of which co-localized witB1A42
positive deposits. This may lead to amyloid angiopathy and
inflammation, predisposing the brain to further damage.
The activated resident astrocytes may be responding to the
amyloid deposits and/or t€. pneumoniadacterial prod-
ucts. It has been shown previously that peripheral stimu-
lation with LPS induced a transient increase in inflamma-
tory cytokine mRNAs, and changes in APP isoforms in the
brains of miceg6]. In addition, others have shown that bac-
terial LPS infused into the rat brain induces an inflammatory
response as indicated by microglial reactivity and cytokine

identified in the entorhinal cortex, the hippocampus, and the expression, characteristic of inflammation in the AD brain

temporal cortex of AD brains suggesting that the organism
can traffic to these sitd8]. Analogous to the human find-
ings, infection was confirmed in the olfactory bulbs of our
experimental mice indicating that the olfactory pathway is
vulnerable to infection.

Following intranasal inoculationC. pneumoniaetypi-
cally establishes a lower respiratory tract infection. Usually,
the lower respiratory tract infection is self-limited with the

[14]. Therefore, we believe that soluble factors produced by
C. pneumoniaesuch as LPS, could influence amyloid pro-
cessing at sites distal to the infected cells. Production of cy-
tokines such as ILf3, TNF-«, and IL-6 by LPS-activated
glial cells could result in the upregulation of amyloid pro-
duction and processing. Although inflammation in AD, as a
result of A3 deposition, is accepted as a major mechanism in
overall pathogenesi24], C. pneumoniaénfection may be

host immune response resolving the infection within several an initial stimulus activating A processing and deposition.

weeks[35]. This was confirmed in our experiments using
the 96-41 isolate of. pneumoniagunpublished observa-
tions). Therefore, mice inoculated with either a respiratory

Inflammation, the host response to infection withpneu-
moniae may prevent or inhibiC. pneumoniageplication
while stimulating the aberrant processing of amyloid. Al-

isolate or the 96-41 isolate appear to establish infection in though the mice appear to be asymptomatic, these mice har-

a similar fashion.

Infection in the lung serves as a stimulus for monocyte
and lymphocyte infiltration and these cells are suscepti-
ble to infection byC. pneumoniad1,4]. C. pneumoniae

bor C. pneumoniaén olfactory tissues. It is also apparent
that these mice have activated glial cells in regions of the
brain where ncC. pneumoniadéas been detected. This acti-
vation may be in response to bacterial products (LPS), host

may infect and utilize these host immune cells to traf- factors produced in response to the infection (cytokines) or
fic systemically to distant sites, particularly to the central in response to the amyloid deposits. At this point, it is not
nervous system. Recent studies have shown that infec-clear which of these is the stimulus for continued glial ac-
tion of monocytic cells enhances transmigration across tivation, but this global response may prevent the spread of
a human brain microvascular endothelial cell lay25]. C. pneumonia¢o deeper cortical regions.

Infected perivascular macrophages and monocytes have

been observed in and around blood vessels in AD brains4.4. Neuronal intracellular amyloid

[3]. Taken together, these data suggest that infection

of leukocytes withC. pneumoniaepredisposes the cen- Amyloid deposits, resulting from the processing of en-
tral nervous system (human, and potentially mouse) to dogenous amyloid into B1—-42 positive fragments, were
infection from the systemic circulation. Although sys- found in much greater numbers in the infected mice as com-
temic infection may be an alternate route, the olfactory pared with the minimal number of deposits found in the
pathway(s) was the primary route of infection in this vehicle-alone inoculated age-matched control mice. As in-
study. tracellular A31-42 labeling occurs in cortical neurons, intra-
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cellular processing of amyloid into@4-42 may contribute  induced the deposition of a progressive accumulation and
to the extracellular amyloid deposition. Our findings are con- maturation of mouse amyloid, not an overexpressed human
sistent with recent reports of intracellular processing of amy- protein. Following the infectious trigger, reactive astrocytes
loid into AB1-42 forms in pyramidal neurons in the entorhi- in some regions of the brain were associated with amyloid
nal cortex of AD braing10,40]. AlthoughC. pneumoniae  deposits as well. Over time, the mice infected withpneu-
infection in cortical neurons has not been shown, chronic moniaemay also exhibit other characteristic neuropathology
infection of the olfactory pathways may stimulatg Asro- typical of AD such as NFTs. Although there are no obvious
cessing and deposition at sites within the limbic pathway tangles at this early stage in the development of pathology,
connected to olfactionC. pneumoniagnay exert an influ- they may develop with prolonged exposure to the infectious
ence on cells within this synaptic field, presumably through agent. Thus, the experimental induction of AD-like pathol-
a pro-inflammatory process. Thus, infection in the olfactory ogy in young non-transgenic mice following infection with
bulb may result in the deposition of extracellulaBB-42 C. pneumoniaenay parallel the early development of spo-
identified in the entorhinal cortex, the amygdala, and the radic AD.

hippocampal formation. Considering that this study was of

relatively short duration, extended times of infection may be
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