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Abstract 

It has been suggested that infection with Chlamydia may play a role in the 

initiation/progression of Alzheimer’s disease (AD).  To evaluate this hypothesis APP/PS 

transgenic mice (genetically manipulated to express AD pathology) and wild type (Wt) 

mice were infected with C. muridarum, and magnetic resonance imaging (MRI) and 

histopathology were used to assess pathological changes.  

Congo red staining of tissue sections demonstrated no AD plaque pathology in Wt 

infected and non-infected mice, while clear pathology (neuritic plaques) was seen in 

transgenic mice, with a trend towards higher plaque counts in the brains in the infected 

transgenic mice.  

When MRI was used to evaluate the effects of infection in vivo, hyperintensities 

in T2 times were observed in APP/PS infected mice compared to APP/PS control mice 

both at month 5 and month 20.  Together these results suggest that infection with 

Chlamydia may accelerate the development of AD.
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1. Introduction 

1.1 Hypothesis: 

It has been hypothesized, somewhat controversially, that infection with 

Chlamydia may play a role in the development or progression of Alzheimer’s disease (4, 

48, 56).  This study aims to establish whether infection with Chlamydia species can 

indeed trigger or alter plaque progression associated with AD in transgenic mice.  

 

1.2 Infection and chronic disease: 

It is becoming increasingly apparent that many chronic illnesses (for example 

heart disease and some forms of cancer) previously thought to be environmental, life 

style or stress related are in fact the result of a persistent microbial infection (3, 11, 34).  

While this novel approach to the underlying cause of chronic disease is relatively new 

(originating only in the late 1980’s), in 2005 it led to the award of the Nobel Prize for 

Medicine to Barry J. Marshall and Robin Warren of Australia who proved a conclusive 

link between bacterial infection and gastrointestinal ulcers.  The discovery that ulcers are 

caused by the bacterium Helicobacter pylori is highly significant given that more than 

half the world’s population is infected with this bacterium, and its persistence can be life 

long.  This persistent infection has also been linked to stomach cancer.  Given this link 

between infection and chronic disease, it is not surprising that bacterial persistency, a 

long lasting balanced relationship with the host, is currently receiving a great deal of 

attention (6). 

In some cases, disease linked to chronic infection is actually the result of this 

host-infection interaction.  For example, disease may be the result of the body trying to 
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remove this persistent infection.  In other words, disease may arise as a result of the 

activities of the body’s immune system.  For example, Staphylococcus epidermidis is a 

bacterium primarily found on the skin, and can lead to different chronic diseases such as 

arthritis, inflammation of the heart and kidney disease (43).  Streptococcus pyogenes is 

the causative agent in both the autoimmune disease rheumatic fever and acute 

glomerulonephritis (a serious form of kidney disease).  In both cases, disease is caused by 

an immune response triggered by some material present in the bacterium that closely 

resembles material present in human tissues.  Unfortunately, this means that the immune 

response will not only be directed against the bacterium, but also against the human 

tissues.  A process known as molecular mimicry can then lead to severe chronic disease, 

such as inflammation of the heart valves or arthritis (3).  In other instances the disease 

may be the result of a direct interaction between the infectious agent and the body, for 

example certain viruses, such as Hepatitis B, Hepatitis C, Epstein-Barr virus, and human 

papillomaviruses, have been linked to some forms of cancer (11).  

 What is perhaps most worrying about the link between infection and chronic 

disease is that it is not exotic bacteria or viruses that are implicated: it is common bacteria 

and viruses.  There is a proven link between hepatitis virus and cirrhosis in the liver 

resulting in liver cancer and species of the common bacterium Chlamydia has been 

implicated in a variety of chronic disease (82).  Previous studies have shown a strong 

association between chronic Chlamydia infection and atherosclerosis (3).  As coronary 

artery disease accounts for almost 50% of premature deaths in North America, the 

implications of this association are significant.  Chlamydia has also recently been 
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implicated in inflammation of the heart, a condition called endocarditis.  

 

1.2.1 Chlamydia and AD:  

Chlamydia species have also been implicated in non-cardiovascular chronic 

diseases.  Previous studies have shown Chlamydia pneumonia (a species of Chlamydia 

causing pneumonia) infection of the brains of AD patients upon autopsy (3).  Both C. 

pneumoniae DNA as well as viable organisms present in post mortem brain tissue of AD 

patients (4, 48, 49, 56).  PCR assays were used to examine 19 samples of post-mortem 

brain tissue from late-onset AD patients and 19 non-AD patients (4).  Results of the study 

indicated 17 out of 19 AD patients were positive for C. pneumoniae DNA in the 

hippocampus and cortex, while 18 out of 19 non-AD patients were negative for C. 

pneumoniae in brain tissue.  Electron microscopy and immunoelectron microscopy 

corroborate some of these results.  C. pneumoniae was successfully cultured from the 

sites of infection in the AD brain in a monocyte cell line demonstrating the presence of 

the organism at the site of disease.  Finally, viability of the organism was tested by 

targeting mRNA of the gene encoding for the 3-deoxy-D-Manno-2-octulosonic acid 

transferase enzyme, responsible for lipopolysaccharide (LPS) synthesis on C. 

pneumoniae.  The results showed the presence of viable C. pneumoniae in regions of the 

brain known to be associated with AD. 

Perhaps the most convincing evidence for a role of C. pneumoniae infection in 

AD comes from a recent study that demonstrated AD pathology in the hippocampus, 

amygdalae, cortex and thalamic region of the brain in mice infected intranasally with C. 

pneumoniae (44).  The authors observed the organism in the nasal olfactory epithelia, 
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which lead to infection of the olfactory bulb.  From this region it is plausible that 

infection may have spread to adjacent areas of the brain.  In a follow up study, 

researchers were unable to repeat these findings but rather reported immunoreactive AD 

pathology in mice infected with C. pneumonia and also in mice given a sham infection 

(9).  The authors state that there were a number of experimental variations between the 

studies, which may account for the different results.  The purpose of this study is to 

provide further evidence that may shed some light on the possible relationship between 

Chlamydia and AD.  For clarity the pathology of a Chlamydia infection is addressed first, 

followed by the hallmarks of AD and finally how MR imaging was used to detect 

changes in the tissue associated with these two effects.  

 

1.2.2 Transmigration to the central nervous system: 

C. pneumonia may enter the brain by a number of different mechanisms.  C. 

pneumonia was isolated in the olfactory bulb of infected mice, so the olfactory pathway 

is suspected to be a mode of entry to the brain by the pathogen (31, 44).  Previous studies 

have demonstrated an alternate mechanism where C. pneumoniae may infect immune 

cells, such as human monocytes (1), and cross the blood brain barrier (BBB) (47).  The 

BBB impedes the influx of dangerous compounds from entering the brain (5).  It is a 

selective barrier that excludes dangerous compounds from crossing while at the same 

time allowing necessary compounds to enter.  C. pneumoniae infected monocytes and 

macrophages have been observed in and in close proximity to blood vessels in patients 

with AD (4).  This evidence makes a strong case for immunopathology of C. pneumonia 

in humans facilitated by infection of monocytes and macrophage.  Interestingly new 
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evidence suggests that the presence of LPS, an endotoxin located on the surface of 

Chlamydia, may impair function of the BBB, increasing its permeability (66).  This 

increase in permeability of the BBB may allow dangerous compounds to enter the brain, 

suggesting that the central nervous system is at risk during a Chlamydia infection.  

It is possible that Chlamydia is merely an opportunistic infection entering the 

brain when a breakdown in the BBB occurs.  Organisms may penetrate the BBB after the 

onset of AD, which also has an effect on BBB permeability (5).  AD patients may acquire 

a C. pneumonia infection from low activity or being bedridden and the pathogen enters 

the brain in later stages of the disease.  Interestingly a link has been established between 

AD and pneumonia infections although the exact nature is not well understood (4, 68, 

78). 

 

1.2.3 Chlamydia lifecycle: 

Chlamydia has a unique developmental cycle consisting of two different 

morphological states: the infectious form known as the elementary body (EB), and the 

reproductive form known as the reticulate body (RB) (6). 

The EB attaches to the cell membrane and is then taken up by endocytosis (26) 

(Figure 1).  Chlamydia species are intracellular bacteria that are dependent on host energy 

for protein synthesis.  The EB then differentiates into a RB, reproduces by binary fission 

and collects in a micro-colony known as the inclusion body.  

At this stage the organism may initialize a persistent state, usually induced by 

treatment with an antibiotic, a cytokine such as interferon-gamma released by the host to 
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Figure 1:  The intracellular lifecycle of Chlamydia species (75).  
Chlamydia exhibit two distinct states in the lifecycle, the infectious form known as the 
elementary body and reproductive form known as the reticulate body. 
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fight infection, or by a restricted state of nutrients in the cell.  Persistence is characterized 

by the inability of the host immune response to clear the infection completely where 

bacteria are unable to be cultivated but remain viable (26, 30).  Persistence is a means of 

avoiding threatening external factors and aids in immune response evasion (6).  If 

persistence is not established, differentiation occurs back into EBs.  Despite having a 

large infectious load, the host cell is minimally disrupted by the infection.  Bacteria are 

either released by lysis of the cell or extrusion of the entire inclusion through the cell 

membrane, leaving the cell viable. 

The persistent state allows Chlamydia to establish a balance with the host, 

allowing for chronic infections that have been implicated in a number of chronic disease 

states.  This unique stage of lifecycle may result in multiorgan dissemination to different 

tissues in the body including privileged areas, such as the brain.  A previous study 

showed C. pneumonia established a persistent infection in neuronal cells in vitro by 

interfering with apoptotic pathways (2).  This evidence suggests that if Chlamydia was 

able to establish a persistence infection in the brain it could induce neuroinflammation 

and have an impact on AD. 

 

1.2.4 Chlamydia muridarum: 

Chlamydia muridarum, which has specific mouse host tropism and naturally 

causes respiratory tract infections in mice, was chosen to assess the impact of a 

Chlamydia infection on chronic AD (52).  The main advantages of using the C. 

muridarum over the human pathogen C. pneumoniae include:  both strains exhibit a 

similar pathology including the ability to undergo a persistent infection, it is safer to work 
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with C. muridarum from a biosafety perspective as it is not a human pathogen and C. 

muridarum is a natural cause of infection in the mouse.  The lack of tryptophan 

biosynthesis genes in C. muridarum may contribute to murine species tropism because 

proinflammatory interferon gamma (IFN-γ) cytokine contributes to tryptophan depletion 

in humans (59). 

Chlamydia species, including C. muridarum and C. pneumonia, have a highly 

conserved genome with respect to gene order and content (59).  There are several 

important similarities in pathology between C. pneumoniae and C. muridarum.  The route 

of infection for both organisms is by aerosol to the respiratory tract and lungs.  Both a 

cell mediated and humoral immune response is elicited by the host during an acute 

Chlamydia infection.  Humoral immunity includes the activation of plasma cells and 

production of antibodies (Ab), such as IgG and IgA.  Plasma B cells play an important 

role in activating the T cell response during infection (25, 39, 85).  

Both organisms carry genes associated with nucleotide scavenging and 

biosynthesis not found in the C. trachomatis serovar D genome (59).  The organisms also 

have a broad range of host tissue tropism exclusive to human and murine hosts in C. 

pneumoniae and C. muridarum, respectively.  In both cases the organism has been 

isolated from lung epithelial cells as well has heart tissue (17).  Significant growth was 

observed in the heart and aortic valves following intranasal infection with C. muridarum 

indicating dissemination to cardiac tissues.  

C. muridarum infection in the mouse was the model chosen for this study because 

C. muridarum can persist in the body and readily infect different cells.  For example, 

recent evidence shows C. muridarum was not only able to survive in dendritic cells in 
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excess of 9 days but the number of bacteria cultivated from these cells was less than 

originally estimated (60).  Organisms recovered from infected dendritic cells were able to 

infect other mice, indicating C. muridarum was viable.  The fact that fewer bacteria were 

isolated than expected coupled with the viability of the organism strongly suggests C. 

muridarum was in a state of persistence (60).  This evidence supports previous findings 

that following an acute lung infection with C. muridarum, active bacteria were readily 

detectable in multiple organs including cardiac tissue and the kidneys (17).  The infection 

may have spread systemically from the lungs to other organs in the body, resulting in 

immunopathology (17).  The authors suggest that C. muridarum may induce 

cardiovascular disease in mice.  Interestingly cardiovascular disease has been linked to 

AD and may have an effect on plaque progression associated with AD (64).  Vascular 

pathology has a high incidence rate in patients with AD.  Both AD and cardiovascular 

disease have common risk factors, including inflammation which may be induced by a 

pathogen such as Chlamydia. 

If Chlamydia is able to enter the brain it is possible it may be involved in 

orchestrating plaque pathology events in AD.  In fact, C. muridarum have demonstrated 

the ability to enter the brain after an acute infection in the lungs  (Unpublished results, 

Dr. Yang).  More specifically, mRNA of C. muridarum’s major outer membrane protein 

was detected in a PCR assay in C3H mice after inoculation.  The presence of C. 

muridarum mRNA indicates viable C. muridarum was present at some point as mRNA is 

only transcribed from DNA in instances where bacteria are viable and replicating. 

Although the inoculum size differed as well as the mouse strain (C57/B6 and C3 cross in 

the present study) the evidence supports the hypothesis that C. muridarum has the ability 
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to enter the brain either systemically through the BBB or perhaps via the olfactory 

pathway.  Regardless of the mode of entry the obvious question is since C. muridarum is 

able to enter the brain what affect would the infection have on AD pathology? 

 

1.3 Alzheimer’s disease: 

1.3.1 Hallmarks of AD: 

 AD is the most significant cause of senile dementia and this threat increases with 

age (4, 31).   Currently over 20 million people suffer from AD worldwide and that 

number is expected to increase in the future due to an aging population (4, 34, 61).   

Symptoms of the disease include progressive memory loss, decreased cognition, 

problems with spatial and perceptual recognition and impairment of daily living (4).   As 

the disease worsens it interferes with the patient’s ability to function independently and 

causes a strain on the individual, health care workers and family members.  The result is 

an incredible cost burden to the health care system. 

AD pathology is characterized by extracellular neuritic senile plaque deposits 

composed of amyloid peptides termed β amyloid (βA) and intraneuronal neurofibrillary 

tangles composed of tau protein (8, 27, 40, 50).  These biomarkers are linked to neuronal 

loss and progressive dementia (Figure 2).  AD occurs in two forms: familial and sporadic, 

with the major clinical difference being the age of onset (42).  The onset of the familial 

form precedes the sporadic form, thus familial AD is usually referred to as early-onset 

and sporadic AD as late-onset.  The underlying cause of early onset is genetic, however, 

the cause of late onset AD has yet to be elucidated, and it is likely that more than one 

causal factor exists.  It is possible that a Chlamydia infection may play an important role 
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Figure 2:  The amyloid hypothesis (27).  
A hypothesis of events for amyloid protein accumulation resulting in Alzheimer’s 
disease.  The arrow on the perimeter indicates that accumulation of βA may be 
responsible for neuritic injury or neuronal cell death. 
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in late onset AD.  Extracellular neuritic plaques, aggregates of the 4 kDa 39-42 amino 

acid βA peptide derived from the C-terminus region of the amyloid precursor protein 

(APP), are a defining pathological feature of AD (21, 44, 50).  βA peptide aggregates in a 

β sheet conformation, which can be observed in the presence of Congo red stain (68). 

Congo red is the gold standard used to diagnose AD post mortem by binding to βA in 

tissue sections (46).  

 βA may induce membrane lipid peroxidation and impair function of ion-motive 

ATPases, glucose transporters and ion channels in the cell resulting in degeneration of 

synapses and neurons (24, 51).  Inflammatory events resulting from βA accumulation are 

critical to disease progression.  Reactive microglia and monocytes are responsible for 

activating a tyrosine kinase-based signal response to plaque progression, which result in 

neurotoxic products, cytokines and reactive oxygen species (14).  Microglia make up 5-

10% of glial cells in the brain and surround neurons of every type so plaques are in 

constant contact with microglia cells (33).  

APP is expressed throughout the central nervous system and is highly conserved 

among different species including mice, indicating its importance in neuronal biology.  It 

is unclear whether the association between βA and AD is causative or if βA is the end 

result of the disease stimulated by other factors (27).  Mutations in the APP gene on 

chromosome 21 play an important role in the familial form of AD, which may indicate a 

causal role in the disease (22).   

The pathologically important mutations are located at sites within the APP gene. 

APP is cleaved by enzyme complexes known as secretases, with γ-secretase being the 

most important for AD pathology (27, 69).  The identity of γ-secretase has proven 
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elusive, but evidence points to it being a membrane-associated complex of multiple 

proteins.  There is increasing evidence that the presenilin proteins are important 

components of this complex, and the active site of the complex may reside in a dimeric 

form of presenilin (69, 73).  Mutations in the APP genes and genes for presenilin-1 (PS-

1) and presenilin-2 (PS-2) can therefore lead to over-expression of βA and hence to 

formation of neuritic plaques.   

 

1.3.2 Transgenic animal model: 

Modeling AD in laboratory animals is challenging, as rodents do not develop AD 

naturally.  Fortunately transgenic mice have been genetically engineered to develop the 

plaques associated with AD.  Transgenic mice have human genes associated with AD 

inserted into their genome.  In this study B6C3-TG(APPswe, PSEN1dE9)85Dbo/J (Line 

85) mice were used because they display human AD proteins including chimeric 

mouse/human amyloid precursor protein (APPswe) and human presenilin 1 protein (PS1) 

in the brain, resulting from the inserted transgene expression. 

Line 85 mice have several modifications to the transgenes that act to accelerate 

βA production.  The first alteration was replacing three amino acids in the full length 

APP coding sequence for βA expression as well as encoding the Swedish mutations at 

amino acids 595/596 to elevate the quantity of βA produced (36).  

βA is derived from APP through cleavage steps by a number of enzymes 

including γ-secretase, which is derived from, or related to, PS1 (36).  The delta E9 (dE9) 

mutation is a deletion of exon 9 in the PS1 gene.  The deletion in PS1 favors Aβ42 

processing over Aβ40, which is more prone to aggregation in-vivo.  The modified 
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transgenes were cloned into two separate expression plasmids (MoPrP.Xho) and 

coinjected into pronuclei of B6C3 mice.  The pronuclei were then surgically transferred 

to surrogate mothers.  The plasmids contained cDNAs encoding APPswe and PS1 genes. 

cDNA of each transgene was cloned into the Xho I site of the vector between PrP (prion 

protein) exons 2 and 3 (Figure 3).  Transgenes were co-integrated and co-segregated at 

the same chromosomal loci.  

APPswe and PS1 gene expression are controlled from the mouse PrP promoter 

(Figure 3).  The PrP promoter was chosen so transgene expression was directed to central 

nervous system neurons and astrocytes (36).  This ensures a greater amount of βA 

pathology in the brain rather than other organs in the body.   

Co-injection is an efficient strategy for co-expressing transgenes because APPswe 

and PS1 are inserted into a single locus.  Characteristics of the B6C3-TG(APPswe, 

PSEN1dE9)85Dbo/J cell line include high transgene copy numbers (estimated by PCR), 

which correlate to high APPswe and PS1 expression levels (37).  Mice exhibit plaque 

pathology as early as 6 months largely due to the dE9 mutation in PS1 (36).  Significant 

plaque deposition is observed in the hippocampus and cortex by 9 months (36).  Changes 

in these regions will thus be the primary focus of this study. 

 

1.4 MRI as a tool to study AD: 

A number of options are available to assess progression of AD in animal models.  

The simplest option would be to infect experimental animals with Chlamydia, euthanize 

animals at discrete time points after infection and analyze the brains for signs of disease 

using immunohistochemical or histological techniques.  This approach has three main 
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Figure 3:  Construction of APP/PS using the coinjection strategy (37).  
The coinjection strategy for constructing double transgenic mice expressing mutant APP 
and PS1 proteins. Co-segregation in offspring suggests the constructs are inserted in the 
same location and genes are translated from a single mouse PrP promoter. 
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drawbacks: 1) It requires large numbers of animals. 2) It requires the assumption that the 

disease progresses in the same fashion in all animals euthanized at different time points. 

3) It is expensive, due to the large number of animals required.  These drawbacks are 

minimized by the use of magnetic resonance imaging (MRI) in combination with a 

chronic study.  

 

1.4.1 MRI Background: 

 The first successful attempt to observe nuclear magnetic resonance (NMR) was 

made by Bloch and Purcell in 1945 using a magnetic field and a radio frequency (RF) 

source (12).  NMR as a spectroscopic tool is an established technique with widespread 

applications in the fields of physics, chemistry, biochemistry and molecular biology.  

Since the 1970’s NMR has also been developed as a 2 and 3 dimensional imaging 

technique, often referred to as magnetic resonance imaging (MRI).  

At the present time MRI is the pre-eminent clinical non-invasive imaging 

modality for the human body.  In contrast to computed tomography (CT) it does not 

require ionizing radiation and provides excellent soft tissue contrast for diagnostic 

purposes.  Clinical MRI uses the NMR signal generated by the proton nuclei (1H) of 

water and lipid molecules (70).  Although NMR, as an analytical technique, is rather 

insensitive, the large amount of water in the human body, together with the high specific 

sensitivity of the proton nucleus, makes proton MRI a useful diagnostic tool.  Over the 

years specific RF pulse sequences have been developed to study anatomy and 

biochemical processes (in vivo) in detail (12).  Functional information (brain, neuronal 

activity) can also be studied by MRI using so-called fMRI sequences. 
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1.4.2 Spin physics: 

 Protons possess a characteristic called spin (for 1H its value is ½), which provides 

the hydrogen nucleus with a magnetic moment (15, 70).  This makes the nuclei behave 

much like a classical bar-magnet when placed in an external magnetic field.  Due to its 

angular momentum the proton spin will precess about the direction of this magnetic field 

once exposed to it (Figure 4).  This precession is call the Larmor precession and is field 

dependent:  

 

ω0 = γB0 

 

 This angular frequency (ω0) depends on the strength of the magnetic field (B0) 

given in Tesla or Gauss (15, 70).  The gyromagnetic ratio (γ) is a constant and is specific 

for each element in the periodic table with non-zero nuclear spin.  For protons the 

gyromagnetic ratio has a value of 42 MHz/Tesla.  Proton spins can only occupy one out 

of two possible orientations when placed in a magnetic field due to the value of the spin 

(1/2).  Both orientations are then characterized by an energy difference.  The lower 

energy state corresponds to the orientation of the spins in the direction of the external 

field (Figure 4).  In the absence of a magnetic field, the sum of all nuclear spins add to 

zero, however, once placed in a magnetic field a net magnetization develops.  Transitions 

between these orientations can be made using RF energy. 

 

E = (h/2π) ω0 = (h/2π) γB0. 
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Figure 4:  The orientation of protons in nature and in the presence of a magnetic 
field. 
Protons orientate themselves randomly in nature (A), but behave differently in the 
presence of a magnetic field. Protons align in either a high or low energy state where the 
lower energy state is preferred (A).  Protons precess in the presence of a magnetic field at 
a specific frequency (B). 
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As indicated by the equation above, where h= Planck’s constant, the most efficient 

transfer of energy occurs at the Larmor frequency (ω0).  This is known as the resonance 

condition. 

 

1.4.3 The MR signal: 

Detection of the NMR signal is achieved through the use of a receiver coil.  Often 

the receiver coil is also the RF-transmit coil and the switching between transmit and 

receive mode is directed by the pulse programmer (software) which controls the 

transmit/receive switch (T/R switch).  Once the spins have been flipped into a plane 

perpendicular to the main magnetic field, the precessing magnetization induces a current 

in the RF coil, which is recorded as the free induction decay (FID) and digitally sampled 

using an analog-to-digital converter (ADC) (15).  The RF pulse used to tip the net 

magnetization of a phantom (a large collection of spins) is classified by the tilt of the 

magnetization; for example, a 90o pulse tilts magnetization 90o (Figure 5).   The resulting 

FID is the basis of both spectroscopy and imaging.  Using a Fourier transformation (FT) 

the acquired signal can be transformed from the time into the frequency domain to form a 

spectrum or a line in an image. 

The shape, or decay, of the FID is very important for spectroscopic or image 

reconstruction and is controlled by a process called transverse relaxation, also known as 

T2 relaxation (70).  Transverse relaxation arises from interactions of the nuclear spin with 

other neighboring nuclear spins and inhomogeneous magnetic fields.  This property can 

be extremely useful in imaging to create contrast.  Next to transverse relaxation, the 
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Figure 5:  The effect of a radio frequency pulse on net magnetization. 
Protons precess in an external magnetic field (A) and produce a net magnetization vector 
in the direction of the magnetic field along the longitudinal z-axis (B).  If an RF pulse is 
administered, protons switch from the lower energy state to a higher energy state and 
precess in synch with one another; the effect of a 900 flip is demonstrated here (C) 
causing a net transverse vector along the xy plane.  As energy is released from the system 
protons begin re-aligning to the original state in the magnetic field (D). 
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dynamics of nuclear spins in a field is also influenced by longitudinal relaxation, or T1.    

Longitudinal relaxation describes the process needed for the spins to return to their 

equilibrium position.  If experiments are repeated much faster than T1 the total 

magnetization available for imaging or spectroscopy will slowly vanish due to saturation 

of the signal.  In short, too much energy is given to the system in the form of RF pulses 

while it is not given enough time (T1 sets the scale for this) for this energy to dissipate. 

Longitudinal relaxation, also referred to as spin-lattice relaxation, describes the process 

where the excited nuclear spins dissipate their energy by means of molecular motion. 

 

1.4.4 T2 weighted images: 

Transversal magnetization, the vectors oriented in the xy plane of net 

magnetization, dephase with time through a process known as transversal relaxation time 

or T2 (70).  T2 is influenced by a non-homogeneous magnetic field and the differences in 

small magnetic fields of neighboring nuclei as indicated above (12, 70).  This property of 

magnetic relaxation can be exploited to generate image contrast. 

 

1.4.5 MRI experiments: 

 In this study two imaging techniques were used: gradient- and spin-echo imaging 

(Figure 6).  Gradient echo imaging has a much shorter acquisition time than spin echo 

imaging as it uses gradients rather than an additional RF pulse to produce an echo for 

data acquisition.  A typical gradient echo pulse program is shown in Figure 6, showing 

the RF and gradient switches.  To speed up data acquisition even more, small flip angles 

can be used for the RF-pulse.  Using small flip angles allows for a faster acquisition as 
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Figure 6: A) Gradient- and B) spin-echo sequences for MR experiments. 
Gradient- echo experiments A) were performed to obtain scout images for a positional 
guide to line up slices in the brain for spin- echo experiments B). 
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B) 
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the issue of signal saturation is avoided (see above, T1).  In this study gradient echo 

acquisitions were used to obtain scout images.  Scout images are used as a guide to 

position the slices for the acquisition of the multi-slice multi-echo brain images in a series 

of T2 weighted image experiments.   

Spin echo imaging is a technique using a 900 RF pulse that flips the net 

longitudinal magnetization into the transverse plane (xy) or perpendicular to the external 

magnetic field (Figure 5).  Slice selection gradients are applied during the RF-pulses and 

the proton spins were re-phased using a 180o pulse.  At the top of the echo, effects from 

field inhomogeneities will have vanished.  A phase encoding gradient, it’s strength based 

on the field of view (FOV) and matrix size, is applied to the system followed by a slice 

selective 1800 RF pulse after a time period of half the echo time (TE), creating an echo.  

The echo is detected and a frequency-encoding gradient is applied during acquisition.  

Each acquisition acquires one line for the raw image data set.  The experiment needs to 

be repeated as many times as there are phase encoding gradients, stepping through values 

from maximum to minimum value.  In the experiments described in this work a data 

matrix of 350x350 points was employed, meaning that the phase encoding gradients were 

stepped 350 times.  For each value of the phase encoding gradient, 350 data points of 

frequency-encoded data were collected.  The sequence is repeated after a repetition time 

(TR) period to allow for relaxation of the signal. 

 

1.5 Pre-clinical imaging assessments of plaque progression in transgenic mice: 

Several approaches have been used to study AD in transgenic mice involving 

imaging techniques.  One method involves direct imaging of plaques using a probe such 

 33



as 125I-radiolabelled βA in transgenic mice (80).  Positron emission tomography (PET) 

has been shown to be effective for early detection of AD plaque pathology in vivo (77).  

There are many imaging tools available for observing subtle changes in the brain 

associated with AD; in this study MRI was used to measure disease pathology as it has 

several advantages over the alternative strategies.  For example, MRI produces images 

with better resolution than other techniques without the use of x-rays, radioactive 

materials or other potentially damaging materials.  AD is characterized by the 

degeneration of tissue as well as accumulation of toxic proteins in the brain over time.  

The non-invasive nature of MRI allows for repeated measurements of regions of interest 

(ROI) over a long period of time, therefore MRI can be used to detect the appearance of 

disease markers as well as ongoing disease pathology.  MR images may be acquired in 

such a way as to reflect the fluid content of tissues resulting from changes in the brain 

associated with early and late stages of disease. 

It has proven extremely difficult to use MRI to detect plaque formation and track 

plaque progression associated with AD using standard imaging techniques.  Researchers 

have used a number of different strategies to study βA plaque progression in transgenic 

mice.  The most successful studies use MR microimaging on perfusion fixed animals or 

isolated fixed brain (7, 29, 87).  These studies required up to 24 hrs to acquire images of 

sufficient quality for plaque detection.  Other groups have used a contrast agent, such as 

gadolinium or monocrystalline iron oxide nanoparticles, to enhance the MR signal in ex 

vivo studies (57, 79).  Once the mouse brain is fixed and perfused there are no time 

constraints and images can be acquired for long periods eliminating the time factor 

constraints of in vivo studies.  The images produced can resolve plaques because of a 
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high signal to noise ratio.  The disadvantage of the fixed brain approach is mice are 

euthanized to retrieve the brains and observing plaque progression at a later time in the 

same animal is not an option.  This technique is also limited in that there are no options to 

develop it further in human studies.  These limitations prompted us, as well as other 

investigators, to investigate plaque progression in an in-vivo animal model without the 

use of a potentially harmful contrast agent (10, 16, 35, 76, 81).  These studies have 

demonstrated that MRI can be used to track the onset and progression of plaques related 

to AD in transgenic mice.  These models may be used to study factors, like infection, that 

may have an impact on AD plaque progression.  In this work, MRI was chosen to study 

the relationship between Chlamydia infection and the pathology of AD in APP/PS 

transgenic mice.  The purpose of this study was to identify any MRI markers of disease 

progression; markers are gross indicators of disease.  The results may be construed as a 

bioassay for plaque progression associated with AD, not the disease itself. 

Wengenack 2008 et. al. and Braakman 2006 have shown that T2-weighted 

imaging can be used with realistic time frames (under 2 hours) for localization of plaques 

in APP transgenic mice (10, 81).  Hypointensities in T2 were apparent in the 

hippocampus, cingulate and retrosplenial cortex.  While the reason of the shorter T2 is not 

completely clear a number of suggestions have been made to explain this phenomenon.  

Plaques are hydrophobic and result from an accumulation of βA protein in the brain.  The 

nature of the plaque composition is contributed to by various factors.  One factor is 

aggregation of APP in β sheet conformation, that would have a T2 shortening effect (35, 

76).  Another possibility is the accumulation of iron in plaque deposits observed in both 

humans and transgenic AD mice (35).  The co-localization of iron with plaques may act 
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as a natural contrast agent and contribute to shorter T2 times observed in these studies.  

Plaque deposition itself may not be completely responsible for hypointensities in T2; a 

change in cell physiology due to neurodegeneration resulting from surrounding plaques 

may contribute to less fluidity in the tissue (29).  Another physiological change 

associated with AD is a reduction in cerebral blood flow to the brain, which is associated 

with hypointensities in T2 (23, 41).  

Regardless of the reason for the change in T2 relaxation time, the differences 

observed were significant between transgenic and non-transgenic mice.  These changes 

are related to the effects of the APP/PS transgenes, which are either directly or indirectly 

related to plaque progression.  Changes in T2 can be used as markers in a bioassay for βA 

plaque progression in transgenic mice.  

Previous studies have shown a mechanism by which metabolically active (i.e. 

living) Chlamydia have entered the brain in AD (4).  This suggests a relationship between 

AD and Chlamydia pneumonia infection.  It is worth noting that pneumonia is a major 

cause of death in Alzheimer’s patients (78).  However it is unclear whether Chlamydia 

triggers the disease, influences the progression of the disease or if it is merely an 

opportunistic infection.  This is an important distinction: in the United States more than 

half of adults have evidence of past infections (often asymptomatic) with Chlamydia by 

age 20 and re-infection throughout life is a common occurrence (4).  It is estimated that 4 

million people in North America have AD and that number is expected to triple in the 

next 40 years (4, 34).  AD is the leading cause of dementia accounting for as high as 70% 

of the cases in the elderly (61).  AD is the third most costly disease to treat and the cost to 

the US health care system exceeds more 100 billion dollars a year.  If broken down the 
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cost average is $27,672 per person annually for formal care and between $10,400-

$34,517 in lost wages and productivity (61).  If Chlamydia species are implicated in the 

triggering or progression of AD, then Chlamydia infection is a major public health 

concern.  It is therefore vital to determine what role, if any, Chlamydia plays in AD onset 

and progression. 

Here I evaluate the impact of a Chlamydia infection on AD with the use of T2-

weighted MR images to study the AD plaque onset and pathology in transgenic mice. 

While this technique is one of the more simple MRI techniques in use, it has the 

following advantages: 1) Based upon studies by Wengenack 2008 et. al. and Braakman 

2006, we know that it can provide the necessary information on plaque pathology, 2) it is 

technically simple to perform, 3) it is rapid, T2-weighted imaging will require a 

maximum of 1 hour for implementation including the 20 minutes of imaging times 

needed for the actual T2 study.
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2. Materials and Methods 

2.1 Mice: 

The NRC-IBD Animal Care Committee approved animal-use protocols for the 

study.  Experiments were followed in accordance with The Canadian Council of Animal 

Care (CCAC) rules and regulations.  Ten B6C3-TG(APPswe, PSEN1dE9)85Dbo/J mice 

and ten Wt controls from the colony were purchased from The Jackson Laboratory (Bar 

Harbor, Maine, USA).  Mice were quarantined upon arrival in the animal facility for one 

week for recovery from transportation stress and for an adjustment period. 

 

2.2 C. muridarum 

2.2.1 Culture: 

C. muridarum was cultured in HeLa 229 cells containing 10% bovine serum and 

2mM glutamine in Dr. Xi Yang’s laboratory at the University of Manitoba.  Organisms 

were purified by discontinuous density gradient centrifugation including 15 min at 500 X 

g and 30-min at 30, 000 X g as previously described (84).  Cells were harvested using 

sterile glass beads and lysed using an ultrasonic device.  Cells were resuspended in SPG 

(sucrose-phosphate-glutamic acid) buffer in aliquots of 1 x 105 inclusion forming units 

(IFU) and frozen at -70°C.  The same stock of C. muridarum was used throughout the 

study. 

 

2.2.2 Intranasal inoculations: 

Intranasal inoculations were preformed in a biosafety cabinet.   Mice were moved 

into a chamber and anesthetized using 4% isofluorane with 100% oxygen as a carrier gas.  
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After induction mice were placed on a pad surface with head positioned in a nose cone 

mask to maintain anesthesia at 1.5% isofluorane until a breathing rate of one breath per 

second was established.  Using a 10-100 µL pipette, 50 µL of SPG buffer containing 

1000 (103) infection forming units (IFU) of C. muridarum were suctioned from a stock 

solution.  For non-infected mice 50 µL of SPG buffer without C. muridarum was 

administered at the same time point in the experiment.  Buffer mix was slowly expelled, 

drop-by-drop, on to the nose of the anesthetized mouse.  As the mouse inhales, the buffer 

was taken up through the nose.  After administration of inoculum the mouse recovered in 

isolation and was provided soft food and water. 

The IFU concentration for intranasal inoculations was chosen based on a previous 

study where similar C57BL/6 mice were infected with 1000 IFU C. muridarum (84).  In 

the study mice were euthanized at different time points during acute infection.  Lung 

tissue was homogenized and C. muridarum was recovered from the lungs and measured.  

The results showed significant IFU in the lungs of mice following a 1000 IFU inoculum 

of C. muridarum.  Based on this evidence it was determined that infecting mice with 

1000 IFU of C. muridarum would establish an acute infection in animals. 

In this study ten APP/PS mice and ten Wt mice were divided into infected or non-

infected groups, based on the type of intranasal inoculation administered: five APP/PS 

mice were intranasally infected with 1000 IFU C. muridarum and five APP/PS mice were 

administered a sham SPG buffer inoculation.  The ten mice in the Wt group were also 

divided into infected and non-infected groups.  The total mouse population of this study 

was thus divided into four groups with five animals per group:  
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1. Five Wt non-infected mice 

2. Five Wt Chlamydia infected mice 

3. Five APP/PS non-infected mice 

4.   Five APP/PS Chlamydia infected mice 

 

2.3 Serology: 

Serum samples were collected from mice during euthanasia at 20 months for 

serological studies.  Serum samples were transported to the University of Manitoba, 

Medical Microbiology Department for testing using an enzyme linked immunosorbant 

assay (ELISA).  For the ELISA, each well in two flat bottom 96 well ELISA plates 

(Corning Science Products, Corning, NY, USA) was coated with C. muridarum antigen 

by aliquoting 50 µL coating buffer (bicarbonate buffer 0.05 M at pH 9.6) containing 

1x105 IFU/mL C. muridarum EBs.  Plates were covered with parafilm and placed at 4°C 

overnight.  The following day coating buffer was discarded and 200 µL of blocking 

buffer (2% BSA and 0.05% Tween 20 solution) was added to each well, covered with 

parafilm and incubated at room temperature for two hours.  Blocking buffer was 

discarded and plates were washed with washing buffer (phosphate buffered saline 

containing 0.1% v/v Tween 20) four times. 

Serum samples were diluted to a 10% solution for the primary Ab binding step by 

adding 10 µL of sample to 90 µL dilution buffer (1x blocking buffer).  A Sequential 1:2 

serial dilution was conducted to a maximum dilution factor of 128x.  Plates were covered 

with parafilm and incubated at 37°C for 3 hours.  Plates were washed four times with 

washing buffer following the primary Ab-binding step.  For the secondary Ab binding 
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step 50 µL aliquots of the antibody solution, included a 1 µg/mL dilution of biotinylated 

goat anti-mouse IgG2a or a 1 µg/mL biotinylated goat anti-mouse IgA (Southern 

Biotechnology Associates, Inc., Birmingham, AL) in dilution buffer, were added to each 

well.  Plates were covered with parafilm and placed overnight at 4°C.  The following day 

the secondary antibody solution was discarded from the plates, followed by four washes 

in washing buffer.  A stock solution of alkaline phosphatase-conjugated streptavidin 

(Jackson ImmunoResearch Laboratories, Mississauga, Canada) was diluted 1:6000 in 

aliquots of 100 µL per well.  Plates were covered with parafilm and incubated at 37°C for 

approximately 50 minutes followed by six washes in washing buffer.  After the final 

wash step 100 µL of substrate buffer (p-nitrophenyl phosphate in 0.5 mM MgCl2, 10% 

diethanolamine, pH 9.8) was added to the wells.  The substrate buffer interacts with the 

streptavidin-biotin complex, which caused an enzymatic reaction resulting in a color 

change from clear to yellow in the sample.  Optical density (OD) values were calculated 

at 405 nm at 15 minutes on a microplate reader (Versamax; Molecular Devices).  Light at 

405 nm is passed through the sample, the resulting absorbance associated with the color 

change from the enzymatic reaction between the streptavidin-biotin complex and 

substrate buffer is read as an OD value.  OD values were recorded and transferred to 

Microsoft Excel for statistical analysis (See appendix 1).  Results were obtained after 15 

minutes using the endpoint OD0.5 value at 405 nm. 
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2.4 MR experiments: 

2.4.1 Anesthetic preparation and induction: 

The induction chamber was placed in the biosafety cabinet and the anesthetic and 

scavenger lines were connected to a rubber stopper.  Mice were obtained from the animal 

facility; for infected mice the cages were placed in a large plastic bag before exiting the 

infected mouse room to prevent spread of infection through the facility.  Experiments on 

control and infected mice were performed on different days to prevent accidental spread 

of Chlamydia infection to non-infected mice.  The mouse was placed in the induction 

chamber and the end was covered with the rubber stopper connected to gas and 

scavenging lines.  Isofluorane anesthetic was delivered at 3.5% in 1 liter of oxygen per 

minute until the mouse no longer displayed a righting reflex.  After an absence of this 

reflex, animals were removed from the induction chamber. 

 

2.4.2 MR experiments preparation: 

After initial induction, the anesthetic line was removed from the induction 

chamber and attached to the MR imaging probe while working inside the biosafety 

cabinet (Figure 7).  Two sets of imaging probes were used for MR experiments: one for 

non-infected mice and one for infected mice.  The anesthetic line to the probe was 

flooded prior to removing the mouse from the induction chamber.  The mouse was then 

moved from the induction chamber to the imaging probe, and its muzzle was positioned 

in the probe’s nose cone (Figure 7).  Anesthetic levels were adjusted to achieve a 

respiration rate of 1 breath per second.  Eye drops were placed in each eye to prevent 
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Figure 7:  The MR probe. 
The components of the in house built MR probe (appendix 3), including mouse bed, 
surface coil and cover A).  The surface coil is inserted into the mouse bed B) and the 
mouse is positioned with the head adjacent to the coil C).  A nose cone was secured to the 
bed and connected to an anesthetic line D).  Holes were drilled in the base of the probe 
for the respirometer wire attached to a Grass instrument and rubber tubing lines 
connected to the water bath E).  When positioned correctly the cover is placed over the 
probe F). 
 
 
A)         B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
  C)      F) 
 
 
 
 
 
 
 
 
 
 
 
 
 
   D                E
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drying of the corneas during the duration of the experiment by gently spreading the 

eyelids and applying drops to the surface. 

The mouse was positioned by securing the animal with a loose fitting abdominal 

strap to prevent movement in a vertical position used for MR experiments (Figure 8).  

The eyes were aligned with the top of the surface coil and a small foam wedge was 

inserted between the top of the mask and the jaw.  The wedge ensured CO2 was allowed 

to escape the anesthetic mask during imaging and immobilized the animal’s head against 

the chamber adjacent to the surface coil to reduce possible motion artifacts in the MR 

images.  The wedge was lightly taped into position to ensure the throat was not 

constricted and to extend the neck to provide a straight airway.  Gauze was layered under 

the tail to provide further support when the mouse would be placed in the vertical 

position within the magnet.  The mouse was also strapped across the hips of the hind legs 

for support.  A respirometer probe was taped to the chest to monitor respiration during 

the experiment, care was taken to ensure that there was no constriction of chest or 

extremities that could affect respiration or blood flow.  Lastly, the tail was taped to the 

respirometer to prevent an injury to the tail when the cover was slipped over the probe. 

The holder and probe were held in a vertical position to check for any significant 

changes in position or respiration.  If a major shift in position was observed or if 

respiration was affected the animal was repositioned before continuing.  The probe was 

slid into the holder and inserted into the vertical magnet bore of the 11.7 T magnet 

(Figure 8).  Anaesthesia and scavenging lines and water bath tubes were connected.  The 

respirometer cable was connected to a Grass instrument (EEG and Polygraph data 

recording system, Model 7P4K and 7DAH, Grass Instruments Co. Quincy Mass, USA) to
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Figure 8:  The 11. 7 T magnet.  
The 11.7 T vertical bore magnet used to acquire images in MR experiments. 
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monitor respiration during MR experiments.  The chamber temperature was heated by 

running hot water from a water bath through the chamber with rubber tubing.  A 

thermocouple was used to measure the temperature inside the probe during MR 

experiments.  Initial respiration rate was recorded and anesthetic flow was adjusted to 

achieve a rate of one breath per second.  Respiration rate was continuously checked and 

recorded on paper at 15-minute intervals. 

 

2.4.3 T2 MR imaging:  

Mice were imaged at timed intervals on the 11.7 T magnet.  The average 

experimental time was 30 minutes.  The surface coil was tuned and matched at 500 MHz 

for each mouse using a Morris Instruments Inc (Gloucester, ON) frequency sweeper.  The 

coil was connected to the pre-amplifier and the experiment was started. 

The position of the mouse’s head was checked using the MR position protocol.  

The position of the probe was adjusted to optimize of the signal.  After positioning the 

magnetic field was shimmed with an offset of 2500 Hz using the linear shims.  The one 

pulse experiment was used to create a uniform magnetic field and set the frequency prior 

to MR experiments.  Scout images were acquired using a gradient echo sequence (sagittal 

and axial) to determine the position of the brain.  After scout images were acquired, a 

spin-echo T2 weighted experiment was conducted to acquire ten adjacent slices with 6 

echoes per slice.  The orientation of slices was checked using a geometry editor by 

loading the last sagittal gradient echo as a reference (Figure 9).  Slices were adjusted to 

make sure all 10 slices covered the brain.  The basic measurement parameters included: a 

multi-slice, multi-echo spin-echo pulse sequence (MSME), echo times (20, 40, 60, 80,  
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Figure 9:  The geometry editor.  
The geometry editor function was used to determine the orientation of slices in MR 
experiments.  Orientation was established by first finding the centre of the brain in a 
gradient echo coronal scout A) and then arranging slices throughout the entire brain by 
adjusting the slices in a gradient echo sagittal scout B). 
 
 
A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B)
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100 and 120 ms), repetition time = 1700ms, averages = 2, field of view = 26 x 26 mm 

and image matrix = 350 x 350.  This provided an effective in-plane resolution of 

approximately 74 x 74 µm2.  In order to model plaque progression in non-infected 

transgenic mice as well as to observe effects of infection on plaque progression in 

infected transgenic mice, all APP/PS mice were imaged at two week time intervals.  Wt 

mice were imaged at two-month intervals to observe T2 changes in a healthy mouse and 

to establish a baseline measurement to compare the findings in the APP/PS plaque 

progression model.  Secondly it was important to determine if a C. muridarum infection 

had an impact on T2 in the Wt mice. Thus ten APP/PS mice were imaged in two-week 

intervals while ten Wt mice were imaged at 2-month intervals. 

 

2.5 Euthanasia, blood collection and tissue harvesting: 

Mice were anaesthetized in accordance with section 2.4.1.  A breathing rate of 1 

beat per second was established before conducting the cardiac blood draw.  It was 

confirmed that palpebral (blink) and toe pinch/hind limb reflexes were absent to ensure 

the animal was fully anesthetized before proceeding.   

Blood samples were acquired via cardiac puncture with indirect visualization of 

the heart ventrally below the xyphoid process.  Contact with other tissues was minimized 

during the cardiac puncture procedure.  A 23-gauge 3/4'' needle attached to a 1 cc syringe 

was inserted into the left ventricle and blood was withdrawn gradually, allowing the heart 

to refill.  A 0.5 -1.0 mL volume of blood was sufficient for serology tests and was easily 

withdrawn from mice weighing 25-30 grams.  Blood was transferred into a pre-labeled 

serum tubes and stored in the refrigerator temporarily at 4°C.  Usually 1.0 mL of blood 
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collection results in death, however prior to harvesting the brain tissue verification of 

death was confirmed.  Steps included palpitation for heart pulse and observation of 

possible chest movement for respiration.  If heart rate and respiration was verified then 

0.2 mL of euthanyl (pentobaribital) was administered by intraperitoneal injection or 

intracardiac injection. 

Blood samples were spun in the serum tube in a microcentrifuge at 13 000 X g for 

7-10 minutes.  Serum was separated from other components of blood in the supernatant, 

drawn off using a 100-1000 µL pipette and deposited into its corresponding 1.5 mL 

labeled tube.  After processing, samples were placed at -80 °C for long-term storage.  

The brain was harvested and sliced into left and right hemispheres using a razor blade.  

The left side was fixed in 10% formalin for histological staining and the right side was 

frozen in cryotubes and store at -80 °C for further analysis.  

 

2.6 Histology: 

2.6.1 Congo red stain:  

Tissue from the left side of the brain was sent to the Government of Manitoba 

Veterinary lab (545 University Crescent, Winnipeg, MB, Canada) for analysis.  Anterior 

and posterior slices were selected for Congo red staining (Figure 10).  A detailed 

procedure outlining the steps for Congo red staining has been included in Appendix 2.  

Anterior and posterior slices were selected by normalizing from the bregma landmark on 

the skull for consistency.  Bregma is a standard reference point used to define sections in 

rodent brain libraries (18).  The distance, either anterior or posterior, from bregma (in 

mm’s) defines each coronal section in the library.  The ROI in each section was observed
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Figure 10:  Histological slide demonstrating anterior and posterior slices. 
A sample slide containing mounted Wt non-infected mouse left brain tissue slices stained 
with Congo red.  A) Forebrain slice at 0.26 bregma and B) posterior slice at –1.70 
bregma. The hippocampus and cortex can be distinguished in section B. 
 
 
 
 
                 A)                           B) 
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with the Olympus CX41 microscope using 100x optical zoom.  The ROI image was 

captured using the Infinity 1 Digital Camera Kit with Infinity Analyze Software (Media 

Cybernetics Inc. Bethesda, MD, USA). 

 

2.6.2 Selecting ROIs for histology:  

The size of the ROI was determined using a special ruler where each line was 10 

µM in length (Figure 11).  Each ROI had a height of 420 µm and a length of 560 µm for a 

total area of 0.2352 mm2.  Two slices were sectioned and stained with Congo red for each 

mouse in the study, one slice was in the anterior part of the brain at approximately 0.38 

bregma and the other in the more posterior area at approximately –1.70 bregma (Figure 

12).  Three regions were chosen from the anterior slice including the cingulated/motor 

cortex (motor cortex), somatosensory/audiosensory cortex (somatosensory cortex) and 

striatum (Figure 12).  Three regions were chosen from the posterior slice including the 

retrosplenial cortex, somatosenosry cortex and hippocampus (Figure 12).  For the motor 

cortex and retrosplenial cortex regions, the ROI was positioned above the corpus 

callosum.  Somatosensory regions were identified by lining up the ROI with either the 

external capsule in the anterior slice or hippocampus in the posterior slice (Figure 12).  

The hippocampus region was determined by fitting the ROI into the entire hippocampus 

region on the slice. 

Plaques were counted using the counting tool in the Infinity Analyze software and 

then counted a second time in an enlarged image to confirm original findings (Figure 13).  

Plaques counts were evaluated using the plaque core as a marker to avoid overestimating 

counts in cases where components of a plaque had been separated from the core.  
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Figure 11:  The stage micrometer observed at 100x optical zoom.  
Ruler measurement at 100x optical zoom was used to calculate plaques per mm2 for 
histology and to determine ROI size in MR analysis. 
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Figure 12:  Mouse brain library images at –1.64 bregma and 0.38 bregma (65). 
Images of brain sections from a C57BL/6 mouse obtained from the Mouse Brain Library 
(65).  A) Anterior slice observed at 0.38 bregma and B) posterior slice positioned at –1.61 
bregma.  Notable structures include i) cortex regions, ii) striatum and iii) hippocampus. 
 
 
A) 

i) 
 

 
 

ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 

i)    
 
 
 
 
 
 

iii) 
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Figure 13:  Plaques counts at 100x optical magnification. 
An example of plaque counts in the hippocampus of infected APP/PS mouse.  Plaque 
burden was determined by using the counting tool using Infinity Analyze software. 
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2.7 Determining ROIs for MR images: 

 ROIs in the MR images were selected based on previous findings of plaque 

pathology in areas of the hippocampus and cortex regions.  ROI sizes were determined by 

correlating histology data ROIs so the measured areas were of the same size.  The 

individual pixel size in the MR images was derived from the resolution of the image (74 

µm x 74 µm). 

 

74 µm  x 74 µm = 5476 µm2 = .0055 mm2 

 

To determine ROI size for MR analysis, the total ROI area used in the histology 

assay was divided by the individual pixel size to provide the number of pixels for the MR 

ROI. 

 

0.2352/0.0055 = 43 pixels 

 

A standard shaped ROI is easier to analyze then an irregular shaped ROI.  In 

histological analysis a rectangle was chosen for the ROI shape.  For consistency a 

rectangle of the same area (43 pixels) was selected for MR studies.  MR was analyzed 

using Marevisi 7.2 software (NRC-IBD, Winnipeg, MB).  A total of six ROIs were 

examined, two on the anterior slice and four on the posterior slice at specific time points 

ending at 20 months of age (Figure 14). 
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Figure 14: An example of ROIs measured using Marevisi software. 
An example illustrating the selected ROIs in anterior and posterior slices of an APP/PS 
transgenic mouse at 10 weeks.  Three symmetrically placed ROIs are shown, including 
the motor cortex in A), and the retrosplenial {1, 2} and hippocampus {3, 4}in B). 
 
 
  
 
 A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 B) 
 
 
 

 56



2.8 Statistical analysis: 

2.8.1 Histology data: 

For histology studies plaque burden was calculated in six ROIs (the anterior and 

posterior somatosensory cortex, striatum, hippocampus, motor cortex and retrosplenial 

cortex).  Plaques were counted in APP/PS non-infected and APP/PS infected mice.  The 

mean plaque count was calculated for each area and APP/PS non-infected mice were 

compared to APP/PS infected mice using a Student’s t-test.  The overall plaque burden 

was determined by counting plaques in ROIs and pooling the data for both the APP/PS 

non-infected group and APP/PS infected mouse groups.  p-Values were calculated using 

a Student t-test and the error bars represent standard error of the mean (SEM) (86).  

 

2.8.2 MR imaging data: 

 For MR studies, hippocampus and cortex regions were compared in the initial 

(month 2), month 5, month 10 and final (month 20) time points.  Measurements were 

collected from both the right and left side for each ROI.  T2 values for each ROI were 

compared at each of the four time points using a parametric paired Student t-test (86).  In 

cases where variances differed significantly, a non-parametric Mann-Whitney U-test was 

used to compare differences in T2 times (86). 

A Duncan’s multiple range test was conducted to determine changes in T2 within 

each group (86).  p-Values were attained from repeated measurements within each group 

and results were considered statistically significant for p<0.05 compared using 95% 

confidence intervals.  Within group tests across times have more statistical power than 
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between group tests because for within group tests animals are treated as their own 

controls.

 58



3. Results 

3.1 Chlamydia muridarum infection: 

3.1.1 Body weight change: 

Weight loss is an indictor of the overall heath of the mice.  A decrease in body 

weight of approximately 20% was observed in 9 to 11 week old WT mice infected with 

1000 IFU C. muridarum at 9 days post infection (DPI) (Figure 15).  APP/PS infected 

mice displayed body weight loss ranging from 8%-15% that was not synchronous; 

therefore weight loss is displayed in a table rather then in the figure (Appendix 3).  Non-

infected mice intranasally inoculated with 50 µL SPG buffer showed a steady increase in 

body weight (Figure 15).  By approximately 15 DPI in Wt mice and 28 DPI in APP/PS 

mice, the pattern of weight gain exhibited in C. muridarum infected mice mirrored 

weight gain in non-infected mice (Figure 15). 

 

3.1.2 Visual observations/Animal monitoring: 

In the early stages of infection (7 DPI) some mice had piloerection and appeared 

hunched when walking around the cage.  Infected mice were more lethargic than control 

mice.  At 14 DPI observations included piloerection and abnormal posture.  By 21 DPI 

mice were observed exhibiting good grooming habits indicating recovery from acute 

infection.  Mice were observed building nests during the period of infectivity.  No 

unusual activity was observed subsequent to the acute infection.  
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Figure 15:  Changes in body weight.  
Changes in body weight observed in APP/PS and Wt mice inoculated with either 1000 
IFU of C. muridarum biovar in SPG buffer or sham inoculum (SPG buffer only).  Error 
bars represent SEM (n=5 APP/PS infected, n=5 APP/PS non-infected, n=3 WT infected, 
n=5 WT non-infected).   
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3.1.3 Serology: 
 

Infected mice showed elevated levels of IgA and IgG2a Ab’s specific to C. 

muridarum in serum samples collected at 18 months post infection (Appendix 4).  

Infected mice exhibited an average IgA titre of 2.86 ±0.46 and an average IgG2a titre of 

3.09 ±0.28.  Titres were calculated from the dilution factor where OD.50 values were read 

from a microplate reader (OD0.5 readings were compared as this ensures all readings are 

on a linear part of the instrument response curve).  Ab titres are presented in Log10 

values.  A representative ELISA curve profile is displayed in Figure 16.  Non-infected 

mice displayed very low OD0.5 readings for IgG2a and IgA in serum samples collected at 

18 months post infection (Figure 16).  This translates into an insignificant or the complete 

absence of an Ab titre in non-infected mice (Appendix 4).  

In some cases sera from infected mice were unable to be accurately read in the 

microplate reader due to a saturation of signal to the detector.  This observation is due to 

a presence of high Ab concentration.  In these cases Ab titres were estimated by 

predicting values from a least squares regression line derived from experimental values in 

the corresponding serial dilution (2x to 128x) (Appendix 1).  

 

3.2 Histology plaque progression measurements: 

3.2.1 Location of AD plaques in mouse groups: 

 There was no observed plaque pathology in Wt infected and non-infected mice in 

tissue sections stained with Congo red dye.  Tissue sections from the retrosplenial cortex 

are depicted in a Wt non-infected mouse and Wt infected mouse (Figure 17).  Plaque 

pathology was not observed in any regions examined in the Wt groups at 100x 
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Figure 16:  IgA Ab response in C. muridarum infected and non-infected mice. 
A typical ELISA curve profile comparing Wt infected Mouse 10 and APP/PS infected 
Mouse 13 with a non-infected APP/PS mouse (Mouse 5).  Curves depicted illustrate 
differences in IgA level in serum of mice by optical density readings at 405 nm with 
respect to dilution factor.  Results were acquired using a 1:2 serial dilution.  Raw data can 
be viewed in Appendix 1. 
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Figure 17:  Sections from Wt mice stained with Congo red dye (enlarged 100x). 
Plaque pathology was not observed in A) Wt non-infected and B) Wt infected mouse 
brains. Representative Congo red stains are from the retrosplenial cortex region in the 
posterior slice. 
 
 
A) 
 

 
 
B) 
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magnification, as shown in representative posterior tissue sections stained with Congo red 

in figure 17.  A sample APP/PS mouse is included to show a positive result in the Congo 

red stain (Figure 18).  In this figure, the motor cortex region in the anterior slice for Wt 

non-infected mouse and APP/PS non-infected mouse are shown at 40x total 

magnification for orientation purposes.  The area is then viewed at a total magnification 

of 100x to observe AD plaque pathology in an APP/PS mouse and an absence of plaque 

pathology in a Wt mouse (Figure 18). 

 

3.2.2 Overall plaque burden: 

Plaque pathology was observed in both the non-infected APP/PS group and the 

APP/PS infected group (Figure 19).  A comparison of a Congo red stained tissue section 

of the hippocampus from a Wt non-infected, an APP/PS non-infected and an APP/PS 

infected mouse is shown in figure 19.  The total plaque burden was calculated by 

counting plaques in each of the 6 previously described ROIs.  The total plaques for each 

mouse were added together and the mean was calculated from 4 APP/PS in the non-

infected group and compared to the mean of 4 mice in the APP/PS infected group.  The 

mean value calculated for each of the two groups is an indicator of the overall plaque 

burden and will be referred to as such.  The mean plaque counts were 46.75±8.59 in the 

non-infected APP/PS group and 68.25±10.16 in the infected APP/PS group (Figure 20).  

Error bars represent standard error of the mean (SEM), see Figure 20.  A Student t-test 

was conducted to determine if overall plaque burden differences between the APP/PS 

non-infected group and APP/PS infected group were significant.  A p-value of 0.157 was 

found, indicating the change was not significant. 
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 Figure 18:  A comparison of tissue sections stained with Congo red dye. 
Motor cortex anterior regions in a Wt mouse (A, C) and APP/PS mouse (B, D) enlarged 
to 40x (C, D) and 100x (A, B). 
 
 
A)        B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         

C)         D) 
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Figure 19:  Examples of brain tissue sections stained with Congo red. 
Representative histology at 100x magnification from the hippocampus region of a Wt 
non-infected (A), APP/PS non-infected (B), and APP/PS infected mouse. 
 
A) 

 
 
B) 

 
 
C) 
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Figure 20:  Overall plaque burden in APP/PS mice.  
Overall plaque burden calculated in APP/PS control mice and APP/PS mice infected with 
1000 IFU C. muridarum.  The total mean plaque burden was calculated at month 20 by 
averaging the total number of plaques for all ROIs per mouse and then determining the 
overall average number of plaques per group.  Error bars represent SEM and a Student t 
test determined p= 0.157. 
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3.2.3 Plaque distribution: 

 An assessment of plaque distribution was conducted by comparing a single ROI 

in the APP/PS non-infected group to the same ROI in the APP/PS infected group.  Higher 

plaque counts were found in the infected group in 5 out of the 6 ROIs selected (Figure 

21).  Higher plaque counts were observed in hippocampus (p=0.121) and striatum 

(p=0.131) in the APP/PS infected group when compared to the APP/PS non-infected 

group (Figure 21).  Higher plaque counts were also observed in regions of the motor 

(p=0.332), retrosplenial (p=0.254), and anterior somatosensory (p=0.729) cortex regions 

(Figure 21).  There was very little variation in plaque burden when comparing areas of 

the somatosensory cortex in both anterior and posterior slices (p=0.729 and p=0.746).  

The only region where plaque counts were higher in the APP/PS non-infected group 

compared to APP/PS infected group, however, without statistical significance, was in the 

posterior somatosensory region (p=0.746).  p-Values for comparing plaque distributions 

were calculated using Student t-tests. 

 

3.3 Longitudinal study:  

3.3.1 MR results overview: 

A total of 15 mice were assessed for changes in MR T2 relaxation times.  A 

summary of MR findings is displayed in Figures 22-24.  Each group was evaluated at 

time points of 2 months, 5 months, 10 months and 20 months.  Originally 20 mice were 

allocated for MR testing at the beginning of the experiment.  In order to include 

individual mouse data sets for MR evaluation, it was required that the mouse survived to 

the endpoint of the experiment (20 months).  As a result, data sets consisted of 4 mice in 
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Figure 21:  A comparison of average plaque burdens in different ROIs.  
A comparison of plaque deposition in different ROIs including 1) retrosplenial cortex, 2) 
hippocampus, 3) posterior somatosensory cortex, 4) motor cortex, 5) anterior 
somatosensory cortex, and 6) striatum at month 20.  Plaque burden is determined based 
on plaque count and error bars represent SEM. 
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Figure 22:  A T2 comparison summary of right (A) and left (B) motor cortex regions. 
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Figure 23:  A T2 comparison summary of right (A) and left (B) retrosplenial cortex 
regions. 
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Figure 24:  A T2 comparison summary of right (A) and left (B) hippocampus 
regions. 
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the APP/PS non-infected group, 5 mice in APP/PS infected group, 3 mice in the Wt non-

infected group and 3 mice in the Wt infected group.  The mean values were calculated for 

each ROI (see materials and methods) by pooling the T2 value from each mouse in the 

group at each individual time point.  For clarity, the left and right side of the ROIs are 

distinguished in the graphs.  Error bars in the graphs represent the SEM.  Hyperintensities 

in mean T2 times were observed in every ROI tested at month 5 in both infected mouse 

groups (APP/PS and Wt) (Figures 22-24).  A hyperinteinsity in T2 is observed at month 

20 in the APP/PS infected group compared to the APP/PS non-infected group. 

 

3.3.2 Non-infected APP/PS and Wt groups: 

An overall trend of shorter T2 time was observed within the APP/PS non-infected 

group when comparing the final time point at 20 months to the initial time point at 2 

months (Figures 22-24).  The Wt non-infected group displayed a marked decrease in T2 

times in the motor cortex and retrosplenial cortex (Figures 22 and 23) and an increase in 

T2 in the same time frame in the hippocampus (Figure 24).  Shorter T2 times were 

observed in all ROIs tested in the APP/PS non-infected group compared to the Wt non-

infected group at month 20 (Figures 22-24). 

Results were analyzed using statistical tests to determine if any significant 

changes in T2 were apparent between APP/PS non-infected and Wt non-infected groups 

at month 20.  Differences in mean T2 times at month 20 were compared in the motor 

cortex, retrosplenial cortex and hippocampus using Student t-tests (Figures 22-24 and in a 

detailed comparison in Figures 25-27).  The right side of the hippocampus in the APP/PS  
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Figure 25:  A T2 comparison of right (A) and left (B) motor cortex regions in Wt 
non-infected and APP/PS non-infected mouse groups. 
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Figure 26: A T2 comparison of right (A) and left (B) retrosplenial cortex regions in 
Wt non-infected and APP/PS non-infected mouse groups. 
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Figure 27: A T2 comparison of right (A) and left (B) hippocampus regions in Wt 
non-infected and APP/PS non-infected mouse groups. 
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non-infected group displayed shorter T2 values compared to the Wt non-infected group at 

the final time point (p=0.0003) (Figure 27). 

An increase in mean T2 time over the course of the experiment was apparent in 

both sides of the hippocampus in the Wt non-infected group.  A Duncan’s multiple 

comparison test was used to compare month 2 to month 20 in the right (p= 0.015) and left 

hippocampus (p= 0.055) in the Wt non-infected group.  A comparison of cortex regions 

in the Wt non-infected group showed a decrease in T2 when comparing month 2 to month 

20 time points (Figures 25 and 26).  A Duncan’s test revealed the decrease in T2 was only 

significant in the right retrosplenial region (p= 0.044) (Figure 26).   

As reported above there was an observed marked decrease in T2 in the APP/PS 

non-infected group from month 2 to month 20.  A Duncan’s multiple range test was used 

to compare T2 values at various time points within the APP/PS non-infected group.  A 

significant decrease in T2 was apparent when comparing initial to final T2 values in all 

regions of the cortex tested, including the right (p =0.0046) and left (p= 0.0007) motor 

cortex, and right (p=0.002) and left (p=0.002) retrosplenial cortex (Figure 25 and 26).  A 

significant decrease in T2 was found between the month 10 and month 20 time points in 

the right hippocampus (p=0.047) but not in the left hippocampus (Figure 27). 

 

3.3.3 Wt non-infected and infected groups: 

Hyperintensities in T2 times were found in the cortex regions of the Wt infected 

group compared to the Wt non-infected group at month 20 (Figures 22 and 23).  The 

opposite was true in the hippocampus where T2 values were higher in the Wt non-

infected group at month 20 compared with the Wt infected group (Figure 24).  
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Hyperintensities in T2 values were observed in month 5 for all ROIs tested in the Wt 

infected group (Figure 22-24).  

 An independent Student t-test was conducted to determine whether differences in 

T2 at month 20 were significant.  The statistical analysis determined that the Wt infected 

group displayed higher T2 values at month 20 than the Wt non-infected group in the right 

(p=0.030) and left (p=0.037) motor cortex (Figure 28).  An increase in T2 was apparent in 

month 20 in the retrosplenial cortex as well, with a significant increase in T2 in the Wt 

infected group in the right retrosplenial cortex (p=0.041) (Figure 29).  Shorter T2 values 

were observed in the hippocampus of the Wt infected group when compared to the Wt 

non-infected group at month 20, although values were not significant (Figure 30). 

A Duncan’s multiple range test was conducted to identify areas exhibiting a 

significant hyperintensity in T2 in months 5 compared to values at month 2 in the Wt 

infected and non-infected groups.  Although all areas in the Wt infected group show a 

trend of an increased T2 at month 5 (Figures 22-24), a significant increase between month 

2 and month 5 was only found in the left hippocampus region (p=0.013) (Figure 30).   

Changes in T2 values between the month 5 and month 10 time points were 

investigated using a Duncan’s multiple comparison test.  A significant decrease in T2 was 

found between month 5 and month 10 in the right motor cortex (p= 0.042) and right 

retrosplenial cortex (p=0.013) in the Wt infected group.  A significant decrease in T2 was 

not observed in any ROIs tested between month 5 and month 10 in the Wt non-infected 

group.  

 

 

 78



Figure 28: A T2 comparison of right (A) and left (B) motor cortex regions in Wt non-
infected and Wt infected mouse groups. 
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Figure 29: A T2 comparison of right (A) and left (B) retrosplenial cortex regions in 
Wt non-infected and Wt infected mouse groups. 
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Figure 30: A T2 comparison of right (A) and left (B) hippocampus regions in Wt 
non-infected and Wt infected mouse groups. 
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There were no statistically significant changes in T2 values observed in the Wt 

non-infected group between month 2 and month 5 measurements (Figures 22-24, for a 

detailed comparison see Figures 28-30).  Average T2 values were similar between month 

2 and month 5 in the cortex regions and a slight elevation in month 5 was seen in the 

hippocampus in the Wt non-infected group (Figures 28-30). 

 

3.3.4 APP/PS non-infected and infected groups: 

 The APP/PS infected group showed a marked increase in T2 compared to the 

APP/PS non-infected group in all ROIs measured at month 20 (Figures 22-24).  The 

APP/PS infected group had very similar T2 time measurements at month 2 and month 20 

in the cortex regions (Figures 22 and 23).  An increase in T2 was observed in the 

hippocampus at month 20 in the APP/PS infected group compared to month 2 (Figure 

24).  An increase in T2 from month 2 to month 5, as seen in the Wt infected group, was 

observed in all regions of the APP/PS infected group (Figures 22-24).  The APP/PS non-

infected group showed no apparent increase in T2 in month 5 compared to month 2 in the 

hippocampus (Figure 24).  A decrease in T2 was seen in all regions of the cortex of the 

APP/PS non-infected group between month 2 and month 5 (Figures 22 and 23). 

 To investigate differences in the month 20 T2 values, a parametric Student t-test 

or a non-parametric Mann-Whitney U-test was used to compare the APP/PS infected 

group to the APP/PS non-infected group (Figure 31-33).  A significant difference in T2 

was apparent in 5 out of the 6 regions tested between infected and non-infected APP/PS 

groups; including a significant increase in the motor cortex on the left (p=0.002 using a 

Student t-test) and right side (p=0.007 using a Student t-test), the retrosplenial cortex on  
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Figure 31: A T2 comparison of right (A) and left (B) motor cortex in APP/PS non-
infected and APP/PS infected mouse groups. 
 
 
 
A) 

Motor Cortex 

34

36

38

40

42

44

Month 2 Month 5 Month 10 Month 20

Ti
m

e 
(m

s)

APP/PS non-infected

APP/PS infected

 
 
B) 

Motor Cortex

34

36

38

40

42

Month 2 Month 5 Month 10 Month 20

Ti
m

e 
(m

s)

APP/PS non-infected

APP/PS infected

 

 83



Figure 32: A T2 comparison of right (A) and left (B) retrosplenial cortex in APP/PS 
non-infected and APP/PS infected mouse groups. 
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Figure 33: A T2 comparison of right (A) and left (B) hippocampus in APP/PS non-
infected and APP/PS infected mouse groups. 
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the left (p=0.0003 using a Student t-test) and right side (p=0.016 using a Mann-Whitney 

U- test), and the right side of the hippocampus (p= 0.016 using the Mann-Whitney U-

test) (Figures 31-33).  Although the mean T2 time in the left side of the hippocampus was 

longer in the infected compared to the non-infected APP/PS group, this change was not 

significant (Figure 33). 

A Duncan’s multiple range test was used to compare changes in T2 within the 

APP/PS non-infected group at different time points.  A significant decrease in T2 was 

shown between month 2 and month 5 in the left (p= 0.033) and right (p=0.048) 

retrosplenial cortex (Figures 31 and 32).  A comparison of T2 changes within the APP/PS 

infected group was also analyzed using Duncan’s multiple range test.  A significant 

increase in T2 was observed from month 2 to month 5 in all 6 areas tested in the APP/PS 

infected group (Figure 31-33).  p-Values included p= 0.009 for right and p= 0.0276 left 

hippocampus regions, p= 0.012 for right, and p= 0.049 for the left motor cortex and p= 

0.0336 for the right and p= 0.008 for the left retrosplenial cortex.  A decrease in T2 was 

observed in all regions following month 5 in the APP/PS infected group.  A significant 

decrease in T2 was observed between month 5 and month 10 in the right (p=0.016) and 

left (p=0.012) retrosplenial cortex, right hippocampus (p=0.049) and the right motor 

cortex (p=0.041) in the APP/PS infected group (Figure 31-33).   

 

3.3.5 APP/PS and Wt infected comparison: 

A Duncan’s multiple range test was used to compare differences in T2 values 

between months 5 and month 10 in the APP/PS and Wt infected groups.  A significant 

decrease in T2 was observed between month 5 and month 10 in the Wt infected group in 
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the right motor cortex (p=0.042) and the right retrosplenial cortex (p=0.013) (Figures 22-

24).  A significant decrease in T2 was observed in the left hippocampus of Wt infected 

mice between months 5 and month 20 (p=0.003) (Figures 22-24). 

The same comparisons between month 5 and later time points were made in the 

APP/PS infected group using a Duncan’s multiple range test.  A significant decrease in 

T2 was observed from month 5 to month 10 in the right hippocampus (p=0.049), right 

motor cortex (p=0.041), right retrosplenial cortex (p=0.016) and left retrosplenial cortex 

(p=0.012) (Figures 22-24).  A decrease in T2 was observed between month 5 and month 

20 in the left motor cortex in the APP/PS infected group, however this observation was 

not significant.
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4. Discussion 

4.1 General comments: 

 The relationship between infectious agents and chronic disease is not fully 

understood, however, the presence of infectious agents in the brain have been proposed 

as a possible mechanism for AD pathology (63).  Conflicting reports have shown a 

relationship between C. pneumoniae and plaque pathology associated with AD (4, 44, 48, 

56) while others indicate findings were not reproducible in subsequent experiments under 

slightly different conditions (20, 54, 62).  Conflicting evidence for or against a role of 

Chlamydia in AD plaque progression is the primary motive for this study. 

 Epidemiological evidence suggests that the rate of C. pneumoniae infection is as 

high as 70% in populations in the Western world and re-infections are common (4).  If a 

Chlamydia infection has an impact on chronic disease it is a major public health concern.  

It has been suggested that to follow up on these findings, researchers need to investigate 

whether Chlamydia changes or enhances the development of different aspects of the 

disease such as plaque progression in vivo (63).   This study addresses the impact C. 

muridarum infection, representative of a natural infection in the mouse, on AD associated 

plaque progression in a well-developed transgenic animal model of AD. 

 

4.2 Changes in body weight:  

The APP/PS transgenic mice and Wt controls in this study were derived from F2 

hybrids of C57BL/6 and C3H/HeJ mice (36).  Previous studies have shown C57BL/6 

mice lose approximately 15% of body weight following an intranasal inoculation of 4000 

IFU of C. muridarum at 10 DPI (85).  In another study a test was performed to determine 
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susceptibility to a C. muridarum infection in both C57BL/6 and C3H/HeJ strains of mice 

by intranasal infection with 1500 IFU C. muridarum (58).  C57BL/6 mice were more 

resilient to the infection, shown by a minimal amount of body weight loss and exhibiting 

a 100% survival rate, while C3H/HeJ mice lost approximately 25% of their body weight 

by 14 DPI and had a much lower survival rate (58).  All mice infected with 1000 IFU in 

this study lost weight.  Mice showed a body weight loss that ranged from 8%-20% 

(Figure 15 and Appendix 3).  Body weight loss observed in infected mice presented here 

was similar to the values reported in the literature (from 15-25%) (58, 85).  

The differences in the range (8%-20%) of body weight loss observed here 

compared to literature values may be attributed to a number of factors.  Variation in the 

inoculum can be excluded because C. muridarum was obtained from the same stock as 

used by Yang and Brunham (85).  The smaller inoculum size of 1000 IFU of C. 

muridarum for intranasal infection in this study may have had an effect on some mice to 

lose less weight then in previous reports.  The mice in this study were from a different 

genetic background than in the previous reports.  In this study, mice were from a crossed 

C57BL/6 and C3H/HeJ background (C3B6).  These mice may be more susceptible to 

infection than the single background C57BL/6 mice and less susceptible to infection than 

C3H/HeJ mice (58).  Body weight loss may be directly related to the transgene 

manipulations, which are known to make APP mice more susceptible to premature death 

then non-transgenic mice (32) (personal communication with Dr. Borchelt, University of 

Florida).  Variations in susceptibility of APP/PS transgenic mice to infection may 

account for different patterns of weight loss exhibited by the APP/PS infected group 

(Appendix 3).   
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An inoculum size of 1000 IFU was chosen to cause infection with a minimal 

mortality (personal communications with Dr. Xi Yang).  The range of weight loss 

observed here was similar to that seen in other studies indicating the mice were infected.  

Ensuring a maximum survival was important as cost restrictions prevented the 

availability of extra mice.   

C. muridarum infected mice exhibited symptoms indicative of an acute infection, 

including piloerection and walking with an abnormal posture.  These visual signs, taken 

with body weight loss data, were further evidence of the establishment of an acute C. 

muridarum infection in the lungs of mice infected with 1000 IFU (85).  By approximately 

20 DPI these symptoms no longer were exhibited in infected mice.  The body weight gain 

observed in infected mice at approximately 15 DPI in Wt mice and 28 DPI in APP/PS 

mice indicate that the animals recovered from the infection.   

 

4.3 Serology:  

At the end of the experiments (20 months), after euthanasia, an ELISA was 

conducted to determine if levels of C. muridarum specific Ab in sera of infected mice 

were elevated compared to uninfected mice.  Chlamydia species elicit a host immune 

response that has important implications for the design of this study.  The humoral 

immune response in the mouse, in response to the C. muridarum infection, resulted in Ab 

production for clearance of the initial infection as well as providing long-term immunity 

to a subsequent infection (85).  C. muridarum elicits a Th-2 response, which activates 

plasma B cells, resulting in Ab production.  IgG2a and IgA specific Ab’s to C. 

muridarum were selected to test mouse serum for a previous exposure to the infection. 
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The differences between infected and non-infected mice could only be compared 

qualitatively due to the very low (almost non-existent) titre in non-infected mice (Figure 

16 – elution profile and Appendix 4 - titre).  A comparison of average Ab titres for IgG2a 

and IgA is presented in the appendix section from the sera of all infected mice in the 

study, however, determination of exact levels was not the purpose of this experiment.  

The presence of Ab titers specific to C. muridarum are an indicator of past infection with 

the bacteria.  This validated the model of an infection established in the lungs following a 

1000 IFU intranasal inoculation with C. muridarum as previously shown by Yang and 

Brunham (85).  The absence of IgG2a and IgA titres in mice administered a sham 

intranasal inoculation with SPG buffer confirmed the absence of infection in non-infected 

groups.  Small OD values observed in the non-infected mice were likely due to non-

specific binding of the secondary Ab to the primary C. muridarum specific Ab in the 

ELISA (Appendix 1, personal communication with Dr. Xi Yang).  

 

4.4 Plaque pathology in the mouse model: 

4.4.1 Plaque pathology within groups:  

To investigate the effect of a Chlamydia infection on AD plaque pathology, 

APP/PS and Wt mice were infected with C. muridarum at approximately 10 weeks of age 

and then euthanized at 18 months post infection.  At that time brains were harvested to 

determine if an infection at 2 months with C. muridarum would cause plaque like 

pathologies in the brains of Wt mice.  The plaque burden and plaque distribution in 

APP/PS transgenic mice was tested to observe if there were alterations in existing plaque 

pathology resulting from infection. 
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Plaque pathology was completely absent in the anterior and posterior tissue 

sections in both Wt infected and Wt uninfected mice stained with Congo red dye (Figure 

17).   The Wt uninfected group showed no traces of βA deposits as expected since AD is 

not a natural disease in mice.  This group was a negative control for Congo red staining, 

due to the absence of βA in mouse brain sections (Figure 17 and 18).  The absence of 

plaque pathology in the Wt infected group showed that plaque pathology is not caused by 

1000 IFU of C. muridarum inoculated intranasally at age 2 months.  The negative result 

was not surprising as mice naturally do not develop plaque pathology associated with 

AD, however it was crucial to answer the following question: can plaque pathology be 

induced with a natural C. muridarum infection in vivo?  The negative results show 

conclusively that infection with C. muridarum via intranasal inoculation alone does not 

induce plaque pathology associated with AD if the required genes for AD are not present.  

At 20 months post infection a significant plaque burden was observed in age matched 

non-infected APP/PS mice.  A statistical comparison could not be made as there were no 

plaques present in Wt non-infected and Wt infected mice. 

 

4.4.2 The effect of infection on overall plaque burden: 

The APP/PS non-infected and APP/PS infected groups both exhibited plaque 

pathology at 20 months of age.  A trend of a higher overall plaque burden was found in 

the APP/PS group infected with C. muridarum when compared to the APP/PS non-

infected group (Figure 20).  The result is not considered statistically significant at 95% 

confidence levels, likely due to the low statistical power from the limited number of 4 

animals per group (p=0.157).  This is a good p-value based on the sample size and 
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suggests a trend of higher plaque counts in the APP/PS infected group compared to the 

APP/PS non-infected group.  

The question is: why would there be a trend of a higher overall plaque burden in 

the APP/PS infected group compared with the APP/PS non-infected group?  APP is a 

precursor to the βA protein, which accumulates in extracellular deposits and is identified 

as one of the hallmarks of AD (27).  As described earlier, there is evidence of an 

inflammatory reaction in the brain in response to the plaque deposits.  The immune 

response is directed by stimulation of microglia and monocytes (33).  In a previous study 

of the APP/PS transgenic model it was shown that microglial cells were attracted to the 

site of plaque formation and are activated but do not participate in clearance of the 

plaques, although they might restrict growth (53).  Neuritic dystrophy, or abnormal 

changes in immature neurons, was shown in neurons near βA plaques in APP mice (53).  

Alterations in dendritic spines and axonal dystrophies are precursor events in 

neurodegeneration.  Recent evidence confirms apoptotic changes including DNA 

fragmentation and caspase-3 activation resulting in apoptosis of pyknotic neurons in mice 

21-26 months of age (83).  Another study revealed a loss of approximately 50% of 

monoaminergic neurons in the forebrain in aged APP/PS mice (45).  Results from these 

studies suggest that βA associated plaque accumulation in the APP/PS mouse model 

induces an inflammatory response that results in precursor events to neurodegeneration, 

resulting in neuronal cell death in aged APP/PS mice.  

If C. muridarum is able to enter the brain it is plausible that it may have an impact 

on inflammatory events near or at the site of plaque pathology.  If the inflammation 

cascade is altered there may be an impact on the overall plaque burden, especially if 
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progression of plaque formation is in some way regulated by an inflammatory response in 

the brain.  A correlation was shown between LPS and induced neuroinflammation in the 

brain in the hippocampus of rats resulting in an increase in accumulation of βA protein 

(28).  LPS has also been shown to have an effect on APP progression through 

immunoreactive neurons in cortex and hippocampus in APP/PS mice (71).  Interestingly 

there were elevated plaque numbers observed in this study in the hippocampus regions in 

the APP/PS infected group, however these differences proved not to be significant 

(p=0.121).  The mechanism for the increase in plaque burden due to LPS is not well 

understood, however, it was speculated that it may trigger CNS inflammation by 

activating microglia and astrocytes, releasing TNFα and interleukin-1β (14, 28, 38).  This 

indicates that immune system regulators can alter APP processing.  This notion may be 

applied here because, if C. muridarum was able to enter the brain, it may induce an 

immune response and influence plaque pathology in the infected APP/PS transgenic 

mice. 

 

4.4.3 The effect of infection on plaque distribution: 

 ROIs (motor cortex, retrosplenial cortex, hippocampus, striatum, anterior and 

posterior somatosensory cortex) used to determine overall plaque burden were examined 

individually to determine plaque distribution.  The regions were chosen based on 

previous findings of plaque pathology in APP/PS transgenic mice (29, 36, 87).  Plaque 

distribution was investigated in detail to observe if any specific areas of the brain were 

affected by the C. muridarum infection.  The APP/PS infected group areas were 

compared to the APP/PS non-infected group areas to determine the impact of infection on 
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plaque distribution in the chosen ROIs.  Plaque counts were higher in the APP/PS 

infected group in all areas except for the posterior somatosensory region (Figure 21).  

Plaque counts were low in the striatum in both the APP/PS infected and APP/PS non-

infected groups.  Plaque counts were close in both anterior and posterior somatosensory 

regions in the APP/PS infected and non-infected groups (Figure 21).  The plaque counts 

were not statistically significant in the hippocampus (p=0.12) and striatum (p=0.13).  The 

reason for the trend in higher plaque burden in the hippocampus in the APP/PS infected 

group compared to the APP/PS non-infected is unclear, however, the hippocampus is an 

area of the brain commonly affected by AD (36). 

 

4.5 MR discussion: 

4.5.1. MR overview: 

The striatum had very few plaques in both the APP/PS infected and the APP/PS 

non-infected groups therefore the region was not examined in MR experiments.  The 

striatum is also a larger area and is located further from the surface coil than the cortex or 

hippocampus regions.  As a result, MR signal to noise was relatively poor in areas of the 

striatum.  The hippocampus and cortex regions are areas typically investigated in the 

literature for the APP/PS mouse model (36).  In histological studies there was very little 

difference in plaque counts in the somatosensory cortex between the APP/PS infected and 

non-infected groups, therefore the somatosensory regions were not included in the MR 

study. 
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4.5.2 AD modeled in the transgenic mouse:  

The changes in T2 values observed in the Wt non-infected group were a direct 

result of the animal aging and therefore act as a negative control to the non-infected 

APP/PS group.  A trend of steady decrease in T2 values was found in the cortex regions 

of the Wt non-infected group from month 2 to month 20 (Figures 22-24).  Interestingly 

there was an increase in T2 values in the hippocampus of non-infected Wt mice (Figures 

22-24).  The steady decrease in T2 in the cortex and increase in T2 in the hippocampus are 

the patterns that are associated with the normal aging process in the mouse brain, since 

Wt non-infected mice are not carriers of the APP/PS transgenes associated with AD. 

The pattern of decreasing T2 time from month 2 to month 20 was consistent in 

both non-infected Wt and non-infected APP/PS groups in cortex regions (Figure 25 and 

26), but not in hippocampus regions (Figure 27).  Furthermore, within the APP/PS non-

infected group a decrease in T2 occurred in all areas, including significant decreases in all 

4 areas of the cortex and in the right hippocampus (Figures 25 and 26).  The significant 

decreases observed in the cortex of the non-infected APP/PS group are related to events 

leading up to and including plaque pathology.  The shorter T2 values observed in the 

cortex region of non-infected APP/PS mice are consistent with the literature findings (29, 

35, 76). 

βA plaques are known to cause hypointensities in T2 values in APP/PS mice (10, 

29, 76, 81).  The trend of shorter T2 times is consistent with observations made in this 

study and may be associated with the presence βA plaques accumulating in the brain in 

the APP/PS transgenic group.  These subtle differences observed in this study may result 

from a number of different possibilities including the physiological changes associated 
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with the nature of the plaques deposition.  These physiological changes are not always 

associated with a lack of water in the tissue but rather change in tissue composition or 

cell death.  Plaques are hydrophobic in nature and the presence of a hydrophobic plaque 

in the brain would reduce fluidity in the tissue (29).  The amyloid protein is in β sheet 

conformation therefore the plaque composition is more of a solid mass, compared to 

surrounding tissue (27, 50).  A plaque composed of βA would appear stiffer and exhibit 

less fluidity than surrounding healthy brain tissue (lipid etc.) (35, 76).  Another important 

factor is the iron accumulation associated with the plaque accumulation (35).  Iron is a 

natural MR contrast agent for plaques because of its magnetic properties and its effect of 

reducing T2.  Poor blood perfusion of damaged areas in the brain is associated with less 

fluidity (water) in the tissue (23, 41).  In summary, there are a number of possibilities that 

may contribute to hypointensities in T2 such as the hydrophobic nature of the plaque, 

conformation of the plaque, iron accumulation and changes in perfusion of the brain over 

the course of disease (29, 35, 76).  It is possible that any one of these factors or a 

combination of two or more of these characteristics or events may contribute to 

hypointensities in T2 observed in the APP/PS non-infected mouse group compared with 

the Wt non-infected group. 

Although shorter T2 times were observed in the APP/PS non-infected group 

compared to the Wt non-infected group in all regions tested at month 20, a significant 

difference was only found in the right hippocampus (Figures 25-27).  Although changes 

were not as apparent between the APP/PS and Wt non-infected groups by comparing the 

final time point at month 20, a decrease in T2 was observed in the right hippocampus 

between month 10 and month 20 in the non-infected APP/PS (Figure 27).  This decrease 
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may be further evidence of physiological changes in the hippocampus occurring in the 

later stages of disease relating to APP/PS transgene expression.   

In summary all regions tested in the non-infected APP/PS group showed 

decreases in T2 over the course of the experiment, including 5 out of 6 areas with 

significant decreases in T2 from month 2 to month 20 (Figure 22-24).  The Wt non-

infected mice showed a similar pattern of decrease in T2 in the cortex regions, but the 

decreases were not significant.  Both areas of the hippocampus in the non-infected Wt 

group had an increase in T2 from month 2 to month 20.  These observations indicate that 

there is a factor contributing to a significant decrease in T2 within the APP/PS non-

infected group that is not apparent in the Wt non-infected group.  Interestingly, Congo 

red staining of tissue sections in APP/PS non-infected mice and Wt non-infected mice 

revealed plaque pathology in the APP/PS non-infected group and a complete absence in 

the Wt non-infected group (Figure 18).  It can be concluded that the plaque pathology 

observed in the tissue sections from the non-infected APP/PS group directly influenced 

the changes in T2 observed in MR studies. 

 

4.5.3 Modeling infection with MR: 

 To assess the impact of infection on the brain in the mouse model the Wt infected 

group was compared to the Wt non-infected group.  T2 values observed at month 5 were 

higher than T2 values observed at month 2 in all regions tested within the Wt infected 

group (Figures 28-30).  This pattern of hyperintensity was not observed in the Wt non-

infected group.  As previously described, the Wt non-infected group displayed a steady 

increase in T2 values in the hippocampus and values remained virtually unchanged from 
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month 2 to month 5 in the cortex (Figures 28-30).  A hyperintensity in T2 at the time 

point following intranasal inoculation (month 5) is an important observation as there 

could be a number of reasons for this change.  The longer T2 times at month 5 are likely 

related to the events resulting from an acute C. muridarum infection at month 2 or 

residual persistence of intracellular Chlamydia that may not have been completely 

cleared (6).  

The initial Chlamydia infection could have an impact on the brain by entering 

following systemic dissemination, often associated with the persistence state in the 

bacterial lifecycle (6, 17).  Entry to the brain may be accomplished through the 

interaction of the entire organism or bacterial components with the BBB (66).  All gram-

negative bacteria, including C. muridarum, have LPS toxin on the surface of the bacterial 

cell wall.  LPS was shown to have a negative impact on the integrity of the BBB (66).  

The increased permeability of the BBB in the presence of LPS may allow Chlamydia to 

cross the barrier and damage the brain.  Usually when the BBB is compromised the brain 

undergoes a stress phase often resulting in water accumulation due to the effect of 

pathogens or unwanted compounds on cell homeostasis.  These events may lead to the 

longer T2 times observed at month 5 in all regions tested in the Wt infected group (Figure 

22-24). 

A greater variation at month 5 with regards to the SEM of the average T2 times is 

apparent in the Wt infected group in most regions tested.  This observation can be viewed 

in the summaries of results (Figures 22-24).  The SEM appeared much greater in month 5 

than other time points measured within the group.  This variation may be associated with 

changes linked to Chlamydia infection at month 2.  C. muridarum may affect individual 
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mice to different degrees, perhaps based on the host immune response or BBB 

permeability.  These may result in a C. muridarum infection that is more severe in certain 

mice, thus contributing to the large variation at month 5. 

C. muridarum infection was shown to cause changes in T2 in Wt mice.  When 

comparing the Wt infected group to the Wt non-infected group a longer T2 value was 

observed in the final time point (20 months) in cortex regions of the Wt infected group 

(Figure 22 and 23).  A significant hyperintensity in T2 was observed in both sides of the 

motor cortex as well as the right side of the retrosplenial cortex (Figure 28 and 29).  The 

hyperintensities observed in the cortex of the infected Wt mice may be associated with 

changes in the brain that are initiated earlier from infection.   

 In summary, the only difference between these groups was that the Wt infected 

mice were infected with C. muridarum and Wt non-infected mice were administered a 

sham SPG buffer inoculum at month 2.  It can thus be concluded that the increase in T2 

observed from month 2 to month 5 are related to the effects of the infection.  From body 

weight data in can be concluded that infected mice were stabilized by approximately 15 

DPI in Wt mice and 28 DPI in APP/PS mice after which regular weight gain occurred 

(Figure 15).  Interestingly, the effects of the infection can still be found months after the 

initial acute infection is cleared.  It can be concluded that the effects of the infection are 

still detected in the brain long after mice have appeared to recover from infection. 

  

4.5.4 Role of infection on plaque progression: 

The purpose of this study was to assess the impact of an infection on the plaque 

progression associated with AD.  Infecting one APP/PS transgenic group with C. 
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muridarum and administering a sham inoculation to another APP/PS transgenic group 

addressed this challenge.  An increase in T2 values was observed between month 2 and 

month 5 within the APP/PS infected group.  This result was contrary to observations in 

the APP/PS non-infected group, where a decrease in T2 occurred in all cortex regions and 

areas of the hippocampus remained relatively unchanged (Figures 31-33).  The increase 

at month 5 in the APP/PS infected group was similar to the increase in T2 found in the Wt 

infected group.  The main distinction between the two groups was the increase at month 5 

was significant in APP/PS infected group in all regions tested, while the increase in T2 

was only significant in the left hippocampus of the Wt infected group (Figure 31-33).  

Mice were infected with C. muridarum at month 2 following the initial MR imaging 

session.  This manipulation was the only distinguishing feature between the APP/PS 

infected and non-infected groups.  From these observations it can be concluded that the 

effect of the infection combined with the events leading up to and including initial plaque 

formation in the APP/PS infected group caused physiological changes in the brain tissue, 

resulting in a significant elevation in T2 at month 5 that wasn’t apparent in the Wt 

infected group.   

A decrease in T2 was observed in all regions tested following the increase in T2 at 

month 5 in the APP/PS infected group (Figures 31-33).  As previously described, 

decreases in T2 values occurred from month 2 to month 20 in the APP/PS and Wt non-

infected groups, with significant decreases occurring within the APP/PS non-infected 

group.  The significant decreases in T2 values in subsequent measurements following 

month 5 in the APP/PS infected group are thought to be associated with the effect of 

plaque pathology and are therefore related to the APP/PS transgenes (Figures 22-24).  
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This decrease in T2 after month 5 in the APP/PS infected group mirrored the 

pattern exhibited by both the APP/PS and Wt non-infected groups from month 2 to month 

20.  This strongly suggests that the effect of infection caused changes in the tissue fluidity 

in the brain in the months immediately following infection, but the effects dissipated and 

mice showed a similar pattern of a decrease in T2 similar to both APP/PS and Wt non-

infected mice.  The pattern of decrease in T2 after month 5 occurs in both Wt and APP/PS 

infected groups.  This provides further evidence that the physiological changes from 

infection disappear in the T2 measurements following month 5. 

To investigate the impact of infection on AD, T2 values were compared at month 

20 in APP/PS infected and APP/PS non-infected groups.  Longer T2 times were observed 

in the APP/PS infected group compared to the APP/PS non-infected group in all regions 

tested (Figures 22-24).  Longer T2 values were significant in 5 of the 6 regions examined 

(Figure 31-33).  A significant decrease in T2 from month 2 to month 20 in all cortex 

regions was observed in the APP/PS non-infected group (Figures 25-26).  Interestingly, 

this trend was not found in the APP/PS infected group between the time periods of month 

2 to month 20 (Figures 31-33).  Areas of the cortex had very similar T2 values at months 

2 and 20, while an increase in T2 was seen in the hippocampus in the APP/PS infected 

group (Figures 31-33).  The underlying biochemical or physiological changes reflected in 

the longer T2 times observed at month 5 in APP/PS infected mice appear to have had an 

impact on changes in the brain at month 20, where longer T2 values were observed 

compared to the APP/PS non-infected group.  The increase was similar in the Wt group, 

however the increase in T2 was not significant from month 2 to month 5.   
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It can be concluded that the effect of infection has a stronger influence on T2 

values compared to the effect of events leading to and including plaque accumulation at 

month 5.  This is an important distinction because the proteins derived from APP/PS 

transgenes have been shown to have a shortening effect on T2 in previous studies where 

plaque progression was examined without the influence of infection (29, 76, 79).  The net 

effect of both the APP/PS transgenes and C. muridarum infection observed at month 5 is 

a masking of the hypointensities associated with AD plaque progression (observed in the 

non-infected APP/PS group), which eventually becomes apparent at the later time points 

(Figures 31-33).   
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5. Conclusions and Future Directions 

5.1 Conclusions: 

This is the first study of its kind to infect a C3H and C57BL/6 crossbreed of 

APP/PS transgenic mouse with a non-lethal inoculum of C. muridarum for the purposes 

of examining the long-term effects of infection on plaque pathology associated with AD 

in a longitudinal study. 

Mice infected with C. muridarum displayed the typical characteristics expected of 

an illness, including visual observations such as piloerection and abnormal posture as 

well as a marked body weight loss.  Body weight loss was stabilized at approximately 15 

DPI in Wt infected mice and 28 DPI in APP/PS infected mice.  All infected mice gained 

weight in co-linear pattern with non-infected mice after the effects of infection were 

cleared (Figure 15).  Serology experiments of samples obtained at euthanasia at 18 

months post infection provided concrete evidence of a prior exposure to C. muridarum in 

all mice infected with the bacteria at 2 months. 

Brain tissue was harvested after euthanasia, sectioned and stained with Congo red. 

Both infected and non-infected Wt mice showed a negative result in the histology for AD 

plaques.  This indicated that infecting B6C3 mice intranasally with a 1000 IFU of C. 

muridarum at 2 months of age was not sufficient to induce brain plaque pathology in Wt 

mice.  The infection had an impact on final plaque burden in APP/PS mice at 18 months 

post infection, where a trend of higher plaque counts was observed.  Histology showed an 

inhomogeneous distribution of plaques in the brains of APP/PS mice.  Plaque distribution 

also varied with respect to infection, notably in the hippocampus region, where higher 

plaque counts were observed in infected mice.  
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MR imaging is a powerful tool for monitoring (non-invasively) the subtle changes 

in fluidity associated with both water content and structural changes in brain tissue.  In 

this work MR was able to detect changes in tissue composition in the brain resulting from 

both the APP/PS transgenes and the effect of infection.  Significant decreases in T2 were 

observed within the APP/PS non-infected group in most areas tested compared to the Wt 

non-infected group.  This observation is important for modeling plaque progression 

associated with AD in the APP/PS transgenic mouse model.  An increase in T2 value was 

observed in all mice infected with C. muridarum in month 5 compared to month 2.  This 

is an important distinction, because there is a hyperintensity in T2 in both APP/PS and Wt 

groups, thus it can be concluded that this increase is directly related to infection rather 

then the impact of the APP/PS transgene.  In fact, the APP/PS infected group showed a 

significant increase in T2 in month 5 compared to month 2 in all regions tested.  This is 

conclusive evidence that the effect of both the APP/PS transgenes and C. muridarum 

infection is reflected in the early increase in T2 from month 2 to month 5.  The effect was 

also observed at the end point of month 20 where T2 times were significantly longer in all 

areas tested in APP/PS infected mice compared to the APP/PS non-infected control 

group.  The change in T2 resulting from infection has important implications in looking at 

the effect of infection on the AD model.  It appears that the changes in the brain resulting 

from infection at 5 months are able to mask the effect of the plaque pathology resulting 

from the APP/PS transgenes.  After month 5 T2 changes reflect a pattern that is similar to 

the APP/PS non-infected group, which displays a gradual decrease in T2 over time.  MR 

was actually able to detect changes in the body long after the acute infection was cleared 

based on change in body weight data.  According to the changes in body weight, the 
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effect of infection virtually cleared at approximately 15 DPI in Wt mice and 28 DPI in 

APP/PS mice (Figure 15 and Appendix 3).  According to body weight change, the 

infected mice appear to gain weight in a co-linear fashion with uninfected mice after 

recovery.  However, MRI provides valuable additional information since it is apparent 

that the infection continues to have an effect on the brain long after body weights have 

recovered. 

When MRI was used to evaluate the effects of infection in vivo, hyperintensities 

in T2 times were observed in APP/PS infected mice compared to APP/PS control mice 

both at month 5 and month 20.  Together these results suggest that infection with 

Chlamydia may indeed have an impact on the development of AD.  The differences in T2 

values reported here were significant and therefore can be used as biomarkers to model 

the effect of a Chlamydia infection on AD plaque progression in vivo. 

  

5.2 Future directions:  

The conclusions reached in this study are important for considerations of future 

studies to investigate the nature of the relationship between Chlamydia and AD.   

AD is characterized by both βA plaque formation and neurofibrillary tangles 

composed of abnormal tau protein.  It would be interesting to look for biomarkers in MR 

data related to tau protein accumulation and to investigate if the progression of tangles is 

impacted by a Chlamydia infection.  The triple transgenic model of AD would be a 

suitable choice for this type of experiment as these mice express APP, PS and tau in one 

animal (55).  A combination of two or more risk factors may be required to initiate βA 

associated plaque development in a Wt mouse.  The allele for ApoE4, a protein involved 
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in cholesterol metabolism, is a known risk factor in sporadic AD (19, 74).  Since the 

cause of sporadic AD is unknown it would be interesting to investigate whether infecting 

an Apoe4 transgenic mouse may initiate plaque progression. 

A notable area of improvement is in the field of engineering better transgenic 

mouse models for studying AD plaque progression.  The congenic lines are from a single 

background rather then a hybrid and the main feature making this an attractive model for 

a longitudinal study is a decrease in experimental variability by promoting phenotypic 

uniformity due to the single background (67). 

This work showed that infection had a clear impact on plaque progression in the 

APP/PS model.  To determine the exact nature of the relationship between plaque 

progression and infection, a stroke model could be used to increase BBB permeability, 

thus determining whether or not Chlamydia is an opportunistic infection.  The exact 

nature of the relationship could be further investigated by attempting to culture viable 

Chlamydia from the brain.  

Histological techniques indicated a trend of higher plaque counts in the infected 

APP/PS group compared to the non-infected APP/PS group.  A power analysis indicated 

that 15 animals would be the appropriate sample size to find statistically significant 

differences in overall plaque burden with a statistical power of 80% (and a type I error < 

0.05) based on the results presented in this study.  A power analysis determined that 9 

animals would be the required sample size to attain a statistically significant difference 

between groups, at a power of 80% (with a type I error <0.05) in the hippocampus.  

Testing for evidence of viable C. muridarum or trace components from a past 

infection would serve as a good follow up study to this work, confirming that active 
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bacteria was present in the brain of infected mice at some point (4).  If C. muridarum was 

able to be cultured from brain tissue samples this would confirm an active infection.  This 

would also validate experiments conducted in Dr. Xi Yang’s laboratory where C. 

muridarum mRNA was isolated from brain tissues of infected mice.  The presence of 

Chlamydia mRNA in the brain is evidence that the bacteria were viable at one time, 

indicating changes (inflammatory, cell death) may have occurred as a result of pathology. 

An investigation into changes in tissue composition could be investigated by 

infrared microscopy analysis (13).  These studies would give insight into biomarkers 

associated with infection in the brain.  Brain tissue samples could be tested for activated 

microglial cells by conducting an immunohistochemistry assay of tissue sections with 

primary antibodies specific to Iba-1, a known marker for activated microglial cells (72).  

This would determine if there was a variation in the immune response in the brain.  This 

would make it possible to determine whether immune response in the brain, as measured 

by microglial activation, varied according to the number of plaques in a given brain 

region. 

A combination of these different approaches should provide a better insight to the 

impact of a Chlamydia infection on chronic AD. 
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Appendices 

 
Appendix 1:  An example of UV ELISA plate. 
Depicted are optical density readings obtained with a microplate reader representing C. 
muridarum specific IgA titres in uninfected mouse serum (1-7) and infected mice (8-15). 

 

Dilution OPTICAL DENSITY RAW VALUES OBSERVED FOR IgA 
                 

  1 2 3 4 5 6 7   
                 

1x 0.417 0.411 0.517 0.158 0.169 0.289 0.342   
2x  0.302 0.307 0.366 0.109 0.109 0.187 0.230   
4x 0.237 0.205 0.253 0.076 0.086 0.133 0.210   
8x 0.067 0.131 0.189 0.051 0.053 0.081 0.113   
16x 0.148 0.091 0.142 0.036 0.039 0.066 0.079   
32x 0.106 0.066 0.098 0.027 0.032 0.049 0.100   
64x 0.084 0.039 0.063 0.025 0.030 0.042 0.054   

128x   0.031 0.048 0.027 0.045 0.042 0.044   
 

Dilution OPTICAL DENSITY RAW VALUES OBSERVED FOR IgA 
                   

  8 9 10 11 12 13 14 15 
                   

1x 2.112 2.360 1.091 1.585 1.979 1.233 1.644 2.168 
2x  2.603 2.113 1.053 1.405 1.709 1.429 1.458 2.013 
4x 2.182 2.014 1.008 1.621 1.575 1.209 1.276 1.866 
8x 1.997 2.121 0.887 1.296 1.476 1.159 1.231 1.730 
16x 1.767 1.648 0.713 1.259 1.709 0.822 1.077 1.636 
32x 1.731 1.444 0.499 1.107 1.354 0.689 0.924 1.545 
64x 1.607 1.354 0.332 0.939 1.100 0.545 0.753 1.522 

128x   1.069 0.215 0.679 0.882 0.349 0.527 1.404 
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Appendix 2:  A detailed method for Congo red staining. 

 

1. Fixate the left side of mouse brain in 10% buffered neutral formalin (Sigma-

Aldrich, Oakville, ON, Canada). 

2. Fixed tissue remained in formalin for a minimum of one month before being 

dehydrated through a series of ethanol changes (70%, 85%, 90%, three changes at 

100%), two changes of xylene (100%) before being embedded in hot paraffin, 

preserving the tissue in paraffin blocks for histological analysis.  

3. Cut paraffin sections at 12 µM with microtome. 

4. Deparaffinize in 2 changes of xylene for 2 minutes each. 

5. Hydrate to distilled water with 2 changes of absolute alcohol, 95% alcohol, 2 

minutes each.  

6. Dissolve alum in water without heat; add and dissolve Hematoxylin. Add the 

sodium iodate, citric acid and the glycerin. Shake to dissolve. 

7. Immerse sections in Congo red solution for 1 hour. 

8. Rinse off excess stain in 2-3 changes of water. 

9. Differentiate in alkaline alcohol solution for 3-5 seconds. Agitate constantly until 

the background appears clear and the amyloid deposits stand out in a pink to red 

colour. 

10. Wash in running water for 5 minutes. 

11. Stain in Mayers Hematoxylin for 5 minutes. 

12. Wash in running water for 10 minutes. 

13. Dehydrate in 95% and absolute alcohol, 2 changes each. 
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14. Clear in xylene, 3 changes for 2 minutes each. 

15. Mount cover glass with mounting media using manual method or automatic 

coverslipper. 

16.  Final stain is reddish violet – stain tissue keeps for months (Luna LG).
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Appendix 3:  Individual changes in body weight (grams) for APP/PS infected mice. 
 
 
 

DPI 
Mouse 11 Mouse 12 Mouse 13 Mouse 14 Mouse 15 

2 22 21 21 20 18 
5 23 22 19 21 19 
8 24 22 20 21 20 
12 25 23 20 21 19 
13 25 23 20 21 20 
14 25 23 21 22 20 
15 26 23 22 22 21 
17 23 23 22 24 23 
20 24 23 21 22 23 
22 22 24 21 24 24 
24 24 26 24 23 21 
26 25 24 24 22 21 
27 26 25 25 24 22 
28 26 25 25 25 22 
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Appendix 4:  Individual mouse serum IgG2a and IgA titres (log10).  
Serum samples were obtained 20 months after an intranasal inoculation with C. 
muridarum in Wt and APP/PS transgenic mice.  Serum Ab titres were derived using the 
OD0.5 reading as a cut-off value. 
 
 
 
 

Mouse  Ab Titres 
Mouse ID # Infected/non-infected IgG2a IgA 

1 – WT Non-infected 0.000 0.008 
2 – WT Non-infected 0.000 0.090 
3 – WT Non-infected 0.000 0.166 
4 – APP/PS Non-infected 0.000 0.000 
5 – APP/PS Non-infected 0.000 0.000 
6 – APP/PS Non-infected 0.000 0.063 
7 – APP/PS Non-infected 0.279 0.000 
8 – WT Infected 3.003 3.607 
9 – WT Infected 2.813 2.827 
10 – WT Infected 2.083 1.504 
11 – APP/PS Infected 3.592 2.598 
12 – APP/PS Infected 2.636 2.493 
13 – APP/PS Infected 2.919 1.951 
14 – APP/PS Infected 4.787 2.161 
15 – APP/PS Infected 2.877 5.715 
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Appendix 5:  The mill is used to create a mouse probe. 
There are many steps in creating an MR probe; one step includes cutting sections of the 
plastic on the mill shown here.  Engineers at The Institute for Biodiagnostics designed 
and created MR probes for this study. 
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