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ALZHEIMER’S DISEASE 

 

Depending on where you set your sights, Alzheimer’s disease is a scientific puzzle, a medical 

whodunit, a psychosocial tragedy, a financial disaster or an ethical, legal and political dilemma.  It is all 

those things and more – a complex problem that is a prototype for the health-care quandaries facing 

people in developed nations throughout the world.  And the solution will need to be equally complex.  

The disease quietly loots the brain, nerve cell by nerve cell, like a burglar returning to the same house 

each night.  As the brain loses mass, the rest of the body gradually shuts down…  

 

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly and is a progressive 

neurodegenerative disorder that gradually robs the patient of his cognitive function and eventually 

causes death.  The present part reviews the history, epidemiology, clinical features, pathophysiology, 

and treatment of AD. 

 

HISTORY 

Alzheimer’s disease had played havoc with people since ancient times.  Greek and Roman writers as 

well as Elizabethan chroniclers accurately described the symptoms of the illness.  One of the best 

examples is in Shakespeare’s King Lear.  Lear is losing his memory and becoming disorientied; if you 

read between the lines, he has Alzheimer’s disease.  But Alzheimer’s was not established as a distinct 

disease until the early part of this century.  Alois Alzheimer (figure below, right) who later gave his 

name to this disease – in 1910 at the suggestion of Emil Kraepelin –  first examined Auguste D, now 

considered as the first person described as having ‘AD’, in 1901 and followed her up until her death in 

1906.  After her death, he went on to study the neuropathologic features of her illness, in which he had 

a great interest due to his friendship with Franz Nissl, whose expertise helped with the development of 

the histological staining techniques essential in histopathology.  Auguste D (figure below, left) was at 

the time of her first examination a 51-year old woman who initially presented with a strong feeling of 

jealousy towards her husband with carrying objects to and fro in her flat and hiding them.  Later on, 

she showed progressive cognitive impairment, focal symptoms, hallucinations, delusions and 

psychosocial incompetence.  Sometimes she felt that someone wanted to kill her and would scream 

loudly.  After 4 ½ years of sickness, she died from septicaemia resulting from a decubitis ulcer in the 

sacral and left trochanteric regions.  She presented the neurobiological changes found at necropsy – 

plaques, neurofibrillary tangles and atherosclerotic changes – now considered characteristic of AD [1].  

In 1976 the neurologists Davies, Maloney, and Bowen showed that an enzyme necessary to 

synthesize acetylcholine was deficient in the brain of patients with AD.  Earlier research in 

neurotransmitter chemistry had shown that cholinergic, or acetylcholine-containing, neurons play an 

important role in memory.  The discovery of a link between a biochemical brain defect – the deficiency 

of acetylcholine – and AD marked the beginning of modern Alzheimer’s research. 
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INCIDENCE, PREVALENCE, AND ECONOMIC IMPACT 

AD accounts for 60 to 70% of the cases of progressive cognitive impairment in elderly patients.  

Prevalence of the disease in Europe ranges from 0.02% in people aged 30-39 years to 10.8% in those 

aged 80-90 years (more than 11 million people worldwide with lower incidence in people of African or 

Asian origin with even reports suggesting that AD does not occur in Nigerians) [2].  The prevalence of 

AD in the US doubles every 5 years after the age of 60 increasing from a prevalence of 1% among 

those 60- to 64-years-old to up to 40% of those aged 85 years and older [3].  The population of 

patients with AD will nearly quadruple in the next 50 years if the current trend continues [3].  The 

disease is more common among women than men by a ratio of 1.2 to 1.5 [4]. 

 

Most direct costs of care for patients with AD are absorbed by the expense of nursing home care, 

approximately 47 000,- ε per patient per year [5]. 

 

Several risk factors for AD have been identified in epidemiologic studies in addition to age and female 

sex.  The most potent risk factor is the presence of the apolipoprotein ε4 (APOE ε4) allele.  Of its 3 

forms ε2, ε3, and ε4 only the ε4 allele increases the likelihood of developing AD.  The lifetime risk of 

AD for an individual without the ε4 allele is approximately 9% whereas the lifetime risk of AD for an 

individual carrying at least one ε4 allele is 29%.  While representing a substantial risk of AD, the ε4 

genotype is not sufficiently specific or sensitive for the diagnosis of AD to allow its use as a diagnostic 

test [6].  Other risk factors implicated in a variety of studies include head injury, low serum levels of 

folate and vitamin B12, elevated plasma and total homocysteine levels, family history of AD or 

dementia, fewer years of formal education, lower levels of fish in the diet, lower income, no daily wine 

consumption, lower occupational status, however other undisclosed genetic or environmental factors 

have yet to be determined [7, 8]. 

 

CLINICAL DIAGNOSIS 

Although some sources report that AD can be diagnosed with over 90% accuracy during life if 

standard clinical criteria are followed, some available evidence suggests that mild dementia is rarely 
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diagnosed and even moderately severe dementia is underrecognized in clinical practice [9].  The 

specificity of the Mini-Mental State Examination is good (96%) but the sensitivity is poor (63%), 

indicating that by itself the test (using a standard cutoff score of 24) will leave a substantial proportion 

of cases of early dementia undetected.  The typical clinical syndrome of AD includes three aspects.  

Firstly, deficits in cognitive functions which cause an amnestic type of memory defect with difficulty in 

learning and recalling new information, a progressive language disorder beginning with anomia and 

progressing to fluent aphasia, disturbances of visuospatial skills manifested by environmental 

disorientation and difficulties in copying figures, the inability to do motor tasks despite intact motor 

function (apraxia) and the inability to recognise, despite intact sensory functions (agnosia).  There are 

usually deficits in executive function (planning, insight, judgment) and the patient is typically unaware 

of memory or cognitive compromise.  All cognitive deficits progressively worsen.  Secondly, 

neuropsychiatric and behavioural disturbances become apparent in AD, such as personality changes, 

delusions, hallucinations and misidentifications.  Apathy is present early in the clinical course with 

diminished interest and reduced concern.  Agitation becomes increasingly common as the illness 

advances and is a frequent precipitant of nursing home placement.  Depressive symptoms are present 

in about 50% of patients and approximately 25% exhibit delusions.  Thirdly, difficulties with activities of 

daily living manifest early in the disease, and affect functions such as handling money, use of the 

telephone, and driving (instrumental), and later, difficulties with dressing, feeding, and toileting (basic).  

Motor system abnormalities are absent in AD until the final few years of the disease; focal 

abnormalities, gait changes, or seizures occurring early in the clinical course of dementia make the 

diagnosis of AD unlikely.  Patients with AD usually survive 7 to 10 years after onset of symptoms with 

a range of 2 to 20 years and typically die from bronchitis or pneumonia [10, 11].  Assessment and 

diagnosis of AD require identifying the core clinical features and excluding other common causes of 

dementia in the elderly. Screening for thyroid dysfunction and vitamin B12 deficiency is recommended; 

syphilis is no longer sufficiently common to warrant routine screening in typical clinical circumstances.  

Neuroimaging should be obtained to identify vascular contributions to the dementia syndrome and to 

identify other intracranial pathology.  Functional imaging with positron emission tomography or single 

photon emission computed tomography are helpful particularly when clinical features are ambiguous 

[12]. 

 

PATHOLOGY 

The current criteria for the pathologic diagnosis of AD require the presence of both senile neuritic 

plaques and neurofibrillary tangles in excess of the abundance anticipated for age-matched healthy 

controls [13].  Neuritic plaques consist of a central core of amyloid protein surrounded by astrocytes, 

microglia, and dystrophic neurites often containing paired helical filaments.  Neurofibrillary tangles are 

the second major histopathological feature of AD.  They contain paired helical filaments of abnormally 

phosphorylated tau protein that occupy the cell body and extend into the dendrites. 

 

However, current evidence suggests that the neuropathology of AD comprises more than amyloid 

plaques and neurofibrillary tangles.  At least a third of AD cases may exhibit significant 
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cerebrovascular pathology.  Cerebral amyloid angiopathy, microvascular degeneration affecting the 

cerebral endothelium and smooth muscle cells, basal lamina alterations, hyalinosis and fibrosis are 

often evident in AD.  These changes may be accompanied by perivascular denervation that is causal 

in the cognitive decline of AD.  Peripheral vascular disease such as long-standing hypertension, atrial 

fibrillation, coronary or carotid artery disease and diabetes could further modify the cerebral circulation 

such that a sustained hypoperfusion or oligaemia is impacted upon the ageing brain. 

 

In addition to these three major classic histopathologic features, AD also is characterized by 

reductions in synaptic density, loss of neurons, and granulovacuolar degeneration in hippocampal 

neurons.  Neuronal loss or atrophy in the nucleus basalis, locus ceruleus, and raphe nuclei of the 

brainstem leads to deficits in cholinergic, noradrenergic, and serotonergic transmitters, respectively 

with the cholinergic deficit as the most consistent neurochemical abnormality. 

 

MOLECULAR GENETICS AND PATHOGENESIS 

A small number of cases – between 2 and 7 percent – result from an inherited genetic mutation and 

can strike people as young as thirty.  Although mutations account for so few cases of AD they have 

been of great value in the study of the pathogenesis of the disorder.  Mutations in the amyloid 

precursor protein (APP gene, chromosome 21), presenilin 1 (chromosome 14), and the presenilin 2 

gene (chromosome 1) produce an autosomal dominant pattern of inheritance with nearly complete 

penetrance [14].  Together with the apolipoprotein E gene, they account for about half the genetic risk. 

 

The amyloid protein that appears to be central to the pathogenesis of AD is derived from APP 

(amyloid precursor protein) and its abnormal cleavage finally leads to the deposition of neuritic 

plaques (figure 2). The accumulation of β-amyloid initiates a series of events contributing to cell death, 

including activation of cell death programs, oxidation of lipids and disruption of cell membranes, an 

inflammatory response, and possible tangle formation, a close correlate of neuron loss.  All of the 

identified mutations that cause AD result in increased production of β-amyloid protein [15]. 

 

Head injury, educational level, and other risk and protective factors identified through epidemiologic 

studies may exert effects on the likelihood of developing AD through their impact on cerebral reserve - 

the ability of the brain to withstand the accumulating amyloid burden without evidencing dysfunction 

and cognitive impairment [10]. 
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TREATMENT 

AD does not have a definite cure, but many psychosocial interventions and caregiver support can help 

to alleviate strain on carers.  Available treatments for AD include cholinesterase inhibitors, disease-

modifying treatments, and psychotropic agents.  Treatment of AD must always reflect the values and 

wishes of the patient and their family.  Therapeutic strategies may also change in the course of the 

disease, for example, slowing of disease progression with vitamin E may be desirable early in the 

clinical course but not in patients with advanced disease. 

 

Cholinesterase inhibitors are the only medications approved by the US Food and Drug Administration 

as treatment for AD.  Sufficient evidence has accumulated for these to be recommended as standard 

therapy for AD.  Four inhibitors are currently available: tacrine, donepezil, rivastigmine, and 

galantamine.  These agents have been shown to produce improvements in global function and 

cognition.  Secondary benefits may include reduction in behavioral disturbances, temporary 

stabilization of activities of daily living, delay of nursing home placement, and reduced demands on 

caregiver time.  Patients not responding to one agent in the class may respond to another.  

Discontinuation of treatment should be monitored; deterioration during withdrawal indicates 

therapeutic benefit and the medication should be reinstated [16]. 

 

Vitamin E and selegiline have been shown to reduce the rate of decline of functions in patients with 

AD.  Evidence to support the use of other antioxidants, anti-inflammatory agents, or herbal 

medications such as ginkgo biloba is insufficient to recommend use as standard therapies.  Estrogen 

in standard doses has been shown not to improve cognition in postmenopausal women with AD [16]. 
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Reducing amyloid production, aggregation, or enhancing its removal are promising avenues of 

treatment that will address the basic pathophysiology of AD.  Immunization, secretase inhibition, and 

other strategies to accomplish this are being studied. 

 

Epidemiologic data suggest that nonsteroidal anti-inflammatory agents, hormonal treatments, 

histamine H2 blockers, antihypertensive agents, and statins may decrease the likelihood of developing 

AD [10, 17].  Clinical trials of these compounds to test their roles in the treatment or prevention of AD 

are planned or under way. 

 

Psychotropic medications play a critical role in the management of behavioral disturbances of patients 

with AD.  Relatively few psychotropic compounds have been tested specifically in AD populations.  

Recent double-blind, placebo-controlled trials have established the efficacy of the atypical 

antipsychotics risperidone and olanzapine for the treatment of psychosis and agitation in patients with 

AD [18].  Anticonvulsants such as carbamazepine also have been shown to have anti-agitation effects.  

Depression responds to treatment with selective serotonin reuptake inhibitors or tricyclic 

antidepressants; there are fewer adverse effects with the former. 

 

Building an alliance with family caregivers is critical to success in the management of patients with AD.  

Family caregivers provide most of the care received by patients with AD over the course of their illness 

and are responsible for ensuring adherence to treatment regimens.  Caregivers are prone to 

depression and physical illness as a result of the chronic stress associated with caregiving.  Families 

benefit from short-term education programs and support groups [16]. 

 

CHALLENGES 

Dramatic progress has been made in understanding the pathogenesis of and developing therapy for 

AD.  Advances so far have had no impact on the prevalence of the disorder and have had limited 

effects on the clinical course.  An effective response to the public health challenge presented by AD 

requires united efforts in drug discovery, clinical trials of promising agents, implementation in health 

care delivery systems of programs for screening and treatment of patients with AD, and governmental 

and public policy initiatives that support patients with AD and their caregivers in all stages of the 

disease. Much has been achieved but much more remains to be done to prevent the losses of 

cognitive function, emotional integrity, enjoyment of life, and personal dignity associated with AD.  As 

such, the biggest question now is not whether our research will bear fruit, but how soon – for all those 

among us and all those to come who might otherwise be doomed to live in the plundered landscape of 

an eternal present. 
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SUMMARY 
In the past decades, our understanding of the central nervous system has evolved from one of an 

immune-privileged site, to one where inflammation is pathognomonic for some of the most prevalent 

and tragic neurodegenerative diseases.  Current research indicates that diseases as diverse as 

multiple sclerosis, stroke and Alzheimer’s disease exhibit inflammatory processes that contribute to 

cellular dysfunction or loss. 

Inflammation, whether in the brain or periphery, is almost always a secondary response to a primary 

pathogen.  In head trauma, for example, the blow to the head is the primary event.  What typically 

concerns the neurologist and neurosurgeon more, however, is the secondary inflammatory response 

that will ensue and likely cause more neuron loss than the initial injury. 

The current paper reviews the basic neuroinflammatory mechanisms, the potential neurotoxic 

mediators during activation of microglia, the brain resident macrophages, and their role in 

neurodegeneration.  To explore these mechanisms, Alzheimer’s disease, with the expression of more 

than 40 inflammatory mediators the most extensively studied disorder in terms of immune-related 

pathogenesis, is taken as a prototype, also because of its importance as the most prevalent dementia 

type .  Visualisation tools for these neuroinflammatory processes, both structural and mainly 

functional, are critically reviewed and discussed. 
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NEUROINFLAMMATION AND NEUROIMMUNOMODULATION 
Introduction 
“In vivo, veritas!” [1] 

Current research has shown that the previous concept of the brain as an immunologically privileged 

organ is unvalid.  This notion was inferred from the lack of a lymphatic drainage system (now 

considered to be a lymph-like system [2]), its unusual tolerance to transplanted tissue, and the thought 

that lymphocytes were excluded from the central nervous system (CNS) by blood-brain and blood-

cerebrospinal fluid barriers.  As such, the immune and nervous system were considered different 

compartments acting autonomously in their contribution to physiological homeostasis [3]. 

 

One put a lymphocyte into a culture dish, added an antigen, and out came an antibody.  So who 

needed a nervous system?  However, already in 1891, Savchenko demonstrated that a CNS lesion 

could reverse a pigeon’s nonsusceptibility to anthrax.  Also, inflammatory episodes may be 

accompanied by behaviour or mood alterations, hypomotility and increased sleep, believed to assist 

the affected subject in fighting infections and prompting to confine to a safe shelter [1, 4].  Finally, a 

recent positron emission tomography (PET) study correlated immune measures and regional cerebral 

blood flow (rCBF).  It was found that the natural killer cell activity correlated with rCBF in the 

secondary sensory cortex, whereas the proliferative lymphocyte response correlated with the rCBF in 

the secondary visual, motor, and sensory cortices, basal ganglia, and the left hippocampus, providing 

further support for the brain and immune system interaction [5]. 

 

Contemporary research learned that the blood-brain barrier (BBB) is, under certain conditions, less 

restrictive to the migration of monocytes, lymphocytes, or natural killer cells, irrespective of antigen 

specificity [6].  Moreover, in vitro ánd in vivo studies have clearly established that astrocytes and 

microglia (brain resident macrophages) can initiate an inflammatory cascade within the CNS [7].  Also, 

all components of the complement system are found in the brain and are produced by astrocytes, 

microglia, ànd, surprisingly, neurons. 

 

However, several factors indicate that the CNS inflammation threshold is higher compared to the 

periphery, leading to a delay between peripheral and CNS inflammation during a general inflammatory 

status.  For example, the rapid recruitment of neutrophils in the CNS is virtually absent, and 

monocytes are only recruited after a delay of several days.  The reason for this higher threshold is at 

least threefold.  Firstly, as only activated T-lymphocytes traverse the BBB, it is the small pool of 

peripherally activated T-cells that enter the CNS for immune surveillance [8].  Yet, without peripheral 

T-cell activation, antigens escape detection, thus, brain transplants survive, in spite of an antigen 

mismatch [9].  Secondly, there is an active suppression of antigen expression leading to T-

lymphocytes not recognising their target neither activating inflammatory mechanisms [10].  Thirdly, the 

adhesion molecule expression, essential in cell-cell contacts during inflammatory cell migration, is low 

on cerebral endothelial cells [11].  Considered the above, it appears that the CNS, an organ 

exquisitely sensitive to inflammation, has evolved mechanisms to protect it from the potentially 

18 



Introduction to neuroinflammation, Alzheimer’s disease as an inflammatory disease and neuroinflammatory imaging 

damaging, even dramatic classical consequences of some acute inflammatory response aspects like 

redness, heat, swelling and pain, typically seen in the periphery. 

 

Microglia 
“Good, bad, or just ugly?” [12] 

The concept of the presence of phagocytic brain cells was, although discovered by Nissl, studied in 

detail in the early part of the last century by Pio del Río-Hortega, a former student of the famous 

Spanish neuroanatomist Santiago Ramon y Cajal [13].  He identified a population of ramified cells, 

now considered to be resting microglia [14].  Although Jakob described their morphological changes 

into activated, macrophage-like cells in neurodegenerative disorders like neurosyphilis, rabies, 

Creutzfeldt-Jakob, senile dementia and Huntington disease already in 1927 [15], the origin and even 

the existence of this cell population was contested until recently.  Few investigators followed up on 

these early pioneers during the next 50 years, largely because the staining method proved unreliable.  

This barrier came down only in the 1980’s, after Perry at Oxford University began screening antibodies 

for their ability to bind microglia.  It has only been during the last decade that major progress in 

microglial studies has been made, and their involvement in neurodegeneration has become apparent. 

 

Microglia represent, next to astrocytes and oligodendroglia, 10-20% of the brain glial cell population 

(glia from Greek, meaning glue), located in close vicinity of grey matter neurons and between white 

matter fibre tracts.  In contrast with the ramified shape along with a suppressed genomic activity in the 

resting state, on cellular activation, they assume an amoebic shape associated with a dynamic 

genome upregulation, characteristic of their phagocytic stage (Figure 1).  They are the brain 

macrophages within the entire neuroaxis sharing the same lineage as monocytes, taking up residence 

in the CNS antenatally i.e. prior to the BBB completion.  Cells of this lineage function as classical 

professional antigen presenting cells in the immune system in all mammals [16]. 

 

 
Figure 1. Morphology of ramified resting microglia with extended pseudopodia with transformation to the activated state with 

retraction of their branches (phagocytic cells or foamy macrophages, named gitter cells after Nissl in 1904 because of the 

fact they are typically gitting rid of dead myelin and other cell debris) 
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Microglia represent a highly reactive cell population and express antigens in response to 

microenvironmental stimuli, particularly neuronal damage.  During the early neuronal injury stages, 

when affected brain tissue still appears histologically normal, microglia may carry out subtle 

microchanges such as the synapse removal from injured neurons.  After non-lethal axotomy, for 

example, microglia interpose between pre- and postsynaptic moieties, cause synapse disconnection 

and strip the neuron of input (synaptic stripping).  As such, they represent the primary 

immunocompetent cells dealing with invasions of any kind and removing cellular debris (i.e. scavenger 

cell, which may be important, combined with their ability to secrete growth factors, for tissue modelling 

in the developing CNS).  All this, together with their ability to cooperate with immune cells, seems to 

make microglia function as true sentinels [17]. 

 

Conclusion 
Immune cells, such as microglia, T-cells, or even neurons are able to produce potentially neurotoxic 

factors, some of them capable of destroying at picomolar concentrations.  These factors, normally 

required for pathogen elimination, include cytokines, complement components, and reactive 

intermediates (superoxide anion, hydroxyl radicals, hydrogen peroxide, ...).  These factors, however, 

not only destroy foreign pathogens but may damage local elements as well (bystander lysis), leading 

to neuronal loss [18].  Indeed, direct CNS injection of cytokines results in neurodegeneration, 

consistent with the potential role of cytokines in neurodegenerative diseases when microglia remain in 

an activated state and contrast with their potential neurotrophic actions under transient exposure or 

housekeeping conditions, where damaging actions are presumably buffered by cytoprotective 

mechanisms [19].  Also, microenvironmental compromises like age, genetic factors, and frank tissue 

insult will dramatically affect the neuron susceptibility as well as the buffering capacity degree for 

removing neurotoxic mediators.  Moreover, there is little or no mitogenesis to repair potential damage.  

Concerning this postmitotic state, animal experiments already illustrated the neuronal vulnerability 

during inflammation, in particular of synaptic plasticity, memory, and neurotransmission [20].  Finally, 

in contrast to peripheral tissues, focal CNS injury not only has local effects, but also causes neuronal 

and axonal loss at a distance due to retrograde degeneration and Wallerian degeneration. 

20 



Introduction to neuroinflammation, Alzheimer’s disease as an inflammatory disease and neuroinflammatory imaging 

INFLAMMATION AND MICROGLIA IN CHRONIC NEURODEGENERATION, WITH THE EMPHASIS 
ON ALZHEIMER’S DISEASE 
LINKING BRAIN IMMUNITY TO NEURODEGENERATION 
“Good, bad, or irrelevant” [21] 

As described above, CNS immune responses usually take milder courses, where it has not been clear 

yet whether this relative deficit is solely explicable by the lack of immunological structures, or due to 

counterregulatory mechanisms.  Recent evidence indicates that CNS immune responses are indeed 

downregulated, with a key role for electrically active neurons.  For instance, a blockade of neuronal 

activity in hippocampal cultures significantly increased the antigen expression on microglia [22]. 

 

Normally, CNS immune surveillance is effected by patrolling T-cells, freshly activated peripherally with 

an ensuing release of pro-inflammatory cytokines inducing glial cells to produce immunologically 

relevant molecules.  Intriguingly, pro-inflammatory signals very similar to those provided by T-cells are 

also produced by degenerating brain cells.  This pro-inflammatory milieu of neurodegeneration can be 

due to active induction signals communicated by degenerating neurons or cellular by-products of 

neurodegeneration (DNA, neurofilaments, and myelin fragments) [23], or, alternatively, it could reflect 

an escape from the anti-inflammatory control mentioned above [24]. 

 

Neurodegenerative diseases with immune system involvement are listed in Table I. 

 

CLINICAL CONDITION FINDINGS (REFERENCES) 

Diffuse Lewy Body disease Microglia [25] 

Progressive supranuclear palsy 
Complement activation [26] 

Glial activation [27] 

Corticobasal degeneration Glial activation [27] 

Parkinson’s disease 

Microglia [28] 

Complement activation [26] 

TNF-α [29] 

Pick’s dementia 
(Micro)glial activation [27] 

Complement activation [30] 

Huntington’s disease Microglia [31] 

Creutzfeldt-Jakob disease Microglia [32] 

Multi system atrophy Microglia [33] 
Table 1. Neurodegenerative diseases (next to AD) associated with increased numbers of activated (micro)glia, 

increased CNS cytokines or complement activation 

 

INFLAMMATION AS A CAUSE OF DAMAGE TO THE ALZHEIMER’S DISEASE BRAIN 
Introduction 
Alzheimer’s disease (AD) is the most common form of dementia and the number of affected persons is 

expected to triple over the next 50 years.  It is characterised by intraneuronal neurofibrillary tangles 
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(NFT), neuronal and synaptic loss, neurotransmitter deficits and amyloidosis.  The latter results from 

the aggregation of β-amyloid peptides (i.e. Aβ, derived from the abnormal cleavage of amyloid 

precursor protein or β-APP), giving rise to amyloid or neuritic plaques [34]. 

 

Interestingly, when Alois Alzheimer in 1907 described its features, he also noticed a close association 

between brain phagocytes and amyloid plaques [35].  Nowadays, the pathophysiological relevance of 

inflammation to AD has been established by multiple lines of converging tangential and direct 

evidence.  For example, transgenic animals (over)expressing inflammatory proteins exhibit 

neuropathological changes similar to AD,[36] whereas human beings without dementia but sufficient 

Aβ/NFT to qualify for AD show only modest elevations of inflammatory markers [37].   

 

The following sections briefly review the inflammatory mechanisms in AD. 

 
Genetic risk factors and epidemiological data 

AD shows an Apolipoprotein E (ApoE) genotype susceptibility with ApoE4 as a risk factor.  

Interestingly, ApoE4 seems essential for APP-induced microglial activation and the expression of 

several inflammatory indicators [38].  Also, several genetic cytokine risk factors have already been 

identified with a decreased cytokine activity associated with a reduced risk and delayed onset [39]. 

There are now about 20 reports which studied the AD incidence in populations with a long anti-

inflammatory drug consumption history.  Nearly all of these studies showed a lower AD incidence with 

a decrease of 50% or a delay in onset of 5 to 7 years, where, in one prospective study, the relative risk 

fell with increasing duration of drug use [40].  Clinical trials with indomethacin or propentofylline, 

another agent with anti-inflammatory properties, showed both a significant cognitive improvement [41, 

42], while, however, one study with diclofenac and one recent study with hydroxychloroquine did not 

demonstrate a positive effect on AD progression [43, 44]. 

 
Immunopathological, in vitro, and in vivo data 
A summary of these mechanisms is shown in Figure 2. 

 

BACKGROUND 

Just as foreign materials and damaged tissue are classical stimulants of peripheral, sometimes overtly 

cytotoxic, inflammation, so are also Aβ and the ensuing neurodegeneration the most likely sources for 

inflammation in AD.  From this point, a nearly bewildering number of inflammatory mediators comes in 

to play, each characterized by an abundance of amplifying and dampening loops, as well as multiple 

interactions with other subsystems.  Like a web, all these inflammatory pathways make it likely for one 

set of mediators to induce most of the others.  For this reason, the selection of any particular starting 

point for explaining the AD inflammatory mechanism must be taken as a matter of convenience [45]. 
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Figure 2. Inflammatory hypothesis in Alzheimer’s disease emphasising the main loops with the interaction between 

microglia and the amyloid plaques and neurofibrillary tangles 

 

SOURCES, TOXICITY, AND REMOVAL OF Aβ 

The cellular source of Aβ is still a matter of debate.  Microglia are able to synthesise Aβ in response to 

nerve injury or even Aβ itself [46].  As for toxicity, although it has been hypothesised that the presence 

of amyloid is the direct cause of AD pathology, the in vivo confirmation of Aβ toxicity has not yet been 

conclusively demonstrated, while there is even evidence that Aβ may be neuroprotective [47].  

Moreover, in one study, a fulminant hippocampal neuron loss by neuritic plaques was only seen in the 

presence of microglia [48]. 
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As for Aβ phagocytosis, the degradation rate seems limited and results in the release of potentially 

neurodestructive compounds [49].  However, that microglia càn remove amyloid was strongly 

suggested by the demonstration of Aβ co-localised with microglia in Aβ-immunised transgenic mice, 

where amyloid was apparently cleared, where this removal also protected against a further cognitive 

decline [50].  Interestingly, C1q, a complement protein which binds Aβ, apparently inhibits the 

microglial Aβ uptake [51]. 

 

PLAQUE FORMATION AND MICROGLIAL INTERACTION THROUGH CYTOKINES AND COMPLEMENT SYSTEM 

The fact that activated microglia are the sole and consistent accompaniment of neuritic plaques and 

not readily found in association with non-neuritic plaques suggests their pivotal role in the promotion of 

neuritic plaque formation, a role similar to that ascribed to peripheral macrophages in systemic 

amyloidosis [52]. 

 

Aβ may also act in a feedforward mechanism to maintain microglial activation, directly and indirectly by 

stimulating cytokine production, hereby increasing the amount of APP and rendering neurons subject 

to deleterious effects of activated microglia [53, 54]. 

 

Some cytokines cause neuronal injury ànd microglial activation with a further overexpression of the 

same cytokines, producing feedback amplification and self-propagation (cytokine cycle) [55].  Also, 

some cytokines who are on their own not neurotoxic are able to enhance the Aβ-induced cell death 

[56].  Finally, because APP/Aβ expression is regulated by the same transcriptional factors that are 

involved in the expression of most acute phase proteins, Aβ not only induces microglial cytokine 

release, but, once released, these same cytokines increase the Aβ aggregation process.  The 

resulting vicious cycle could explain the chronicity of the disease [55, 57]. 

 

Recent studies suggested that Aβ and NFT bind C1q and activate the complement system in an 

antibody-independent fashion [58].  Also, both C5a and Aβ synergistically augment the release of 

proinflammatory cytokines.  Moreover, the very modest upregulation of C1-inhibitor mRNA and the 

decrease of CD59 expression, both regulatory molecules protecting the cell from bystander while 

permitting foreign cell lysis, compared to the high upregulation for the other complement components, 

could lead to ongoing activation at the C1 level [59].  One study even indicated that complement 

production in the AD brain may be as great as in the liver, the primary source of complement [60].  

This complement activation, of which direct evidence of its toxicity in the AD brain was recently 

observed, is also able to promote both Aβ aggregation ánd enhance the neurotoxicity of Aβ in 

neuronal cultures [61]. 

 

REGIONAL CELL LOSS AND COGNITIVE IMPAIRMENT 

Cytokines affect acetylcholine, glutamate, and nitric oxide, all playing a key role in cognition [62].  

Indeed, basal forebrain mixed neuronal/microglial cultures revealed cholinergic neuron losses, 

demonstrating their selective susceptibility to the toxic actions of activated microglia.  More recently, 
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microglial secreted IL-1 was reported to induce the expression of the acetylcholinesterase protein ánd 

to increase its enzymatic activity [63].  Also, a disrupted memory-based performance in the water 

maze was shown after a sub-lethal bacterial injection while mice administered concurrently with IL-1 

antibodies had normal learning rates [64].  Finally, IL-2 within the physiological range was capable of 

suppressing the hippocampal acetylcholine release, an effect related to the cognitive side effects 

during IL-2 immunotherapy in e.g. cancer patients [65].  Presumably, these data partly explain the 

cholinergic dysfunction in AD by demonstrating their susceptibility to toxic actions of activated 

microglia and suggest a basis for the regional loss of only selected neuronal populations in AD [66]. 

 

Remarks on the inflammatory hypothesis of AD 
It should be stressed that the theory of inflammation as a primary disease-aggravating hallmark, 

opposed to a secondary or even a disease-ameliorating factor, remains a hypothesis and one should 

be aware that our current knowledge of microglia is still incomplete, speculative, and mainly based 

upon in vitro observations rather than in vivo studies [67].  Indeed, B- or T-cells and immunoglobulins 

are not readily detectable in the AD brain and are only in very small amounts found in relation to 

amyloid plaques (without IgM/IgA) [68].  Likewise, although leukocytes hàve been demonstrated, their 

role in AD has not been established [69].  As such, the evidence for an antigen-driven acquired 

immune response in AD, with T-cells eliminating amyloid and B-cells producing Aβ-specific antibodies, 

is not that overt as e.g. in multiple sclerosis (MS), although some authors see this acquired immune 

response inability as the support for the chronic overreaction of the innate immune system (phagocytic 

cells) [70]. 
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NEUROINFLAMMATORY IMAGING 
INTRODUCTION 
Visualising neuroinflammation would be of interest, firstly for clarifying the pathophysiology, secondly 

for selecting patient subgroups that are more eligible for anti-inflammatory treatment and finally, for 

monitoring patients during trials with these anti-inflammatory agents.  In the following section the 

currently available neuroinflammatory imaging modalities, both structural and mainly functional, will be 

reviewed and discussed. 
 
STRUCTURAL IMAGING 
As its name implies, the capability of structural imaging lies in visualising its (non-specific) structural 

changes and describing the detailed spatial relationship of inflammatory consequences like mass 

effects, oedema, vascular congestion, thrombosis, petechial haemorrhages, secondary 

demyelinisation, gliosis, and finally neuronal destruction, necrosis, or atrophy.  As such, computed 

tomography (CT) and to a greater extent (Gadolinium-enhanced) magnetic resonance imaging (MRI), 

with its excellent soft tissue contrast resolution (mainly for evaluation of white matter and posterior 

fossa) are able to detect CNS inflammatory changes caused by mostly localised processes like 

cerebral abscess, encephalitis, granulomatous disease (tuberculosis, sarcoidosis, ...), meningitis, 

empyema, AIDS, chronic inflammatory demyelinating polyneuropathy, and MS [71].  For example, 

Brück et al. found that demyelinating lesions in MS, presenting as isointense lesions with a massive 

gadolinium-DTPA enhancement on T1-weighted scans, correlated neuropathologically with activated 

macrophages in the zone of myelin destruction at the plaque border [72]. 

 

However, in general, inflammation must be already at an advanced stage before it can be depicted by 

one of these imaging modalities, giving rise to its poor sensitivity at the early stages of inflammation 

(when anatomical changes are not detectable yet).  Also, for chronic processes, structural changes 

may be detectable that do not reflect the actual state of disease activity.  Indeed, Ketonen et al. noted 

already that in early AIDS dementia encephalitis, post-mortem characterised by scattered microglial 

nodules and HIV-infected multinucleated giant cells located primarily in the white matter and 

correlating with the severity of dementia, both CT and MRI are insensitive enough to detect these 

microglial nodules and for this reason, the neuroimaging appearance early in the disease is usually 

normal [73].  Similarly, Kim et al noted that, although CT and MRI are able to detect general or basal 

ganglia atrophy and white matter lesions that appear to increase in severity with the progression of the 

HIV infection, these techniques are relatively insensitive to the presence of clinical dementia, 

neurological signs, or positive findings on neuropsychological tests.  In addition, they show poor 

correlation with histopathological findings [74]. 

 

METABOLIC IMAGING 
As for the newer structural or metabolic imaging tools in brain inflammation, Cecil et al. reviewed 

proton MR spectroscopy as a sensitive and specific imaging tool in Creutzfeldt-Jakob, herpes simplex 

encephalitis, and AIDS, indicating its applicability for longitudinal studies to predict and monitor the 
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response to therapy, leading to an individual optimised treatment [75].  Likewise, Bitsch et al. found 

that the measured increases of choline and myo-inositol corresponded to the histopathologically 

verified glial proliferation and the infiltration of subcortical grey matter structures with foamy 

macrophages [76].  Recently, Rovaris et al. reported about the value of magnetisation transfer imaging 

(MTI) in measuring brain involvement in systemic immune mediated diseases.  It was found that MTI 

provides information about brain damage with increased pathological specificity and detects subtle 

microscopic abnormalities in the normal brain tissue, which go undetected with conventional scanning.  

However, in some immune mediated diseases microscopic brain tissue damage seemed to be absent 

despite macroscopic MRI lesions or clinical evidence of CNS involvement [77]. 

 

FUNCTIONAL RADIONUCLIDE IMAGING 
Background 
Nuclear medicine provides several techniques for the detection of inflammation.  Studies 

demonstrating inflammatory lesions started as early as in 1959, when Athens et al. labelled leukocytes 

by intravenous injection of diisopropylfluoro-phospate labelled with 32P with which they demonstrated 

skin blisters in volunteers [78].  Classically, scintigraphic imaging of inflammation has been done with 
67Gallium-citrate, radiolabelled leukocytes, nanocolloids, non-specific human immunoglobulins (HIG), 

and 18F-deoxyglucose (FDG).  Their uptake mechanism ranges from direct binding to relevant 

inflammatory cells or proteins (radiolabelled leukocytes, 67Gallium-citrate, HIG) over hyperaemia, 

binding to lactoferrin excreted in loco by leukocytes or to siderophores produced by micro-organisms 

(67Gallium-citrate), non-specific locally increased blood supply, extravasation through vessels with 

increased vascular permeability giving rise to an expanded local interstitial fluid space (67Gallium-

citrate, nanocolloid, HIG), to high glucose uptake in inflammatory cells (FDG) [79].  As such, studies 

with radiolabelled leukocytes in cerebral ischemia have been undertaken where several authors 

reported on the higher accumulation in massive infarcts with severe neurological impairments and little 

improvement [80].  As far as chronic mononuclear cell infiltrates are concerned, however, most 

radiopharmaceuticals show inadequate diagnostic accuracy [81].  This is due to the minor 

haemodynamic and permeability changes (little or no vasodilatation), the slow cellular turnover and 

the predominant mononuclear cell infiltrate of chronic processes. 

 

In the last decade, attempts have also been made to visualise inflammation by means of Cobalt 

radioisotopes.  Indeed, both in vivo and in vitro experiments have shown that Ca2+ accumulates in the 

(ir)reversibly damaged nerve cell body and degenerating axons [82, 83].  Cobalt radioisotopes, as 

Ca2+-analogues, probably reflect Ca2+-influx in ischaemically or neurotoxically damaged cerebral 

tissue.  Moreover, the time sequence of the radioligand uptake seems to correlate with cell death and 

glial proliferation in the ipsilateral thalamus following supratentorial ischaemic stroke in an 

experimental rat stroke model [84].  In this way, both 57Co (for single photon emission tomography or 

SPET) and 55Co (for PET) were able to visualise some of the focal neurodegenerative changes, 

reactive gliosis, endangered brain tissue and/or ongoing neuronal tissue decay including inflammatory 

lesions in various brain diseases e.g. multiple sclerosis, trauma, tumours, and stroke [80, 85, 86].  A 

27 



Introduction to neuroinflammation, Alzheimer’s disease as an inflammatory disease and neuroinflammatory imaging 

recent study however, concluded that 57Co SPET was not able to show any regional raised uptake in 

AD patients, irrespective of the depth or extent of the associate perfusion defects, the presence of 

atrophy on MRI, or the neuropsychological test results [87].  Moreover, the long physical half-life with 

its resulting low count rate and statistics and the incomplete knowledge about the specific cellular 

uptake mechanisms all limit the application of Cobalt radioisotopes. 

 

Radiolabelled receptor-specific proteins and peptides 
Over the last decade, there has been a shift in scintigraphic inflammatory imaging from large proteins 

with non-specific uptake mechanisms via receptor-specific large proteins to receptor-specific small 

proteins and peptides (i.e. mediators of the inflammatory response), allowing the non-invasive 

detection of specific cells and tissues [88].  Monoclonal antibodies (against leukocyte antigens or 

endothelial adhesion molecules) were the first example of this new class of radiopharmaceuticals and 

in the past few years several new radiolabelled receptor ligands have been developed.  As such, 

radiolabelled monoclonal antibodies against granulocyte and lymphocyte antigens, adhesion 

molecules, cytokines, chemokines, chemotactic peptides, and macrophages were developed [81].  For 

example, Paul et al. recently reported the detection and quantitation of neuroinflammation through 

BBB permeability changes during experimental allergic encephalomyelitis using a radiolabelled tuftsin 

analogue [89].  Tuftsin is a tetrapeptide derived from the Fc portion of IgG that promotes chemotaxis 

and phagocytosis of neutrophils, monocytes, and macrophages by binding to receptors on these cells.  

In addition, the radiopharmaceutical was able to successfully monitor glucocorticoid suppression of 

inflammation, recording a typical dose-response to increasing steroid concentrations. 

 

All of these mediators came available for application in several fields by synthesis or recombinant DNA 

techniques.  In nuclear medicine, they have emerged as a promising class of agents with attractive 

characteristics for scintigraphic detection of inflammation.  Theoretically, the high binding affinity for 

their receptors – expressed in inflammatory tissue – facilitates retention of these agents in 

inflammation while the small size permits rapid clearance from blood and other non-target tissues.  

Whether this small radiolabelled receptor-binding agent specifically localises in an inflammatory focus 

depends firstly on the receptor expression in the particular inflammatory response.  Secondly, the 

receptors should be accessible for the ligand and thirdly, the interaction of the ligand and its receptor 

should be characterized by high affinity and specificity (shown by autoradiography, receptor blockade, 

or studies with control agents).  For neuroimaging studies in pathologies without BBB breakdown, the 

ligand should also easily penetrate the BBB. 

 

Toxicity is still the major drawback of using receptor-specific small proteins and peptides for 

scintigraphic imaging.  The tested agents are mediators of the inflammatory response and most of 

them elicit a specific response after binding to the receptor, i.e. express biological agonistic activity, 

which is undesirable for scintigraphic imaging.  The use of receptor antagonists is therefore a logical 

choice, however, antagonists behave differently from agonists.  Alternatives are the development of 
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partial antagonists with significantly reduced biological activity, obtained by synthesis or modification 

of the agonists, or the development of high specific activity labelling of agonists [90]. 
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Figure 3. Chemical structure of PK11195 (the arrows indicate the site for radiolabelling with I123 (SPET, right) or C11 (PET, left)) 
 

Imaging of Microglia 
The scintigraphic visualisation of microglia can be performed with radiolabelled PK11195, a ligand that 

binds the peripheral benzodiazepine receptor (PBR), present on microglia and upregulated under 

inflammatory circumstances.  The PBR is structurally and pharmacologically distinct from the central 

benzodiazepine receptor (associated with GABA-regulated chloride-channels), and earned his name 

based on its localisation outside the CNS and its high affinity for several 1,4-benzodiazepines.  The 

PBR is found in highest concentrations in kidneys, colon membranes, heart, steroid hormone 

producing cells of adrenal cortex, ovaries and testes, and several cell types of the immune system, 

such as mast cells and macrophages.  It is also present in low concentrations throughout the brain, 

primarily associated with the choroid plexus, ependymal linings, and glial cells [91]. 

 

Although the specific function of the PBR remains unknown, it is generally accepted to be involved in 

lipid metabolism and/or transport, heme biosynthesis, cell proliferation, or ion channel functions [91].  

Its immunomodulatory role includes the ability to induce monocyte chemotaxis, modulate cytokine 

expression and superoxide generation, and stimulate antibody-producing cell formation [92].  

Interestingly, the PBR has the ability to reflect neuronal injury and neurotoxicity, by a rise in the 

number of binding sites in the case of activated microglia [93, 94]. 

 

 

 

PK11195 (1-(2-chlorophenyl)-N-(1-methyl-propyl)-3-isoquinoline carboxamide) is a specific and 

selective high affinity ligand for the PBR and, in this way, can be used as a marker for 

neuroinflammatory lesions (Figure 3).  It has neither anxiolytic nor spasmolytic activity, nor interactions 

with other receptors and has been classified as an antagonist or partial agonist [95].  As such, Banati 
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et al. showed an increased PK11195 binding to activated microglia after facial nerve axotomy - a 

lesion causing a retrograde neuronal reaction without nerve cell death with a rapid proliferation and 

activation of microglia while keeping the BBB intact - where the peak of PK11195 binding was 

observed 4 days after the peripheral nerve lesion, which is consistent with the well-known time course 

of microglial activation.  Moreover, photoemulsion microautoradiography confirmed the restriction of 

PK11195 binding to activated (i.e. PBR-expressing) microglia, where the full transformation of 

microglia into parenchymal phagocytes is not necessary to reach maximal levels of PK11195 binding.  

It was concluded that PK11195 is a well-suited marker of microglial activation in areas of subtle brain 

pathology, without BBB disturbance, or the presence of macrophages [96]. 

 

 

   
Figure 4. Transaxial slice of an MRI of an MS patient showing gadolinium-enhancement on a T1-weighted scan (left) and 

overlaid MRI-11C PK11195 PET image showing the focus of radioligand uptake at the same site (right) 

 

In vivo visualisation of the human PBR, and in this way of neuronal damage, cellular inflammatory 

infiltration, or microgliosis, has previously been done with 11C radiolabelled PK11195 for PET in 

various diseases like glial neoplasms, ischemic stroke, MS, Rasmussen’s encephalitis, AD and 

Parkinson’s disease, producing a signal of activated microglia unrelated to the influx of blood-borne 

macrophages (Figure 4) [97-100].  Also, significant 11C-PK11195 binding was detected in MS patients 

in areas where MRI did not show any abnormalities, e.g. PK11195-related signals localised to 

deafferented grey matter regions such as the lateral geniculate body (to which the optic nerve 

projects) and visual cortex in patients with previous optic neuritis.  In patients with transient speech 

dyspraxia, regionally increased PK11195 binding was found in the left frontal operculum close to 

Broca’s area, which contains the superior longitudinal fascicle [101].  Finally, 11C-PK11195 has also 

been applied in early and mild dementia patients revealing an increased regional binding in the 

entorhinal, temporoparietal, and cingulate cortex.  Moreover, serial volumetric MRI scans revealed that 

areas with high 11C-PK11195 binding subsequently showed the highest rate of atrophy up to 12-24 

months later indicating that the presence of a local immune response in cortical areas did indeed 

reflect an active disease process associated with tissue loss.  Also, measurement of cerebral glucose 
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metabolism revealed that areas with high 11C-PK11195 binding were also characterised by decreased 

regional glucose use.  Finally, in one patient with isolated memory impairment without dementia, the 

pattern of atrophy as seen by volumetric MRI imaging was predicted by the initial distribution of 

increased 11C-PK11195 binding [102]. 

 

Recently, the biodistribution and dosimetry of PK11195 radiolabelled with Iodine for SPET has been 

studied.  It was concluded that 123I labelled iodo-PK 11195 is a suitable agent for the visualisation of 

the PBR and indirectly for the imaging of neuroinflammatory lesions [103].  In a recent pilot study, 

[123I]iodo-PK 11195 was also applied in AD which showed a distinct difference in ligand uptake 

between AD patients and controls, indicating the pathophysiological involvement of microglia, in 

frontal, temporal and parietal cortical regions, pathognomonically compromised in AD [103].  

Moreover, inverse correlations were found between regional [123I]iodo-PK11195 uptake values and 

cognitive test results.  In this way, the radioligand PK11195, developed both for SPET and PET, can 

be considered as a highly sensitive cellular marker for the functional monitoring of microglia in vivo, 

useful for the visualisation of chronic neurodegeneration without BBB breakdown nor other imaging 

findings. 
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CONCLUSION 
In this review, the current status of inflammation with respect to neurodegeneration has been 

highlighted.  From the basic neuroinflammatory mechanisms and its biochemical characteristics, the 

role of its potential mediators playing a key role in neurodegenerative disorders has been explored, 

with Alzheimer's disease as a prototype.  Currently, the overwhelming amount of in vitro data has to 

be translated to in vivo human data.  Whereas structural imaging shows merely late anatomical 

consequences of an inflammatory response, functional imaging is a strong potential candidate to 

bridge this gap between in vitro and in vivo knowledge. A number of radioligands have been recently 

explored which allow the early in vivo visualisation of inflammatory responses, and, as such, open a 

promising window on both understanding as well as possible clinical management of inflammatory 

neurodegenerative disorders. 
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