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    Chapter 18   
 Neurodegenerative Diseases 

             Diego     Gomez-Nicola       and        V.     Hugh     Perry    

    Abstract     The role of microglial cells in neurodegenerative conditions is key to 
understanding the development and progression of the innate immune response during 
brain pathology. Although past and present research efforts have provided clues for 
understanding the contribution of microglia to neurodegeneration, the future offers 
new and exciting opportunities to study and modulate microglial biology in the 
degenerating brain. In this chapter we will summarize the main fi ndings defi ning the 
role of microglia in neurodegenerative diseases, both in experimental animal models 
of disease and in studies with human brain tissue samples. We will also review the 
technical limitations to the study of microglia in neurodegenerative diseases and 
discuss the possible further lines of research to be pursued. In summary, we aim to 
provide a comprehensive picture of the role of microglial cells in the development, 
progression, and possible treatment of neurodegenerative diseases, to help build on 
the recent progress in this exciting fi eld of neuroscience.  

  Keywords     Microglia   •   Macrophages   •   Infl ammation   •   Chronic neurodegeneration   
•   Alzheimer’s disease   •   Parkinson’s disease   •   Amyotrophic lateral sclerosis   •   Prion 
disease   •   Huntington’s disease  

      Bullet Points  

•      Evidence from genome-wide association and neuroimaging studies supports 
that infl ammation is a driver of neurodegenerative diseases, rather than a conse-
quence of ongoing pathology.  

•   Microglial activation is infl uenced by systemic infl ammation, accelerating the 
progression of chronic neurodegeneration.  

•   The study of microglial biology in human samples of patients with chronic neu-
rodegeneration is crucial, as current experimental models fail to reproduce all the 
pathological features observed in humans.  
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•   The composition and dynamics of the macrophages of the brain (microglia, 
perivascular macrophages, and meningeal macrophages) is not fully understood 
in neurodegenerative diseases, supporting further research in the fi eld.     

18.1     Introduction. Role of Microglia in Brain 
Pathology: Friend or Foe? 

 Microglial cells are active sensors of the disturbances in their microenvironment, 
capable of elaborating versatile responses to brain pathology (Kreutzberg  1996 ). 
These responses are neither linear, compartmentalized or binary, but plastic and 
multifaceted, i.e., fi nely tuned to the nature of the stimulus, the molecular repertoire 
that is engaged, and the prior state of the macrophage (Gordon  2003 ; Ransohoff and 
Perry  2009 ). When defi ning microglial activation during neurodegeneration, it is 
crucial to understand the temporal and spatial context of these diseases. 
Neurodegenerative diseases inexorably progress with the death of a slowly increas-
ing number of neurons over years or even decades, to regional and cellular differen-
tial extents, determining the loss of disease-specifi c brain functions (memory, motor 
control, etc.). The slow degeneration of the neuronal components (synapses, axons, 
soma, and myelin sheath) may continue over many years, providing a stimulus that 
must lead to adaptive changes in the surrounding microglia. The adaptive changes 
may be then infl uenced by other comorbidities and systemic infl uences that com-
municate with the brain (Perry et al.  2007 ) (Fig.  18.1 ).

   A recurrent interest in the studies of microglial involvement in neuropathology is 
the dichotomy between their contributions to neurodegeneration versus neuroprotec-
tion. The current literature has extensively reviewed this issue, presenting microglial 
cells as “friend or foe” or a “double-edged sword”, trying to understand the determi-
nants of the positive versus negative microglial contributions to brain pathology, with 
the goal of minimizing the harmful and favouring the benefi cial (Crutcher et al.  2006 ; 
Popovich and Longbrake  2008 ). Achieving this ambitious objective becomes particu-
larly diffi cult when taking into account the status of the immune-privilege of the 
brain that defi nes and tightly controls innate and acquired immune responses, and 
the infl uence of pathological processes from peripheral organs. For example, data 
from a genetically determined infl ammatory demyelinating metabolic disorder, 
X-linked adrenoleukodystrophy, suggest a direct infl uence of the activation of microg-
lia in the cerebral form of this disease (Eichler et al.  2008 ). Supporting the detrimental 
contribution of microglia to neurodegenerative diseases is the repeated observation that 
non-steroidal anti-infl ammatory drugs (NSAIDs) delay the progression of Alzheimer’s 
disease (AD) (Vlad et al.  2008 ) and Parkinson’s disease (PD) (Chen et al.  2005 ), sug-
gesting a major effect of prostaglandins and cyclooxygenase (COX) activation 
(Cunningham  2013 ). However, at the molecular level, the assumption that morphologi-
cally activated microglia show a classical pro-infl ammatory phenotype, associated 
with the most detrimental effects during neurodegeneration, is no longer valid. On 
one hand, studies with transgenic models of AD report low gene expression of the 
pro-infl ammatory cytokine interleukin-1β (IL-1β) or inducible nitric oxide synthase 
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(iNOS), with low levels of protein production (Schwab et al.  2010 ). On the other, both 
mouse models and human cases of AD have been characterized to have limited pro-
infl ammatory polarization, but a consistent upregulation of anti-infl ammatory markers, 
associated with potentially benefi cial effects of microglia (Cunningham  2013 ). 

 Therefore, a detailed and pathology-specifi c defi nition of the microglial res-
ponse needs to be completed, to fully understand the roles of microglia during 
neurodegeneration.  

18.2     Alzheimer’s Disease 

 AD is a chronic neurodegenerative disease and the most common form of dementia 
in Western countries. The clinical manifestations of AD include memory defi cits, 
mood and behaviour changes, and disorientation. The pathological substrate of AD 

  Fig. 18.1    Impact of systemic infl ammation on the progression of chronic neurodegeneration: 
microglial priming and proliferation. Schematic representation of the cross-talk of microglial cells 
with neurons and astrocytes in the healthy brain ( left ), during chronic neurodegeneration ( middle ) 
and when chronic neurodegeneration is combined with a systemic infl ammatory event ( right ). 
The legend for the different cell types and phenotypes is provided in the  top right corner . 
Figure adapted from Gomez-Nicola and Perry ( 2014 )       
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includes the generation of two abnormal structures: extracellular plaques or deposits 
of beta-amyloid (Aβ) protein and intracellular tangles of Tau protein. Despite a long-
standing interest in the infl ammatory response in AD, and the extensive research 
focused on understanding the role of microglia in this disease, the scientifi c com-
munity has failed to shed a clear and uniform light onto their contribution to the 
disease (Akiyama et al.  2000 ; Heneka and O’Banion 2007; Ransohoff and Perry 
 2009 ). The neuropathology of AD shows a robust innate immune response character-
ized by the presence of activated microglia, with increased or de novo expression of 
diverse macrophage antigens (Akiyama et al.  2000 ; Edison et al.  2008 ), and at least 
in some cases production of pro-infl ammatory cytokines (Dickson et al.  1993 ; 
Fernandez-Botran et al.  2011 ). Evidence indicates that NSAIDs protect from the 
onset or progression of AD (Hoozemans et al.  2011 ), which is suggestive of the idea 
that infl ammation is a causal component of the disease rather than simply a conse-
quence of the neurodegeneration. There is, however, a growing body of evidence to 
suggest that systemic infl ammation may interact with the innate immune response in 
the brain to act as a ‘driver’ of disease progression and exacerbate symptoms (Holmes 
et al.  2009 ,  2011 ) (Fig.  18.1 ). Studies in animal models show evidence of interactions 
between systemic infl ammation and infl ammation in the brain, and importantly 
 provide biologically plausible mechanisms for its contribution to the progression of 
neurodegeneration. The impact of systemic infl ammation means that any neuro-
pathological studies on the infl ammatory response in the AD brain must take into 
account systemic comorbidities that may infl uence the microglia phenotype. 

 The defi nition of the brain infl ammatory profi le of AD shows contrasting ideas in 
the literature, probably arising from the heterogeneity of the human postmortem 
samples and the diffi cult application of detection methods (for review see (Boche 
et al.  2013 )). For example, AD has been associated with a pro-infl ammatory pheno-
type, characterized by expression of interleukin IL-1β and complement proteins, 
with a direct association with Aβ plaques in human samples (Griffi n et al.  1989 , 
 1995 ; McGeer et al.  1989 ). By contrast, an upregulation of genes linked to an 
 anti- infl ammatory phenotype, arginase 1 or the transforming growth factor β (TGFβ), 
has been associated with AD in human samples and mouse models (Wang et al. 
 2003 ; Colton et al.  2006 ). However, the link with infl ammation seems clear, as 
 highlighted by a recent study on the gene signature of ageing and AD, using micro-
array technology (Cribbs et al.  2012 ). These results support the notion that an acti-
vation of the innate infl ammatory response in microglia is a prelude to the subsequent 
development of AD (Cribbs et al.  2012 ). Furthermore, studies on incipient AD (iAD) 
post-mortem samples show a strong correlation between genes associated with the 
microglial response and the progression to AD (Blalock et al.  2004 ). The concept of 
the interconnection of AD and the innate immune response is further supported by 
evidence from genome-wide association studies (GWAS) implicating genes 
involved in innate immunity (Lambert et al.  2009 ). Recent studies link genetic vari-
ants of TREM2, a protein regulating the activation and phagocytic functions of 
myeloid cells, with the risk of developing AD (Guerreiro et al.  2013 ; Jonsson et al. 
 2013 ). TREM2 has been described to have a balancing role between phagocytic and 
pro-infl ammatory microglial activities and is expressed in microglia around the 
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plaques (Frank et al.  2008 ). Similarly, dysregulation of the complement system in 
humans has been associated with AD (McGeer and McGeer  2002 ; Lambert et al. 
 2009 ) and may infl uence the priming of microglia, defi ned as the conditioning of 
microglial response by a primary stimulus which results in an exaggerated response 
to a secondary challenge (Cunningham  2013 ). These promising studies are opening 
new avenues into the understanding of the impact of the innate immune response in 
AD, while supporting the need for future exploration. 

 The morphological activation of microglia is evident in transgenic mouse models 
of AD, which reproduce the deposition of Aβ (LaFerla and Oddo  2005 ; Perry et al. 
 2007 ; Jucker  2010 ), but their associated cytokine profi le is by no means clear, 
with the changes in expression level compounded by the various detection methods 
(for review about research methods to study microglial biology see (Ransohoff and 
Perry  2009 )). An alternative approach to pinpoint the contribution of microglia to 
the progression of AD is to study their impact on the Aβ plaque load. The plaque 
burden in AD increases with age, in both mouse models and human patients, indi-
cating the rather ineffective phagocytic activity of microglia. Aβ deposits have been 
shown to exert a potent chemoattractant activity on microglia, although their 
removal by phagocytosis has not been clearly evidenced in vivo (for review see 
(Sierra et al.  2013 )) (see Chap.   4     for additional reading). However, the removal of 
Aβ can be improved by further activation of microglia with bacterial lipopolysac-
charides (LPS) challenge (Herber et al.  2004 ) or the induction of IL-1β (Shaftel 
et al.  2007 ). Microglial activation in neurodegeneration is accompanied by an 
increase in their density, yet further amplifying the effects of systemic infl ammation 
on the brain. In addition, other brain macrophages, perivascular macrophages 
(PVMs) and meningeal macrophages (MMs), play a critical role in signalling from 
the periphery to the brain. 

 A signifi cant body of literature suggests that bone marrow-derived macrophages 
(BMCs) infi ltrate the AD brain, playing a leading role in the removal of Aβ, there-
fore complementing the poor phagocytic activity of microglia (Simard and Rivest 
 2006 ; Simard et al.  2006 ) (Fig.  18.2 ). The relative contribution of BMCs to the 
PVMs, MMs, or microglial pool is a matter of intense debate, and recent studies 
support a minor or even absent contribution of BMCs to the microglial population 
in a mouse model of AD (Mildner et al.  2011 ). Although BMCs recruitment has 
been demonstrated in experimental models with a complete, partial, or no detect-
able blood-brain barrier (BBB) disruption (Davoust et al.  2008 ), several studies 
point to in situ microglial proliferation as the mechanism regulating microglial turn-
over, with little or no contribution from circulating progenitors (Lawson et al.  1992 ; 
Prinz and Mildner  2011 ). Recent studies support the notion that microglia are main-
tained and function independently of BMCs in health (Ginhoux et al.  2010 ) and 
disease, as evidenced by models of demyelination, neurodegeneration, or axotomy 
(Ajami et al.  2007 ; Mildner et al.  2007 ,  2011 ). But analyzing PVMs, MMs, and 
microglial proliferation under pathological conditions with widespread chronic 
neurodegeneration is critical for understanding how innate infl ammation contrib-
utes to the onset and progression of disease (Gomez-Nicola et al.  2014 ). Recent 
studies have highlighted the ability of PVMs to clear Aβ in experimental models of 
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  Fig. 18.2    Microglial cells constantly scan the parenchyma of the central nervous system 
(CNS), seeking to detect changes in the functional or structural integrity and maintain homeostasis. 
In a normal brain, the microglial population is maintained by self-renewal, while the perivascular
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AD (Mildner et al.  2011 ) and show the need for a better understanding of the 
 differential contribution of BMCs, MMs, and PVMs to the expansion of the microg-
lial population, thereby providing a key link with systemic infl ammation (Fig.  18.2 ).

   Although proliferation was assumed to be responsible for the increased number 
of microglial cells observed in AD samples, direct evidence of proliferating microg-
lial cells (Ki67, nuclear protein associated with the cell cycle, expression in Iba1+ 
microglia/macrophages) was reported only recently, together with the upregulation 
of the transcription factor PU.1 and the mitogen interleukin-34 (IL-34), key compo-
nents of the pathway regulating microglial proliferation (Gomez-Nicola et al.  2013 ). 
Another determinant of microglial proliferation, colony-stimulating factor 1 recep-
tor (CSF1R), has also been found to be upregulated in microglial cells from human 
postmortem samples of AD, indicating a prominent activity of this pathway 
(Akiyama et al.  1994 ). The expansion of the microglial population has been consis-
tently documented in transgenic mouse models of AD, mainly accumulating around 
the plaques (Frautschy et al.  1998 ; Bolmont et al.  2008 ). However, direct evidence 
of microglial proliferation (incorporation of BrdU, a synthetic nucleoside analogue 
of thymidine, into Iba1+ cells; see Chap.   10     for more information) was only recently 
reported, suggesting direct effects of the plaque microenvironment on the regulation 
of microglial mitogenesis (Kamphuis et al.  2012 ). Therefore, these studies pinpoint the 
importance of controlling microglial proliferation during AD, offering new avenues 
for the regulation of the innate immune response in the brain.  

18.3     Parkinson’s Disease 

 PD is a chronic neurodegenerative disease characterised by tremor, rigidity, and 
slowness of movement. The pathological basis of PD includes the death of neurons 
in the substantia nigra pars compacta (SNpc) and the subsequent loss of dopaminer-
gic tone in addition to a more widespread loss of neurons. The activation of the 
innate immune response during the progression of PD has been evidenced by the 
presence of morphologically activated microglia in human postmortem samples 

Fig. 18.2 (continued) macrophages (PVMs) can be renewed by bone-marrow-derived progenitors. 
In Alzheimer’s disease (AD) microglia proliferate and accumulate around Aβ plaques, participating 
in the removal of the misfolded protein, at which the PVMs are more effi cient players. In AD, 
microglia are expanded without a contribution of circulating progenitors. Microglia are expanded 
and activated during the course of amyotrophic lateral sclerosis (ALS), without a contribution from 
circulating progenitors. In prion disease, the microglial population is expanded dramatically by 
local proliferation, being primed to give an exaggerated response to systemic infl ammatory events. 
Little evidence is available regarding the expansion/renewal of the microglial population during 
Parkinson’s or Huntington’s diseases, or the dominant infl ammatory phenotype. For all the consid-
ered neurodegenerative diseases, little evidence is available on the possible contribution of PVMs 
to the expansion/renewal of the microglial population. Figure adapted from Gomez-Nicola and 
Perry ( 2014 )       
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(McGeer et al.  1988 ), and in vivo PET imaging, showing increased binding of the 
ligand [11C]PK-11195, considered as mainly labeling ‘activated’ microglia, without 
any correlation with the clinical symptoms, thus potentially dissociating microglial 
activation from the progression of the disease (Gerhard et al.  2006 ). Some studies 
suggest that microglia have a pro-infl ammatory activation phenotype in PD, which 
is potentially driving neuronal injury (Mogi et al.  1994 ; Hunot et al.  1996 ), although 
no mechanistic study has yet addressed microglial contribution to the disease pro-
gression. The fact that PD has a late onset and that most studies analysed end-stage 
samples, representing a brain that has been suffering from the disease for many 
years, complicates the interpretation. Ageing alone has an impact on the phenotype 
of microglia, and systemic comorbidities, which can infl uence the microglial physi-
ology, have not been taken into account in the previous studies focusing on PD 
(for review see (Perry  2012 )). The clinical course of PD is often associated with 
other comorbidities, like chronic constipation or aspiration pneumonia, driving a 
peripheral infl ammatory response that might impact the brain microglial responses 
and the progression of PD (for review see (Perry  2012 ); Fig.  18.1 ). 

 A signifi cant body of knowledge regarding the role of microglial in PD comes 
from the study of experimental animal models. However, the current models fail to 
accurately refl ect all aspects of the neuropathology of PD as described in humans. 
PD is characterised by a slowly evolving degeneration of the SNpc dopaminergic 
neurons, an aspect not replicated in the rodent models using either neurotoxic toxins 
or infl ammatory challenges. The intracerebral use of neurotoxins, most commonly 
6-hydroxydopamine (6OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 
or rotenone, provides a rapid degeneration (within a few days) of the SNpc dopami-
nergic neurons. Microglial activation has been described in the 6OHDA and MPTP 
models of PD (McGeer et al.  2003 ; Walsh et al.  2011 ), although limited information 
is available regarding the infl ammatory phenotype of these cells, contrarily to 
their morphological features which have been described in details. However, gene-
expression studies defi ning the infl ammatory profi le in these animal models of PD 
are numerous, but limited evidence is available regarding the protein expression lev-
els and the particular roles of these molecules in the disease (Hirsch and Hunot 
 2009 ). Studies modulating microglial activity with minocycline, an antibiotic having 
 anti-infl ammatory actions, provided contrasting results, model- dependent, about the 
contribution of innate infl ammation to the acute neurodegeneration of dopaminergic 
neurons in the SNpc (Wu et al.  2002 ; Sriram et al.  2006 ). Systemic infl ammation, 
induced by IL-1β administration, was shown to impact the survival of dopaminergic 
neurons in the 6OHDA model, providing a clear evidence of the infl uence of immune-
to-brain communication on the progression of PD (Pott Godoy et al.  2008 ). Even 
though the studies with toxin models shed some light onto the understanding of 
microglial reaction during neurodegeneration in the SNpc, the translation of these 
fi ndings into neuroprotective or regenerative strategies appears premature and requires 
further understanding of the complexity of the innate immune response in postmortem 
samples from well-characterised PD patients. 

 Additionally, the generation of transgenic mouse models of PD, based on the 
identifi cation of genes linked to familial PD, also provides a promising approach to 
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model chronic neurodegeneration (Dawson et al.  2010 ). Transgenic over-expression 
of α-synuclein, a presynaptic neuronal protein that is linked genetically and neuro-
pathologically to PD, leads to microglial activation and production of tumour necro-
sis factor alpha (TNF-α) in the SNpc (Su et al.  2008 ), although little neuronal death 
is observed. The injection of infl ammatory agents, such as LPS, into the SNpc 
induces the selective loss of dopaminergic neurons, mimicking the neuropathology 
of PD, albeit acutely (Herrera et al.  2000 ). The LPS-induced neuronal death involves 
TNF-α, indicating a direct contribution of microglial activation (McCoy et al.  2006 ). 
Both transgenic and infl ammatory models of PD can capture aspects of the disease, 
but fail to provide a comprehensive picture in which to address the roles of the 
innate immune response, in the context of a slowly evolving neurodegenerative con-
dition. To summarize, the contribution of microglial cells to the onset or progression 
of PD is not yet established. Further research into the effect of systemic comorbidi-
ties and in refi ning the experimental animal models will help to understand the roles 
of the innate immune response in PD.  

18.4     Amyotrophic Lateral Sclerosis 

 The pathogenesis of ALS involves the gain-of-function of a mutant protein, with 
approximately 5–10 % of the cases having a familial inheritable form. ALS is char-
acterised by the progressive loss of motor neurons in the spinal cord, the brain stem, 
and the motor cortex, caused by increased levels of reactive oxygen species (ROS), 
leading to an increased muscle weakness and atrophy, with the malfunction of the 
muscles controlling respiratory functions being the most common cause of death. 
A signifi cant proportion of the familial ALS subjects have mutations in the enzyme 
superoxide dismutase-1 (SOD-1), facilitating the modelling of the disease in experi-
mental animals. Microglial cells produce pro-infl ammatory molecules and ROS in 
the regions showing motor neurons degeneration, suggesting an impact on the pro-
gression of the disease (Troost et al.  1990 ; Clement et al.  2003 ). The modulation of 
microglial activity in ALS, either by removing the specifi c downregulatory infl u-
ence of CX3CL1, mainly produced by neurons and signalling through microglial 
CX3CR1 (Cardona et al.  2006 ) or by lowering the levels of mutant SOD-1 in 
microglia (Boillee et al.  2006 ), indicates a detrimental role of these cells in the 
pathogenesis. These results were independently confi rmed in microglia-devoid 
PU.1−/− mice, using a repopulation method with SOD-1-expressing bone-marrow 
cells, thus leading to a shortening of mouse survival (Beers et al.  2006 ). A recent 
report supports the detrimental role of microglia in the pathology of ALS, evidenc-
ing that microglia induce motor neuron death via activation of the NFκB pathway 
(Frakes et al.  2014 ). Microglial cells carrying the G93A SOD-1 mutation show 
exaggerated responses to stimulation with LPS and interferon-γ (IFNγ), associated 
with the activity of C/EBPβ, a transcription factor which regulates genes such as 
TNF-α, IL-1β, or iNOS (Valente et al.  2012 ). These results are suggestive of a 
priming effect on microglia, also taking place in ALS, which is supported by 
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experiments using repeated systemic dosing with LPS on mice carrying the G37R 
SOD-1 mutation (Nguyen et al.  2004 ). Other approaches, aiming at removing the 
contribution of the microglial population from the equation, by either the transgenic 
expression of thymidine kinase (TK), leading to the “suicide” of proliferating 
CD11b+ cells (Gowing et al.  2008 ) (see also Chap.   6     for further discussion of this 
method) or by the administration of the non-specifi c blocker of mitosis Ara-C 
(Audet et al.  2012 ), indicated a neutral or benign role of microglia in ALS. However, 
the methods used in these studies lead to a massive and uncontrolled death of 
microglia, or to a switch of microglial phenotype following treatment with Ara-C 
(Gomez-Nicola et al.  2013 ), which does not provide a ‘physiologically silent’ way 
to address the contribution of microglial cells in the context of on-going neurode-
generation. Additionally, the activation of the TK transgene in CD11b-TK mice is 
achieved by administration of ganciclovir: this agent was recently identifi ed to have 
a potent anti-proliferative impact on microglia during brain pathology (Ding et al. 
 2014 ). Other alternative approaches boosting the intrinsic proliferative activity of 
microglia with recombinant CSF1 have supported a detrimental role of microglia in 
the pathophysiology of ALS (Gowing et al.  2009 ), although these experiments also 
affected the contribution from CSF1-responsive peripheral cells. 

 In conclusion, the picture of the microglial contribution seems much clearer in 
ALS than in other neurodegenerative diseases, but further research is necessary to 
address the specifi c involvement of the different macrophage populations (periph-
eral, perivascular, microglia) (Fig.  18.2 ), in order to understand the mechanisms 
underlying neurodegeneration. Once again it is particularly important to precisely 
defi ne the microglial phenotype, and other aspects of the innate infl ammatory 
response, at different stages of disease evolution in mouse models as well as in clini-
cally characterised postmortem human brain samples.  

18.5     Prion Disease 

 Prion diseases, also known as transmissible spongiform encephalopathies (TSEs), 
are a group of rare progressive neurodegenerative disorders which show similar 
temporal and neuropathological profi les in both humans and animals models, 
characterised by depression and cognitive impairments followed by problems with 
motor control. The pathological substrate of prion diseases is the misfolding of the 
prion protein (PrP), leading to spongiform changes and neuronal loss. Murine 
models of prion disease are tractable laboratory models showing a slowly progress-
ing chronic and fatal neurodegeneration, mimicking human prion diseases and pre-
senting features in common with other neurodegenerative conditions. Prion-diseased 
brains show large numbers of microglia with a morphologically activated pheno-
type (Perry et al.  2010 ) and a cytokine profi le similar to that of AD (Perry et al. 
 2002 ; Cunningham et al.  2003 ), with low levels of pro-infl ammatory cytokines but 
high levels of TGF-β and prostaglandin E2 (PGE2), associated with a phagocytos-
ing phenotype (Perry et al.  2002 ), although limited abilities for microglial removal 
of the misfolded prion protein have been described (Hughes et al.  2010 ). Following 
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systemic infl ammatory challenge the microglia are switched to adopt a pro- 
infl ammatory phenotype (Cunningham et al.  2007 ,  2009 ), exacerbating the acute 
symptoms and accelerating the disease progression. Microglia in chronic neurode-
generation were therefore proposed to be ‘primed’ by the on-going pathology and 
then switched by systemic infl ammation to produce tissue damaging infl ammatory 
mediators (Perry et al.  2007 ) (Fig.  18.1 ). Previous studies in prion disease sug-
gested that microglia arose from bone marrow precursors (BMPs), as evidenced by 
the use of bone marrow chimeras (Priller et al.  2006 ). However, recent studies have 
shown that the expansion of the microglial population during prion disease is 
maintained by local proliferation in a mouse model of prion disease (Gomez-
Nicola et al.  2013 ) (Fig.  18.2 ). The expansion of the pool of parenchymal microg-
lial cells is independent from the recruitment of circulating monocytes, while the 
population of PVMs is expanded by infi ltrated cells, in a CCR2-dependent manner 
(Gomez-Nicola et al.  2014 ). Furthermore, microglial proliferation in prion disease 
is maintained by the activity of the CSF1R signaling pathway, and specifi c antago-
nism of the receptor, using either blocking antibodies or the selective CSF1R 
inhibitor GW2580, highlights the contribution of microglial cells as detrimental to 
the disease (Gomez-Nicola et al.  2013 ). A reduction in the numbers of proliferating 
microglia delayed the onset of behavioural defi cits and modestly extended the time 
to terminal disease. The components of this mitogenic pathway are common to the 
human prion disease (variant Creutzfeldt-Jakob disease; vCJD) and to AD, sug-
gesting that common pathways are controlling microglial proliferation and activa-
tion in chronic neurodegeneration (Gomez-Nicola et al.  2013 ). The analysis of 
the experimental models of prion disease offers an attractive perspective for the 
future, as they exhibit the main pathological features observed in many human 
neurodegenerative conditions (prion disease, AD, PD): protein misfolding, syn-
aptic dysfunction, neurodegeneration, and an innate infl ammatory reaction (for 
review see (Ransohoff and Perry  2009 )).  

18.6     Huntington’s Disease 

 Huntington’s disease (HD) is an inherited disorder characterized by the progressive 
degeneration of medium spiny striatal GABAergic interneurons, leading to a wide 
spectrum of clinical symptoms including impairment of movement control, cogni-
tive defi cits, and psychiatric symptoms. Progressive morphological activation of 
microglia and increase in their number has been evidenced in human brain from 
early pre-symptomatic stages of HD, suggestive of a causative role for these cells in 
the disease (Sapp et al.  2001 ; Tai et al.  2007 ). Binding studies of PK11195 using 
PET imaging in HD patients suggests that microglial activation correlates with the 
severity of the disease (Pavese et al.  2006 ), leading to the suggestion that they might 
provide a useful diagnostic tool to predict the disease onset (Politis et al.  2011 ). 
Recent studies further suggest that microglial activation during HD is a cell- 
autonomous mechanism, as mutant Huntingtin directly promotes the activation of 
microglial cells (Crotti et al.  2014 ). 
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 Microglial activation can be exacerbated by systemic LPS administration in a 
mouse model of HD, however, without any impact on the neurological symptoms 
(Franciosi et al.  2012 ) (Fig.  18.1 ). The impact of systemic infl ammatory events is 
clear during the progression of HD, as peripheral myeloid cells have been shown to 
produce altered levels of infl ammatory cytokines (Trager and Tabrizi  2013 ; Trager 
et al.  2014 ). A detrimental contribution of microglia in HD has been suggested, 
through complement-mediated neuronal damage, although supporting mechanistic 
evidence is limited (Singhrao et al.  1999 ). Other in vitro studies have evidenced 
microglial proliferation and pro-infl ammatory activation in HD, suggesting a repar-
ative role in the removal of dysfunctional neurites at early and middle stages of the 
pathology (Kraft et al.  2012 ). Microglia have been shown to present defective che-
motactic responses, in parallel with a reduced migration of immune cells, in a mouse 
model of HD (Kwan et al.  2012 ). The current evidence supports the idea that 
microglial cells are activated in HD, but the question of whether the innate immune 
response is a bystander consequence or whether they have a direct effect on the 
disease progression is still a matter of debate which needs further research (for 
review see (Moller  2010 )).  

18.7     Concluding Remarks 

 The role of microglia in neurodegenerative diseases and their contribution to the neu-
ropathology is still a matter of intense debate. Although a signifi cant effort has been 
directed towards unveiling the phenotype and activity of microglia in different models 
of experimental neurodegeneration, correlation with the human diseases is still to be 
determined. There is a need for improving the experimental models to better refl ect 
the molecular neuropathology and infl ammatory processes seen in human neurode-
generative diseases, in order to achieve a full understanding of the multi-faceted 
nature of chronic neurodegeneration. A more precise defi nition of the correlation 
between the clinical and molecular pathology and the systemic comorbidities in well-
defi ned cohorts of patients will help us to understand the role of the innate immune 
response. With an increasing awareness of the potential importance of the innate 
immune response in neurodegenerative diseases, further research is needed in order to 
bridge the gap from bench to bedside, and fi nally understand the beautiful complexity 
of their cellular effectors, including particularly, the microglia.     
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